
Appendix 2: Morphological Character List
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Continuous characters1

Skull2

1. Snout length in dorsal view, ratio of anteroposterior snout length (measured from level of anterior3

orbital margin, to anteriormost point of rostrum), to total skull length (measured from posteriormost4

level of quadrate condyle to anteriormost point of rostrum): ≤ 0.5 (0); > 0.5 (1) (after Wu and Sues,5

1996 [4]; Groh et al., 2020 [16]).6

This character differs to that of Groh et al. (2020) only in the measurement of snout length, which7

is measured in a straight anteroposterior line rather than diagonally from the anterior orbit corner8

(Fig. 1A). Crocodylian taxa with the most elongated snouts are predominantly “gavialoids”, e.g.9

Gryposuchus neogaeus (0.79) (MLP 26-413) and “tomistomines”, e.g. Toyotamaphimeia (0.71)10

(Kobayashi et al., 2006), but also the giant caimanine Mourasuchus amazonensis (0.75) (Price,11

1964). On the other end of the spectrum, the shortest snout lengths are observed in alligatorines,12

such as Hassiacosuchus haupti (0.42) (HLMD Be 137) and Arambourgia gaudryi (0.38) (MNHN13

QU 17155). The re-discretised state boundary follows Groh et al. (2020), but snout length is14

normally distributed (Shapiro-Wilk’s test = 0.98, p = 0.14), with no discrete discontinuity in the15

data (Document S2).16

2. Skull proportions, ratio of mediolateral rostrum width at the level of the anterior orbital margin,17

to mediolateral width across anterior margin of the cranial table: < 3 (0); ≥ 3 (1) (new character,18

after Jouve, 2004 [170]; Jouve et al., 2008 [170]).19

This character captures the differences in mediolateral width of the cranial table in crocodylians20

(Fig. 1B). At one extreme, some alligatoroids (e.g. Mourasuchus) have narrow cranial tables in21

proportion to their rostral widths. By contrast, several (mostly “gavialoid”) crocodylians exhibit a22

cranial table that is almost equal to the antorbital rostral width. Measured values have a skewed23

distribution (Shapiro-Wilk’s test = 0.94, p < 0.001). The discrete character boundaries are based24

on the marked discontinuity between two species of Mourasuchus and all other taxa in the dataset25

(Document S2).26

3. External naris, mediolateral width to anteroposterior length ratio: ≤ 1 (0); > 1 (1) (after Brochu,27

1997a [161]; Groh et al., 2020 [4]).28

Brochu (1997a [161]) originally delimited the morphology for the external naris as either being29

“circular or keyhole-shaped (0) or wider than long (1)”. A keyhole-shaped naris could not be30

identified in any taxon in this dataset, and therefore this character was simply quantified following31

Groh et al. (2020). The re-discretised thresholds follow earlier studies (Brochu, 1997b; Groh et al.,32
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2020). Measured values are positively skewed (Shapiro-Wilk’s test = 0.93, p < 0.001) and aside33

from the morphology in Mourasuchus amazonensis (Price, 1964, fig.1), which is the outlier in this34

dataset (naris width to length >2) (Document S2), there is no other obvious discontinuity in the35

data.36

4. External nares, anterior margin thickness, ratio of distance between anterior margin of nares and37

anterior margin of rostrum to maximum anteroposterior length of external nares in dorsal view: <38

0.5 (0); ≥ 0.5 (1) (after Hastings et al., 2010, [2]; Groh et al., 2020 [3]).39

Variation in thickness of the anterior margin of the external naris (Fig. 1D) is rarely considered40

in studies of crocodylian phylogeny, yet it exhibits considerable variation between taxa (Docu-41

ment S2) (Groh et al., 2020). The anterior wall of the naris is thickest in a series of longirostrine42

crocodylians, e.g. Argochampsa krebsi (Hua & Jouve, 2004, fig.2) and Tomistoma schlegelii43

(NHMUK 1894.2.21.1). By contrast, the anterior wall is exceptionally thin in several alligatoroids,44

e.g. Brachychampsa montana (UCMP 133901) and Stangerochampsa mccabei (Wu et al., 1996,45

fig.A1). The rediscretised state boundary (0.5) follows Hastings et al. (2010) and Groh et al. (2020),46

but measured values appear to vary continuously with a positive skew (Shapiro-Wilk’s test = 0.95,47

p < 0.05).48

5. Rostral depth, ratio of maximum dorsoventral height of the maxilla to mediolateral width of the49

maxilla at the 5th maxillary alveolus: <0.5 (0); ≥ 0.5 (1) (new character, after Wu et al., 1997 [3];50

Groh et al., 2020 [8]).51

Rostral depth is measured similarly to that Groh et al. (2020), except that the measurement of depth52

is made at the tallest point of the rostrum, rather than at the premaxilla-maxilla suture (Fig. 1E).53

One might expect an altirostral crocodylian, such as Baru wickeni (QM F16822), to exhibit the54

highest value for this character; however, since snout width is taken into consideration, higher val-55

ues of rostral depth correspond with the mediolaterally narrow, tubular snouts of most longirostrine56

crocodylians, e.g. Tomistoma schlegelii (rostral depth = 0.64) and Gavialis gangeticus (rostral57

depth = 0.58). Shallow rostra are exhibited primarily in some alligatoroids, e.g. Brachychampsa58

montana (UCMP 133901, rostral depth = 0.16). A small discontinuity occurs at a cut-off value59

of 0.5, which was adapted from Wu et al. (1997) (Document S2); however, the data are normally60

distributed (Shapiro-Wilk’s test = 0.98, p = 0.50), with several small discontinuities that might be61

considered character state boundaries.62

6. Interorbital distance, ratio of minimum mediolateral width between orbits to maximum mediolat-63

eral width across anterior cranial table: < 0.5 (0); ≥ 0.5 (1) (after Jouve, 2004 [181]; Jouve et al.,64

2008 [177]; Salas-Gismondi et al., 2015 [190]; Groh et al., 2020 [26]).65
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Characters describing variation in interorbital width have been implemented in several earlier stud-66

ies, but using different points of comparison, e.g. interorbital width in relation to orbital width67

(Salas-Gismondi et al., 2015) or minimum rostrum width (Jouve et al., 2008). Comparisons here68

are made relative to cranial table width, similar to that of Groh et al. (2020) (Fig. 1F). Some of69

the largest interorbital distances were measured in extant Crocodylus species, e.g. C. acutus (in-70

terorbital distance = 0.53), C. moreletti (0.52), and C. niloticus (0.50). By contrast, the interorbital71

distance is extremely narrow in taxa such as Bernissartia fagesii (0.17) (IRScNB 1538) and Bore-72

alosuchus formidabilis (0.20) (Erickson, 1976, fig.4). There is no existing cut-off value, so this is73

set at 0.5, where a modest discontinuity can be seen (Document S2). Otherwise the data appear74

entirely continuous, although it is not normally distributed (Shapiro-Wilk’s test = 0.96, p < 0.05).75

7. Infratemporal fenestra size, ratio of maximum anteroposterior infratemporal fenestra length, to76

maximum anteroposterior length of the cranial table: < 0.8 (0); ≥ 0.8 (1) (adapted from Ortega et77

al., 2000 [74]; Groh et al., 2020 [33]).78

Earlier studies characterised the morphology of the infratemporal fenestra using the ratio of its79

anteroposterior length to dorsoventral height (Ortega et al., 2000; Groh et al., 2019). A similar80

character is adapted here, but characterises the maximum anteroposterior length of the infratempo-81

ral fenestra relative to the cranial table length instead (Fig. 1G). This is based on the observation82

that several caimanines, e.g. Mourasuchus and Purussaurus have extremely enlarged infratempo-83

ral fenestrae. Indeed, there is a marked discontinuity between the size of the fenestra in these taxa84

(infratemporal fenestra size > 0.8) and all other taxa in the dataset (Document S2). These few taxa85

impart a positive skew in the data (Shapiro-Wilk’s test = 0.91, p < 0.001).86
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Figure 1: Continuous characters 1—8. All characters illustrated using Caiman crocodilus apaporiensis (FMNH
69812). Scale bars = cm.
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8. Cranial table shape, ratio of maximum anteroposterior cranial table length (measured from the87

level of the frontal-postorbital suture), to maximum mediolateral width (measured at the level of88

the anterior table corner): < 1 (0); ≥ 1 (1) (after Wu et al., 2001b [131]; Groh et al., 2020 [41]).89

Cranial table shape was characterised similarly to that of Groh et al. (2020), except that its length90

is measured as the ratio of the distance between the anteriormost extent of the frontal-postorbital91

suture, to the posterior margin of the cranial table (Fig. 1H) instead of the maximum length includ-92

ing the squamosal prong (Groh et al., 2020, fig.S35). In almost all taxa in this dataset, the cranial93

table is wider than long, but a few taxa have approximately square-shaped cranial tables, including94

Hylaeochampsa vectiana (length to width = 1.1) Diplocynodon hantoniensis (NHMUK OR 30393,95

0.97), and Diplocynodon muelleri (0.97) (Piras and Buscalioni, 2006). By contrast, the cranial96

table is approximately twice as wide as long in some Borealosuchus species, e.g. B. formidabilis97

(0.51) (Erickson, 1976, fig.4) and B. wilsoni (0.55) (FMNH PR 1674), and some gavialoids, e.g.98

Gryposuchus neogaeus (0.48) (MLP 26-413) and Ikanogavialis gameroi (0.52) (Sill, 1970: fig.1).99

The rediscretised character state boundary follows earlier studies (Groh et al., 2020; Wu et al.,100

2001b), but the measured values appear completely continuous (Document S2) and are normally101

distributed (Shapiro-Wilk’s test = 0.99, p = 0.26).102

9. Cranial table shape, minimum angle subtended by the posterolateral cranial table margin and sagit-103

tal axis of skull: < 10◦ (0); ≥ 10◦ (1) (new character, after Brochu and Storrs, 2012).104

Brochu and Storrs (2012) described a strongly trapezoidal outline of the cranial table in Crocodylus105

thobjarnarsoni resulting from anteriorly converging lateral margins of the cranial table (Fig. 2A).106

Measurements of taxa in the present study reveal continuous variation in this feature (Document107

S2). Several paralligatorids exhibit lateral margins of the cranial table that are subparallel with108

the sagittal plane, e.g. Shamosuchus djadochtaensis (Pol et al., 2009) and Wannachampsus kirk-109

pachi (Adams, 2014). By contrast, some crocodyloids exhibit strongly anteriorly converging mar-110

gins, e.g. Asiatosuchus germanicus (16◦) (HLMD Me-7499) and Voay robustus (23◦) (NHMUK R111

36685). Measured values are positively skewed (Shapiro-Wilk’s test = 0.93, p < 0.001). As there112

is no similar existing character, nor a discontinuity in the data, the cut-off between character states113

is set at 10◦, which is the measured value for the outgroup, Bernisartia fagesii.114

10. Supratemporal fenestra size, ratio of maximum anteroposterior supratemporal fenestra length to115

anteroposterior cranial table length (measured from the level of the frontal-postorbital suture): <116

0.5 (0); ≥ 0.5 (1) (after Wu et al., 2001b [67]; Groh et al., 2020 [34]).117

Supratemporal fenestra size (Fig. 2B) varies considerably in eusuchians. Measurements of fenes-118

tra size reveal a continuous range of values (Document S2), which appears normally distributed,119

but this is not statistically significant (Shapiro-Wilk’s test = 0.96, p <0.001). Some of the largest120

6



supratemporal fenestrae are measured in “gavialoids”, e.g. Gryposuchus neogaeus (MLP 26-413,121

supratemporal fenestra size ratio = 0.66) and Gavialis gangeticus (0.62) (NHMUK 1974.3009),122

as well as alligatoroids, e.g. Stangerochampsa mccabei (0.68) (Wu et al., 1996). The smallest123

supratemporal fenestrae are measured almost exclusively in caimanines, which exhibit varying de-124

grees of closure of the fenestrae, e.g. Melanosuchus niger (0.18) (NHMUK 45.8.25.125) and Pale-125

osuchus, in which they are completely closed (NHMUK 1868.10.8.1). The rediscretised character126

state boundary follows earlier studies (cut-off = 0.5) (Wu et al., 2001b).127

11. Supratemporal fenestra shape, ratio of maximum mediolateral width to maximum anteroposterior128

length: ≤ 1 (0); > 1 (1) (after Jouve et al., 2008 [199]; Jouve, 2016 [198]; Lee and Yates, 2018129

[75]).130

Earlier studies typically characterised the shape of the supratemporal fenestrae as either circular131

or wider than long (Jouve et al., 2008; Lee & Yates, 2018). However, when measured (Fig. 2C),132

supratemporal fenestra shape varies continuously between these limits (Document S2). Most eu-133

suchians in this dataset exhibit supratemporal fenestrae that are slightly longer than wide (mean =134

0.81). The widest supratemporal fenestrae were measured in Borealosuchus wilsoni (FMNH PR135

1674) (fenestra shape = 1.30) and several longirostrine crocodylians, e.g. Thecachampsa antiquus136

(1.24) (AMNH 5663), Maroccosuchus zennaroi (1.19) (IRScNB R408), and Gavialis gangeti-137

cus (1.20) (NHMUK 1974.3009). By contrast, highly narrow supratemporal fenestrae occur in138

Diplocynodon deponiae (0.33) (SMF Me 2609), Trilophosuchus rackhami (0.35) (QM F16856)139

and Tsoabichi greenriverensis (0.39) (FMNH PR 1793). The rediscretised threshold value 1 used140

here is adapted from Jouve et al. (2008), but there is no discontinuity here, nor at any other value.141

Indeed, measured values are continuous and normally distributed (Shapiro-Wilk’s test = 0.99, p =142

0.64).143

12. Incisive foramen size, ratio of maximum mediolateral width to the mediolateral width of the ros-144

trum at the premaxilla-maxilla suture: < 0.3 (0); ≥ 0.3 (1) (after Brochu, 1997a [124]; Jouve et al.,145

2008 [124]; Groh et al., 2020 [5]).146

The size of the incisive foramen (Fig. 2D) was previously characterised in a multistate character147

that combined quantitative and more subjectively defined character states, e.g. “incisive foramen148

small and less than half the greatest width of the premaxillae” or “extremely reduced and thin”149

(Jouve et al., 2008, character 124). Measurements of eusuchians in this dataset reveal that the150

incisive foramen is always less than half the width across the premaxillae (Document S2). Even151

in taxa with the largest incisive foramina, the foramen does not exceed 40% of the width across152

the premaxillae e.g. Brachychampsa montana (0.33) (UCMP 133901). As in earlier studies, the153

smallest incisive foramina were predominantly found in “gavialoids”, e.g. Piscogavialis jugaliper-154
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foratus (SMNK 1282 PAL) (foramen size = 0.04), and Gryposuchus neogaeus (MLP 26-413) (0.5).155

A rediscretised threshold of 0.5 as implied in the original character (Brochu, 1997b), would be un-156

informative, so the threshold is set at 0.3, where a small discontinuity is observed. Nevertheless,157

the measured values are normally distributed (Shapiro-Wilk’s test = 0.97, p = 0.15).158

13. Suborbital fenestra shape, ratio of maximum mediolateral width to maximum anteroposterior length:159

≤ 0.5 (0); > 0.5 (1) (after Buscalioni et al., 2011 [183]; Groh et al., 2020 [30]).160

Despite significant variation in the proportions of the suborbital fenestrae (Fig. 2E), this variation161

is not discretised in most studies of crocodylian phylogeny. The fenestra is longer than wide in all162

taxa in this dataset (average = 0.40), but a few crocodylians have more equidimensional fenestrae,163

e.g. Eocaiman cavernensis (fenestra shape = 0.63) (AMNH 3158) and Alligator mcgrewi (0.53)164

(AMNH FAM 7905). Taxa with highly elongated suborbital fenestrae tend to be longirostrines,165

e.g. Crocodylus johnstoni (0.28) (QM J45309) and Piscogavialis jugaliperforatus (SMNK 1282166

PAL) (0.30), but not exclusively, e.g. Borealosuchus sternbergii (0.30) (UCMP 126099). The167

re-discretised threshold value of 0.5 follows Buscalioni et al. (2011); however, the data is almost168

entirely continuous and normally distributed (Shapiro-Wilk’s test = 0.98, p = 0.25).169

14. Choana shape, ratio of maximum mediolateral choanal width to maximum anteroposterior length:170

< 2 (0) ≥ 2 (1) (after Wu et al., 1997 [42]; Jouve et al., 2006 [18]; Groh et al., 2020 [46]).171

In most eusuchians in this dataset, the choana is approximately equidimensional (Fig. 2F). Mea-172

sured values are positively skewed, with an average value of 1.5 (Shapiro-Wilk’s test = 0.69, p =173

<0.001). The upper tail end of the distribution corresponds with a highly divergent choanal mor-174

phology, which is mediolaterally wide. This condition predominantly occurs in caimanines, such175

as Mourasuchus atopus (choanae width to length = 5.79) (UCMP 38012) and Purussaurus neiven-176

sis (3.6) (UCMP 39704). Earlier studies did not provide a clear threshold for discrete delimitation,177

but a small discontinuity in the data supports a cut-off value of 2 (Document S2).178

15. Pterygoid, proportions of pterygoid wing: maximum mediolateral width to maximum anteroposte-179

rior length ratio: ≥ 3 (0); < 3 (1) (after Turner, 2015 [303]; Jouve et al., 2015 [237]).180

The width across both pterygoids (Fig. 2G) is more than twice their anteroposterior length in181

most eusuchians (average = 2.71). The highest values of pterygoid width to length were measured182

in “tomistomines”, e.g. Toyotamaphimeia (Kobayashi et al., 2006) (pterygoid width to length =183

3.82) and Tomistoma cairense (SMNS 50739) (3.70). By contrast, the pterygoids are more equidi-184

mensional in Osteolaemus tetraspis (NHMUK 1862.6.30.5) (1.68) and Mecistops cataphractus185

(NHMUK 1924.5.10.1) (1.79). The rediscretised character state boundary is adopted from ear-186

lier studies, at which point a small discontinuity can be observed; nevertheless, the data appears187
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normally distributed (Shapiro-Wilk’s test = 0.96, p = 0.051).188

16. Basioccipital tubera, ratio of maximum mediolateral width of basioccipital tubera to maximum189

mediolateral width of the occipital condyle: < 2 (0); ≥ 2 (1) (new character, based on personal190

observations).191

Mediolaterally wide basioccipital tubera are known in several taxa, typically “gavialoid” crocodylians,192

e.g. Gavialis gangeticus (NHMUK 1974.3009) and Gryposuchus (Riff & Aguilera, 2008; Salas-193

Gismondi et al., 2016), but variation in tubera width has not been discretised in previous studies.194

Measured values (Fig. 2H) are not normally distributed (Shapiro-Wilk’s test = 0.90, p < 0.001),195

but positively skewed, with most eusuchians exhibiting basioccipital tubera that are > 1.5 times196

the width of the occipital condyle (average = 1.63). As expected, “gavialoids” exhibit the widest197

tubera, e.g. Gavialis lewisi (YPM VP 3226) (ratio = 2.5), and Gavialis gangeticus (1.9) (NHMUK198

1974.3009). By contrast, the narrowest basioccipital tubera were measured in Paleosuchus trig-199

onatus (1.3) (NHMUK 1868.10.831) and Crocodylus porosus (1.2) (NHMUK 1852.12.9.2). A200

prominent discontinuity in the measured values supports a cut-off value of 2 (Document S2).201

17. Number of maxillary alveoli: < 18 (0); 18–22 (1); > 22 (2) (after Wu and Sues, 1996 [30]; Jouve,202

2004 [169]; Jouve et al., 2008 [169]; Groh et al., 2020) (ORDERED).203

Most eusuchians examined in this dataset have 13–14 maxillary alveoli, including all extant alliga-204

torids and crocodylids; however, there is continuous variation in alveolar counts above and below205

this value (Document S2). Longirostrine crocodylians exhibit the most alveoli, e.g. Ikanogavi-206

alis gameroi (30 alveoli) (Sill, 1970) and Piscogavialis jugaliperforatus (28 alveoli) (SMNK 1282207

PAL). By contrast, Gnatusuchus pebasensis has only nine maxillary alveoli (Salas-Gismondi et al.,208

2015), whereas the paralligatorids Wannchampsus kirkpachi (Adams, 2014) and the ‘Glen Rose209

Form’ (USNM 22039) have 11 alveoli. Although counts of maxillary alveoli do not appear to be210

normally distributed (Shapiro-Wilk’s test = 0.83, p < 0.001), there are no obvious discontinuities211

that naturally delimit the data. Nevertheless, character state boundaries follow Jouve et al. (2008).212

Mandible213

18. External mandibular fenestra shape, ratio of anteroposterior length (between anterior and poste-214

rior limits) to dorsoventral height (between dorsal and ventral limits): < 2.5 (0); ≥ 2.5 (1) (after215

Montefeltro et al., 2013 [306]; Groh et al., 2020 [56]).216

The proportions of the external mandibular fenestra (EMF) are measured using the maximum217

length of its axes horizontally and vertically (Fig. 3A), not diagonally (i.e. the maximum and mini-218

mum axes used by Groh et al., (2020: fig. 56). The EMF is approximately two times longer than tall219
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in most eusuchians examined here (average = 1.89). The most elongate fenestrae were measured220

in Diplocynodon darwini (2.82) (HLMD Me 7500) and Borealosuchus sternbergii (2.79) (UCMP221

133930). By contrast, several Crocodylus species have more equidimensional fenestrae, e.g. C.222

palustris (1.21) (NHMUK 1868.4.9.11) and C. niloticus (1.26) (NHMUK 1900.9.22.2). Measured223

values are normally distributed (Shapiro-Wilk’s test = 0.97, p = 0.08). The cut-off value used in224

earlier datasets (3) is uninformative, as all taxa examined here have a lower ratio. A discontinuity225

at a value of 2.5 was instead used to delimit character states (Document S2).226

19. External mandibular fenestra shape, minimum angle subtended by dorsal margin of fenestra and227

the horizontal: < 25◦ (0); ≥ 25◦ (1) (after Andrade et al., 2011; Groh et al., 2020 [55]).228

This character essentially describes the orientation of the long axis of the EMF using the inclina-229

tion of its dorsal margin (Fig. 3B). As originally formulated, the character distinguished between a230

horizontally or anterodorsally orientated long axis, and was applied to a dataset comprising mostly231

non-crocodylian neosuchians (Andrade et al., 2011; Montefeltro et al., 2013). The original delim-232

itation of the character is uninformative here, as the long axis of the EMF is inclined in all taxa in233

this dataset. Minimal inclination of the EMF is found in Alligator mississippiensis (10◦) (NHMUK234

68.2.12.6) and is steepest in Mekosuchus inexpectatus (55◦) (MNHN NCP 06), with a full range of235

normally distributed values in between (Shapiro-Wilk’s test = 0.97, p = 0.16). The character state236

boundary is based on a small discontinuity at 25◦ (Document S2).237

20. Articular, retroarticular process, ratio of anteroposterior length (measured from the transverse ridge238

to the posteriormost tip of articular) to the mediolateral width across the glenoid fossa: < 1.5 (0);239

≥ 1.5 (1) (after Lee and Yates, 2018 [217]).240

Lee and Yates (2018) characterised the length of the retroarticular process relative to its ‘width’.241

Here the width is measured across the articular glenoid fossa, since the width of the retroarticular242

process is variable (narrowing posteriorly) (Fig. 3C). A cut-off of 1.5 is retained in the rediscretised243

character; however, although the data are not normally distributed (Shapiro-Wilk’s test = 0.93,244

p < 0.05) there does not appear to be any natural discontinuity in this dataset (Document S2).245

Indeed, retroarticular process length varies continuously from the longest process measured in246

Gavialis gangeticus (1.89 times the width) (NHMUK 1974.3009), to the shortest process measured247

in Mekosuchus inexpectatus (1.0 times the width) (MNHN NCP 06).248

Postcrania249

21. Scapular blade, anteroposterior flare of dorsal end (at maturity): angle subtended by anterior and250

posterior margins ≥ 35◦ (0); < 35◦ (1) (after Benton and Clark, 1988; Brochu, 1997a [22]).251
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Benton and Clark (1988) considered a narrow, subparallel-sided scapular blade to be diagnostic of252

Crocodylia, but a dorsally flaring scapula has been recognised in several crocodylians, e.g. Gavialis253

gangeticus and Paleosuchus (Brochu, 1999). In earlier datasets, dorsal flare of the scapular blade254

was essentially described as present or absent (e.g Brochu, 1997b; Brochu et al., 2012; Jouve255

et al., 2015; Lee & Yates, 2018); however, Brochu (1999) alluded to different degrees of flare256

that could be further delimited. The angle subtended by the anterior and posterior margins of the257

scapular blade was measured for this dataset (Fig. 3D), revealing a fully continuous and normally258

distributed range of values (Shapiro-Wilk’s test = 0.96, p = 0.12). Scapular blade flare ranges from259

a minimum in Caiman yacare (flare = 8◦) (AMNH 97300) to a prominent flare in Hassiacosuchus260

haupti (flare = 73◦) (HLMD Be-137) (Document S2). A high degree of flare is also observed261

in Bernissartia fagesii (68◦) (IRScNB 1538), Borealosuchus formidabilis (63◦) (Erickson, 1976,262

fig.24), and Diplocynodon darwini (61◦) (SMF Me-1289). When plotted, the largest discontinuity263

in the data occurs between a scapula flare of 32◦ (Alligator prenasalis, YPM PU 13799) and 38◦
264

(Brachychampsa montana, UCMP 133901), and so the rediscretised boundary was set in between265

these values at 35◦.266

22. Scapula-coracoid, ratio of maximum proximodistal coracoid length to maximum proximodistal267

scapula length: < 1.0 (0); ≥ 1 (1) (after Clark, 1994 [83]; Pol and Norell, 2004 [83]; Groh et al.,268

2020 [68]).269

As originally formulated (Clark, 1994), this character described a coracoid that is either two-thirds270

the length of the scapula or equal in length to the scapula (Clark, 1994). This distinction is un-271

informative in this dataset, as all measurements of the coracoid to scapula length ratio are greater272

than 0.7 (Document S2). Measured values of the coracoid-scapula ratio are normally distributed273

(Shapiro-Wilk’s test = 0.94, p = 0.22), but there is a small discontinuity between a number of taxa274

with a ratio greater than 1, e.g. Gavialis gangeticus (UCMZ R5783) and Crocodylus johnstoni275

(QM J58446), and all other taxa.276

23. Coracoid shape, ratio of maximum expansion of distal coracoid, to maximum proximo-distal cora-277

coid length: < 0.5 (0); ≥ 0.5 (1) (new character, based on personal observations).278

The coracoids of several longirostrine crocodylians are proportionally slenderer than those of279

other crocodylians, exhibiting a small distal expansion relative to the proximo-distal length of280

the element (Fig. 3E). For example, whereas the ratio of distal expansion to coracoid length is281

<0.4 in Piscogavialis jugaliperforatus (SMNK 1282 PAL) and Eogavialis africanum (NHMUK R282

3199), this ratio is > 0.6 in Voay robustus (NHMUK R36659) and Asiatosuchus germanicus (SMF283

Me 1801). A range of intermediate, normally distributed values occur between these extremes284

(Shapiro-Wilk’s test = 0.99, p = 0.99), with no obvious discontinuities in the data (Document S2).285
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As such, a cut-off is set at 0.5 for the rediscretised analysis.286

24. Ulna length, ratio of maximum proximodistal ulna length to maximum proximodistal humeral287

length: < 0.7 (0); ≥ 0.7 (1) (after Jouve, 2009 [330]; Groh et al., 2020 [69]).288

There are broad differences in the relative lengths of the ulna and humerus in Crocodylia (Doc-289

ument S2). In line with Iijima et al. (2018), Gavialis gangeticus has the shortest ulna in propor-290

tion to the humerus among extant crocodylians (ratio = 0.6) (Fig. 3F). This is similar to extinct291

“tomistomines”, e.g. Toyotamaphimeia (0.5) (Iijima et al., 2018) and Penghusuchus (0.6) (Shan292

et al., 2009, fig.14). In general, the proportional length of the ulna to the humerus is lower in293

crocodyloids than in alligatoroids, in which they are more equidimensional in some taxa, e.g. Has-294

siacosuchus haupti (0.9) (HLMD Be-137) and Wannanganosuchus brachymanus (0.8) (Iijima et295

al., 2018). Measured values are not normally distributed (Shapiro-Wilk’s test = 0.92, p < 0.05) and296

although the rediscretised threshold follows earlier studies (cut-off = 0.7) (Groh et al., 2020; Jouve,297

2009) there is no notable discontinuity in the data.298

25. Femur length, ratio of maximum proximodistal femur length to maximum proximodistal humeral299

length (at maturity): < 1.2 (0); ≥ 1.2 (1) (after Brochu, 1997a [33]; Jouve, 2009 [328]; Groh et al.,300

2020 [80]).301

Brochu (1997a) originally distinguished taxa with slender limbs, in which the fore- and hindlimb302

are subequal in length (Borealosuchus), from taxa with ‘robust’ limbs, with a longer hindlimb than303

forelimb (Bernissartia fagesii and all other crocodylians). Whereas the distinction in slenderness304

between Borealosuchus and all other crocodylians is captured in character 306 here, the current305

character quantifies the proportional differences in forelimb and hindlimb length. Ideally, total306

limb lengths would be measured; however, this would only allow a few exceptionally preserved307

fossil crocodylians to be considered, and therefore the relative lengths of the stylopodials are used308

as a proxy (Fig. 3G). Measurements are restricted to mature individuals given that the hindlimb309

grows with negative allometry relative to the forelimb in most extant crocodylians (Iijima & Kubo,310

2019a). Alligatoroids tend to exhibit much longer femora than humeri, e.g. Hassiacosuchus haupti311

(1.5) (HLMD Be 137), Tsoabichi greenriverensis (1.3) (FMNH PR 1793), and Wannaganosuchus312

brachymanus (1.3) (Iijima et al., 2018). By contrast, the stylopodials of other crocodylians are313

subequal in length, e.g. Gavialis gangeticus (1.1) (UMZC R5783), Tomistoma schlegelii (1.1)314

(AMNH 113078), and most Crocodylus species (∼1.0). Measured values are not normally dis-315

tributed (Shapiro-Wilk’s test = 0.90, p < 0.05), and a small discontinuity at a value of 1.2 is used316

to delimit the rediscretised character states (Document S2).317

26. Ischial blade shape, ratio of maximum expansion of distal ischial blade to maximum proximodistal318

length of ischium: < 0.5 (0); ≥ 0.5 (1) (new character, based on personal observations).319
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The distal end of the ischial blade in Gavialis gangeticus prominently flares (AMNH 110145,320

UCMZ R5783). Indeed, measurements of the degree of flare (relative to ischium length, Appendix321

3G) reveal that Gavialis gangeticus exhibits the highest value among taxa in this dataset (0.7).322

A similar expansion also characterises Tomistoma schlegelii (AMNH 113078) (0.6), contrasting323

with the narrower ischial blades of Borealosuchus wilsoni (FMNH PR 1674) (0.4) and most extant324

crocodylids, e.g. Crocodylus johnstoni (QM J58446) (0.4). A range of intermediate, normally325

distributed values occurs between these limits (Shapiro-Wilk’s test = 0.99, p = 0.96). There is no326

informative discontinuity in the data and so a cut-off value is set at 0.5 based on those aforemen-327

tioned values (Document S2).328
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Figure 2: Continuous characters 9–16. All characters illustrated using Caiman crocodilus apaporiensis (FMNH
69812). Scale bars = cm.
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Figure 3: Continuous characters 18–26. A, C and E, Caiman yacare (AMNH 97300); B and G, Crocodylus
johnstoni (QM J58446); D, left forelimb of Gavialis gangeticus (UMZC R 5783); F, (from left to right) left ischium,
femur and humerus of Crocodylus porosus (QM J 48127). All scale bars = cm.
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Discrete characters329

Skull330

Ornamentation331

27. Rostral ornamentation, canthi rostralii: absent (0); present (1) (new character, after Norell, 1988332

[34]; Brochu, 1997a [143]).333

Brochu (1997b) and later studies (e.g. Brochu et al., 2012; Jouve, 2016) used the term ‘canthus334

rostralis’ to describe anterolaterally directed rostral ridges that occur prominently in caimanines,335

e.g. Melanosuchus niger and Caiman latirostris. In this study, canthi rostralii (or canthal ridges) are336

distinguished from ‘rostral ridges’ (see Character 28), in that they extend anterolaterally from the337

dorsomedial margin of the orbit to the level of the 4th maxillary alveolus, imparting an angle that338

separates two planar surfaces on the skull (Fig. 4B). Taxa with canthi rostralii include Paleosuchus339

palpebrosus (Medem, 1958), Hassiacosuchus haupti (Fig. 4B), Arambourgia gaudryii (MNHN340

QU 17155), and Boverisuchus vorax (UCMP 170767), none of which have rostral ridges.341

28. Rostral ornamentation, development of anterolaterally directed ridges on the lateral surface of the342

rostrum (at maturity): absent (0); present (1) (after Norell, 1988 [34]; Brochu, 1997a [143]).343

Anterolaterally directed rostral ridges typically occur in pairs, and are often associated with a344

spectacle (see Character 31). The largest ridge originates from the anteromedial margin of the orbit,345

and extends anterolaterally across the prefrontal, lacrimal and maxilla (Fig. 4D). A second, shorter346

anterior ridge extends anterolaterally over the nasal and maxilla. These ridges are not necessarily347

associated with a spectacle nor are they always paired, as is the case in Purussaurus brasiliensis348

(UFAC 1403), in which one prominent anterolateral ridge extends from the anteromedial orbital349

margin to the lateral edge of the maxilla.350

29. Rostral ornamentation, dorsal boss on sagittal axis: absent (0); present (1) (after Brochu, 1997a351

[101]).352

As discussed by Brochu (2000), Neotropical Crocodylus species i.e. C. acutus (Fig. 4H), C.353

intermedius, C. moreletti, and C. rhombifer, are characterised by sulci on the nasal-maxilla sutures.354

This imparts a median elevation (boss) on the rostrum that is restricted mostly to the nasals, and is355

present throughout posthatching ontogeny (Brochu, 2000).356

30. Rostral ornamentation, anteroposteriorly orientated preorbital ridges extending from the anterior357

corner of the orbit (at maturity): absent (0); present (1) (after Brochu, 1997a [144]).358
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A pair of anteroposteriorly orientated ridges extend from the anterior corner of the orbit in sev-359

eral crocodylians (Brochu, 2000). These ridges are particularly well-developed in Indopacific360

Crocodylus species such as Crocodylus porosus (Fig. 4F), Crocodylus mindorensis, Crocodylus361

novaeguineae, and Crocodylus siamensis. These ridges are always positioned on the medial edge362

of the lacrimal, adjacent to the lacrimal-prefrontal suture, and are typically straight; however, in363

some Crocodylus siamensis individuals (NHMUK 1924.4.1.168), the ridges are sigmoidal in shape.364

As discussed by Brochu (2000), juvenile Crocodylus johnstoni is also characterised by such ridges,365

but they are lost at maturity. This is also the case in Crocodylus palustris (NHMUK 1845.1.8.204,366

1868.4.9.11). Preorbital ridges are not restricted to Crocodylus, but occur in several osteolaem-367

ines e.g. Osteolaemus tetraspis (NHMUK 1862.6.30.5), Voay robustus (NHMUK R 36685), ans368

Euthecodon armabourgi (MNHN ZEL 001), as well as mekosuchines such as Baru wickeni (QM369

16822) and Quinkana ssp. (Megirian, 1994; Molnar, 1981). A number of taxa are newly scored for370

the derived character state in this study, including several species of Diplocynodon where they are371

very weakly developed: D. hantoniensis (Chapter 2) D. ratelii (MNHN SG 539), and D. remensis372

(Martin et al., 2014).373

31. Rostral ornamentation, transverse ridge between the orbits (i.e. spectacle): absent (0); present (1)374

(after Barrios, 2011 [109]; Cidade et al., 2017 [186]; Lee and Yates, 2018 [56]).375

32. Rostral ornamentation, morphology of the transverse orbital ridge (i.e. spectacle): low, lacking a376

posterior fossa (0); tall, with deep posterior fossa (1) (new character, based on personal observa-377

tions).378

33. Rostral ornamentation: anterior extent of transverse bridge between orbits (i.e. spectacle): poste-379

rior to anterior orbital margin (0); level with or anterior to anterior orbital margin (1) (new character,380

after Cossette and Brochu, 2018).381

The presence of a step approximately at the level of the anterior orbital margin is widespread382

among both extant and fossil crocodyliforms (Delfino et al., 2008a). This step is often referred383

to as a ‘spectacle’, especially in reference to extant caimanines (e.g. the spectacled caiman –384

Caiman crocodilus) in which this bony interorbital bridge is very prominent. In this study, presence385

(Character 31), size variation (Character 32), and position (Character 33) of a spectacle are all386

recognised as characters. The first of these describes the presence or absence of any change in387

elevation around the anterior orbit margin, and is equivalent to characters 186 in Cidade et al.388

(2017) and 56 in Lee and Yates (2018). By contrast with the character scores in those studies, here389

the spectacle is found to be more widely distributed among Crocodylia (Fig. 5). For example, in390

addition to most extant caimanines, the spectacle is found in the putative early caiman Eocaiman391

cavernensis (AMNH 3158), all but one species of Alligator (A. mcgrewi), Navajosuchus mooki392
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(as scored in Lee and Yates [2018], but not Cidade et al. [2017]), Leidyosuchus canadensis (Wu393

et al., 2001a, fig.2.1) and most species of Diplocynodon (except D. darwini and D. deponiae).394

Also noteworthy is the presence of a spectacle in some basal crocodyloids, such as Asiatosuchus395

grangeri (AMNH 6607) and Jiangxisuchus nankangensis (Li et al., 2019, fig.2A).396

Most of the above listed taxa, such as Alligator and Diplocynodon have a low spectacle, which lacks397

a deep fossa on the anterior margin of the step (C32-0, Fig. 6). A different condition is expressed398

in several caimanines such as Caiman latirostris, in which the vertical wall of the spectacle is399

excavated by a deep fossa (C32-1, Fig. 5E–F). Further variation occurs in the posteriormost extent400

of the spectacle relative to the anterior margin of the orbit (character 33) (Fig. 6). The spectacle401

rarely forms a straight horizontal bridge across the rostrum; instead, the spectacle is anteriorly402

concave. The apex of the concavity varies in position relative to the orbit. In all extant caimanines,403

the spectacle does not extend posteriorly beyond the level of the anterior margin of the orbit (C33-404

1). However, several fossil taxa, including Purussaurus neivensis, Diplocynodon, and Bottosaurus405

harlani exhibit a strong posterior shift in the spectacle (C33-0). The morphology of the spectacle in406

Bottosaurus was originally described as a “distinct ‘U’-shaped depression”, and used to diagnose407

the genus (Cossette & Brochu, 2018, p.4). Here, it is regarded as a posteriorly shifted spectacle, a408

condition similar to that of the giant Miocene caimanine, Purussaurus neivensis (UCMP 39704).409

34. Rostral ornamentation, extensive fossa extending anteriorly from the frontal to the posterior margin410

of the external naris: absent (0); present (1) (new character, based on personal observations).411

The derived character state describes a unique condition of the naris present only in Purussaurus412

brasiliensis (Fig. 7B) and Purussaurus mirandai (Aguilera et al., 2006). Unlike all other eusuchi-413

ans, the naris covers almost the entire anteroposterior length of the rostrum in these two species,414

and the posterior margin of the naris merges continuously into a large fossa on the rostrum.415

35. Prefrontal, prominence at anteromedial orbital margin: not thickened (0); hypertrophied, forming416

rounded protuberances (1) (after Bona et al., 2013b [167]; Cidade et al., 2017 [186]; Souza-Filho417

et al., 2019 [182]).418

As discussed by Cidade et al. (2017), a protuberance or ‘knob’ at the anteromedial margin of the419

orbit is diagnostic of the caimanine Mourasuchus, present in all three Mourasuchus species studied420

here (e.g. Mourasuchus arendsi, Fig. 8B). This thickening occurs on the prefrontal orbital margin,421

and in all Mourasuchus species occurs along with a spectacle (31-1). The spectacle is nonetheless422

independent of the prefrontal protuberances, since several crocodylians with a spectacle lack a423

prefrontal protuberance, e.g. Caiman (Fig. 6G–I).424

36. Cranial table ornamentation, fossa on the sutural intersection of the postorbital, frontal and parietal:425
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Figure 4: Variation in rostral ornamentation in Crocodylia. A, Osteolameus tetraspis (NHMUK 1862.6.30.5);
B, Hassiacosuchus haupti (HLMD Me-4415); C, Alligator mississippiensis (NHMUK 1873.2.21.1); D, Caiman
latirostris (FMNH 9713); E, Crocodylus palustris (1897.12.31.1); F, Crocodylus porosus (NHMUK 1852.12.9.2);
G, Crocodylus siamensis (NHMUK 1921.4.1.168); H, Crocodylus acutus (FMNH 69884). Scale bars in A, B, E,
and H = 2 cm, all other scale bars = cm.
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Figure 5: Variation in development of a transverse orbital ridge (spectacle). (A–B) Crocodylus palustris (NHMUK
1897.12.31.1); (C–D) Alligator mississippiensis (NHMUK 1873.2.21.1); (E–F) Caiman latirostris (NHMUK
1897.12.31.1). All scale bars = 2 cm.

absent (0); present (1) (after Lee and Yates, 2018 [71]; adapted from Willis et al., 1993).426

A pit that occurs on each side of the skull at the triple junction of the postorbital, parietal and frontal427

was first described in Kambara murgonensis (Willis et al., 1993), and later observed in all species428

of Kambara that preserve the cranial table (Buchanan, 2009; Salisbury & Willis, 1996). These pits429

are easily distinguished from the characteristic pitted crocodylian dermatocranium by their large430

size, as well as their paired nature (Fig. 9).431

37. Skull table morphology: posterolateral edges directed ventrolaterally from the sagittal axis (0);432

planar across entire length, or lateral edges directed dorsolaterally <20◦ across entire length (1);433

lateral edges directed dorsolaterally ≥ 20◦ along entire length (2) (after Brochu, 1997a [123];434

Barrios, 2011 [108]; Jouve, 2016 [123]; Cidade et al., 2017 [185]) (ORDERED).435
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This character is modified from Brochu (1997b, character 123) by the addition of a third character436

state (37-2), and the quantification and ordering of the character states. In occipital view, the437

skull table of Bernissartia fagesii (IRScNB 1538) is approximately planar, with the lateral edges438

Figure 6: Variation in the position of the transverse orbital ridge (spectacle). A, Diplocynodon hantoniensis
(CAMSM TN 907); B, Purussaurus neivensis (UCMP 39704); C, Melanosuchus niger (NHMUK 45.8.25.125);
D, Mourasuchus atopus (UCMP 38012); E, Mourasuchus arendsi (UFAC 5883); F, Caiman crocodilus apapor-
iensis (FMNH 69812); G, Caiman latirostris (NHMUK 1897.12.31.1); H, Caiman crocodilus chiapasius (FMNH
73701); I, Caiman yacare (AMNH 97300). Dashed lines mark spectacle position, red line marks anterior margin
of orbit. All scale bars = 5 cm.
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Figure 7: Comparison of the morphology of the naris in A, Alligator mississippiensis (NHMUK 1873.2.21.1); B,
Purussaurus brasiliensis (UFAC 1403). Scale bar = 30 cm.

upturned less than 20◦ (37-1). This condition is common to most eusuchians in this dataset (Fig.439

10C–F). By contrast, the lateral edges of the cranial table slope ventrally from the sagittal axis in440

several “gavialoids” (37-0), e.g. Gavialis gangeticus (Fig. 10A–B) and Gryposuchus neogaeus441

(MLP 26-413), as well as in the non-crocodylian eusuchian Hylaeochampsa vectiana (NHMUK442

R177) (albeit to a lesser degree). Thus far, these observations follow the original scoring of the443

character as implemented in earlier studies (e.g. Brochu, 1999; Brochu et al., 2012; Lee & Yates,444

2018; Salas-Gismondi et al., 2015). However, a third character state is added based on character445

185 in Cidade et al. (2017), which appears to describe a continuation of the dorsal upturning of446

the lateral cranial table edges, which is found in species of Purussaurus (37-2, edges orientated447

≥ 20◦) (Fig. 10G–H). Jouve (2016) also introduced a third state to the same character, which448

described a skull table that is “medially depressed”. This morphology is distinct from the condition449

in Purussaurus; furthermore, it is not considered homologous to the morphology described in this450

character. As such it is discretised separately as Character 82.451

It is possible for Character 37 to be conflated with the presence or absence of squamosal horns452

(discrete bony protrusions on the posterior margin of the cranial table, see characters 38–40). In-453
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Figure 8: Dorsolateral view of the orbit, showing development of a protuberance on the prefrontal in A, Alligator
mississippiensis (NHMUK 1873.2.21.1); B, Mourasuchus arendsi (UFAC 5883). All scale bars = 5 cm.

deed, in the data matrix of Souza-Filho et al. (2019), Purussaurus is scored as having squamosal454

horns. By contrast, we regard Purussaurus as lacking horns, and suggest that Souza-Filho et al.455

(2019) conflate the broad concavity of the skull table in this taxon (resulting in upturned lateral456

cranial table margins, Fig. 10G–H) with a hypertrophied skull table (true squamosal horns, Fig.457

11C–H). We regard the curvature of the cranial table and the development of horns as independent.458

For example, whereas some taxa have squamosal horns and a concave skull table (Acresuhcus459

pachytemporalis, UFAC 2507), others have squamosal horns and a flat skull table (Certaosuchus460

burdoschi, FMNH P 15576) and some species (including Purussaurus neivensis, UCMP 39704)461

lack squamosal horns, but have a concave skull table.462

23



Figure 9: Dorsal view of the cranial table in A-B, Crocodylus acutus (NHMUK 1975.997); and C, Kambara
implexidens (QM 29662). Scale bar A = cm, scale bars B, C = 2 cm.

38. Cranial table ornamentation: posterolateral and/or posterior margin of squamosal flat (0); upturned463

to form a discrete eminence (i.e. a squamosal horn) (1) (after Brochu, 2011 [157]).464

39. Cranial table ornamentation, squamosal horn position: restricted to posterior end of skull table (0);465

extends anteriorly along the whole lateral margin of the skull table (1) (after Salas-Gismondi et al.,466

2015 [157]; Souza-Filho et al., 2019 [156]).467

40. Cranial table ornamentation, direction of squamosal horn expansion from cranial table: dorsally468

only (0); dorsally and laterally (1) (after Souza-Filho et al., 2019 [156]).469

Squamosal horns are abrupt dorsal/dorsolateral projections of the squamosal (sometimes also in-470

cluding the postorbital) (Fig. 11C–H). Among extant crocodylians, squamosal horns are consis-471

tently found only in Crocodylus siamensis and Crocodylus rhombifer (Brochu & Storrs, 2012).472

Large, overgrown individuals of Crocodylus species can also develop a thickening of the lateral473

margin of the cranial table, which resembles squamosal horns (Brochu et al., 2010). Here these474

are differentiated from ‘true’ squamosal horns by having more rounded/ less acute dorsal apices,475

and by a gradual transition from the anterior end of the skull table to the posterior end. As orig-476
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Figure 10: Comparisons of cranial table morphology in occipital (left) and dorsolateral (right) views. A–B, Gavialis
gangeticus (NHMUK 1974.3009); C–D, Paleosuchus trigonatus (NHMUK 1868.10.8.1); E–F, Alligator missis-
sippiensis (NHMUK 1873.2.21.1); G–H, Purussaurus neivensis (UCMP 39704). All scale bars = 2 cm.
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inally formulated by Brochu (2011), the absence or presence of a squamosal horns is treated as a477

binary character; however, as illustrated by Souza-Filho et al. (2019, fig.13), squamosal horns can478

exhibit discrete morphological differences. Characters 38–40 are derived by reductively coding a479

multistate character (156) in Souza-Filho et al. (2019). Variation in squamosal horn morphology480

can be broadly divided into: (1) the position of the horn (Character 39); and (2) the direction of the481

horn’s projection (Character 40). In the caimanine Mourasuchus the squamosal horns are entirely482

restricted to the posterior end (39-0) (Fig. 11C–D). By contrast, the squamosal horns of Crocody-483

lus siamensis, Crocodylus rhombifer, Voay robustus, Acresuchus, and Ceratosuchus extend over484

most of the anteroposterior length of the cranial table, being tallest at the posterior end (39-1) (Fig.485

11E, G). Whereas Ceratosuchus and Voay share anteriorly extensive squamosal horns, the horns486

are dorsally directed in Ceratosuchus (40-0) (Fig. 11F), but dorsolaterally directed in Voay (40-1)487

(Fig. 11H).488
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Figure 11: Left lateral (left) and dorsolateral (right) views of the cranium showing variation in development of
squamosal horns. A-B, Alligator mississippiensis (NHMUK 1873.2.21.1); C-D, Mourasuchus arendsi (MLP 73-
IV15-8); E-F, Ceratosuchus burdoschi (FMNH P 15576); G-H, Voay robustus (NHMUK R 366885). All scale
bars = 3 cm.
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External nares489

41. External nares, orientation: projects anterodorsally (0); dorsally (1) (after Brochu, 1997a [79]).490

In most crocodylians, the margins of the external naris are approximately in the same plane, re-491

sulting in dorsally facing external nares (Fig. 12C). By contrast, the anterior and anterolateral492

margins of the nares in some crocodylians are depressed, resulting in anterodorsally facing nares493

(Fig. 12A–B). Similar to previous studies, anterodorsally facing external nares are herein scored as494

present in ‘basal’ alligatorines such as Navajosuchus and Allognathosuchus, Borealosuchus (Fig.495

12A), and several non-crocodylian taxa (Bernissartia fagesii, Shamosuchus, Theriosuchus, and496

the ‘Glen Rose Form’) (Brochu, 1999; Brochu et al., 2012; Jouve, 2016; Salisbury et al., 2006).497

A number of mekosuchines also exhibit anterodorsally facing nares, such as Baru wickeni (QM498

F16822), Mekosuchus inexpectatus (MNHN NCP 06), and Quinkana (Megirian, 1994). By con-499

trast with some studies (e.g. Brochu et al., 2012; Jouve, 2016; Lee & Yates, 2018), anterodorsally500

facing nares are also identified in some species of Diplocynodon (e.g. D. hantoniensis, Fig. 12b),501

and in the osteolaemine, Voay robustus (NHMUK R36685).502

Figure 12: Lateral view of the external naris in A, Borelaosuchus sternbergii (UCMP 126099); B, Diplocynodon
hantoniensis (NHMUK 25166) and C, Crocodylus siamensis (NHMUK 1921.4.1.168). All scale bars = 2 cm.

42. External nares, development of bony excrescence (ghara) in reproductively mature males: absent503

(0); present (1) (after Brochu, 2011 [84]).504

The ghara is a bulbous, bony outgrowth on the dorsal margin of the nares. Among extant crocodylians,505

the ghara is found only in mature, male Gavialis gangeticus, where it serves as a resonating cham-506

ber (Grigg & Kirshner, 2015) (Fig. 13B). It generally occurs in male individuals of at least 3 m total507

body length; however, smaller individuals (2.4 m) and females in captivity have on occasion exhib-508

ited a ghara (Martin & Bellairs, 1977). In osteological specimens, evidence for the ghara occurs as509

a fossa, delimited by a thin crest anterior to the external nares. In dorsal view, the premaxillae also510
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appear more circular in Gavialis gangeticus specimens that have a ghara. This partially obscures511

the characteristic posteriorly tapering outline of the premaxillae in Gavialis. In this study, only512

taxa known from at least two large (and therefore mature) crania preserving the nares were scored.513

The ghara is here recognised only in Gavialis gangeticus and Gryposuchus colombianus; however,514

a number of other fossil crocodylians that were not included in this study also possess a ghara515

including Gavialis bengawanicus (Martin et al., 2012) and Rhamphosuchus crassidens (Cautley &516

Falconer, 1840).517

Figure 13: Dorsal view of the external naris showing development of the ghara in Gavialis gangeticus. A, NHMUK
61.4.1.2; B, NHMUK 1974.3009.

43. External nares, thin crest circumscribing narial margin: absent (0); present (1) (after Brochu, 2011518

[85]).519

In most crocodylians the margins of the external nares are flush with the dorsal surface of the520

premaxilla (Fig. 14A). A slightly everted margin of the nares was first described in the ‘basal’ alli-521

gatoroid Diplocynodon muelleri (Piras & Buscalioni, 2006), and later recognised in the caimanine522

Tsoabichi greenriverensis (Brochu, 2010) (Fig. 14B). A homologous crest is newly recognised in523

Diplocynodon tormis (Buscalioni et al., 1992), Diplocynodon deponiae (SMF Me 2609), and oc-524

curs variably in Diplocynodon darwini (absent in HLMD Me 7500, present in SMNK uncatalogued525

material). A narial crest is not recognised in Paleosuchus palpebrosus contrary to character scores526

in Lee and Yates (2018).527

44. Premaxilla, notch posterolateral to naris: absent (0); present (1) (after Brochu, 1997a [142]).528

A sulcus on each side of the rostrum, posterolateral to the external nares, was originally recov-529

ered as an unambiguous synapomorphy of Alligator (Brochu, 1999) (Fig. 14A). This sulcus is530
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often associated with a swelling of the posterolateral margins of the nares. Later analyses iden-531

tified this sulcus in a larger number of mostly alligatoroid taxa, such as Arambourgia gaudryi,532

Procaimanoidea utahensis, and Brochuchus pigotti (Brochu, 2011; Brochu et al., 2012). In this533

study, a posterolateral notch is also recognised in several Diplocynodon species, such as D. han-534

toniensis (Chapter 2), D. muelleri (Piras & Buscalioni, 2006), D. tormis (Buscalioni et al., 1992),535

and D. ratelii (MNHN SG 539). Furthermore, it occurs in some Mourasuchus species, e.g. M.536

atopus (UCMP 38012) and M. arendsi (UFAC 5716). The occurrence of a notch in Mourasuchus537

was also recognised by Cidade et al. (2017), who added a third character state in their analysis to538

distinguish Mourasuchus from all other crocodylians. According to Cidade et al. (2017) Moura-539

suchus has a: “naris surrounded by a dorsoventrally developed rim” (Cidade et al., 2017, character540

86). However, the morphology of the narial notch in Mourasuchus is not notably different to that541

in Alligator (i.e. 44-1), and thus the addition of a third character state is rejected.542

Figure 14: Dorsolateral view of the external naris in A, Alligator mcgrewi (AMNH F.A.M 7905); and B, Tsoabichi
greenriverensis (AMNH 3666). All scale bars = 2 cm.

45. Premaxilla, fossa on the lateral margin of the naris: absent (0); present (1) (new character, based543

on personal observations).544

The derived character state applies to three alligatoroid taxa in this analysis: Brachychampsa mon-545

tana (Gilmore, 1911; Norell et al., 1994), Stangerochampsa mccabei (Wu et al., 1996), and Wan-546

naganosuchus brachymanus (Erickson, 1982). Unlike all other crocodylians, the lateral edges of547

the nares in these taxa bear a fossa, such that the inner lateral walls of the external nares are bev-548

elled (Fig. 15B). The derived condition appears to be incipiently developed in some alligatorids549

(particularly Alligator); however, the condition is not developed strongly enough to be scored for550

the derived condition.551

46. Nasals, external contact with naris: present (0); absent (1) (after Norell, 1988 [3]; Clark, 1994 [13,552

14]; Brochu, 1997a [95]).553
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Figure 15: Dorsolateral view of the medial wall of the naris in A, Crocodylus niloticus (NHMUK 1934.6.3.1); B,
Brachychampsa montana (UCMP 133901). All scale bars = 2 cm.

47. Nasals, bisect nares completely (0); protrude partially into posterior narial margin (1); excluded554

internally from posterior narial margin (2) (after Norell, 1988 [3]; Clark, 1994 [13, 14]; Brochu,555

1997a [95]) (ORDERED).556

Characters 46–48 are derived from reductively coding character 95 in Brochu (1999):557

“External naris bisected by nasals (0) or nasals contact external naris, but do not bisect it (1),558

or nasals excluded, at least externally, from naris; nasals and premaxillae still in contact (2), or559

nasals and premaxillae not in contact (3)”560

Whereas Character 46 describes the presence or absence of an external contact between the nares561

and nasals, Character 47 describes the degree of protrusion of the nasals internally. The distinction562

between external and internal contact was not accounted for in the original formulation of the563

character, i.e. some taxa could be scored for both character states 1 and 2 in character 95 of564

Brochu (1999). For example, Caiman yacare (AMNH 97300) and several other Caiman species565

lack an external nasal-naris contact (46-1), but exhibit an internal protrusion on the posterior wall566

of the naris (47-1). By contrast, Tomistoma schlegelii (NHMUK 1894.2.21.1), Gavialis gangeticus567

(NHMK 1974.3009), and Diplocynodon hantoniensis (NHMUK 30392), among other taxa, lack568

an external (46-1) and internal (47-2) nasal-narial contact.569

48. Nasals, contact with premaxillae: present with overlap (0); present, point contact (1); absent (2)570

(after Norell, 1988 [3]; Clark, 1994 [13, 14]; Brochu, 1997a [95]; Jouve et al., 2008 [95]) (OR-571

DERED).572

The nasals extensively contact the premaxillae on the anterior end of the rostrum in almost all573

crocodylians, being wedged between the posterodorsal processes of the premaxillae (Fig. 16A–F).574

An exception to this occurs in Gavialis, in which the nasals terminate anterior to the mid-length of575

the rostrum (Fig. 16I). An intermediate condition was recognised by Jouve et al. (2008, pp. 95–3)576

in several longirostrines,who described this as a “weak contact” between the premaxilla and nasals.577
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This condition is incorporated here, but as part of an ordered multistate character describing the578

progressive separation of the nasals from the premaxillae. The original description as “weak”579

is replaced with “point contact” here, which is more precise. Taxa scored for character state580

48-1 are mostly longirostrines such as Piscogavialis jugaliperforatus (Fig. 16G), Ikanogavialis581

gameroi (Sill, 1970) and Gryposuchus neogaeus (Fig. 16H). By contrast to the character scores582

in Jouve (2016), the condition in Thoracosuaurs isorhynchus (MNHN 1902.22; MNHN.F.MTA583

61) and Thoracosaurus neocesariensis (multiple specimens in AMNH, YPM) is scored as miss-584

ing, and Eothoracosuaurs mississippiensis (Brochu, 2004a) is considered to exhibit an exten-585

sive premaxilla-nasal contact (48-0). Furthermore, two brevirostrine taxa (Purussaurus mirandai586

[Aguilera et al., 2006] and Purussaurus brasiliensis [UFAC 1403]) are scored for the intermediate587

condition here, which is related to the peculiar development of an extensive narial opening in these588

taxa (see Character 34).589

Premaxilla590

49. Premaxilla-maxilla suture, anterior limit relative to posterior margin of external naris: posterior to591

(0); level with or anterior to (1) (after Jouve et al., 2008 [198]).592

The anterior limit of the premaxilla-maxilla suture on the dorsal surface of the rostrum typically593

coincides with the level of the pit or notch for the 4th dentary tooth. The anterior extent of this594

suture varies with respect to the posterior margin of the external naris. In most crocodylians,595

the anteriormost extent is posterior to the naris (Fig. 17G–I), but a large number of taxa (almost596

exclusively alligatorids) have an anteriorly positioned suture (Fig. 17A). By contrast to previous597

studies (Iijima & Kobayashi, 2019; Jouve, 2016), the derived condition is also recognised in some598

crocodylid species (Fig. 17D–F), such as Crocodylus palaeindicus (NHMUK 39795), Crocodylus599

palustris (NHMUK 1897.12.31.1), and variably in Crocodylus porosus (e.g. present in NHMUK600

1852.12.9.2, absent in QM J47447).601

50. Premaxilla, posterior extent of dorsal process: terminating level with or anterior to the third maxil-602

lary alveolus (0); extending posterior to third maxillary alveolus (1) (after Brochu, 1997a [145]).603

The length of each posterodorsal premaxillary process is characterised as originally formulated by604

Brochu (1997a). Long processes, exceeding the level of the 3rd maxillary alveoli, are commonly605

found in longirostrine crocodylians, including all putative “tomistomines” and “gavialoids” (Fig.606

17B). By contrast, in Bernissartia fagesii (IRScNB 1538), as well as most crocodyloids and al-607

ligatoroids, the posterodorsal processes are short, at most reaching the level of the 3rd maxillary608

alveolus (Fig. 17A).609
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Figure 16: Morphology of the nasal-premaxilla suture. A, Alligator mcgrewi (AMNH F.A.M 7905); B, ‘Crocody-
lus’ affinis (USNM 18171); C, Kentisuchus spenceri (NHMUK 38975); D, Diplocynodon darwini (HLMD-Me-
7492); E, Thecachampsa antiquus (AMNH 5663); F, Eogavialis africanum (AMNH 5075); G, Piscogavialis ju-
galiperforatus (SMNK 1282 PAL); H, Gryposuchus neoagaeus (MLP 26-413); I, Gavialis gangeticus (NHMUK
1974.3009). Red = nasals, blue = premaxillae. All scale bars = 5 cm.
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Figure 17: Dorsal view of the rostrum is crocodylian taxa showing variation in position of the premaxilla-maxilla
suture (red line) relative to the posterior margin of the naris (blue line). A, Alligator sinensis (NHMUK X184);
B, Tomistoma schlegelii (NHMUK 1894.2.21.1); C, Crocodylus niloticus (NHMUK 1934.6.3.1); D, Crocodylus
porosus (NHMUK 1852.12.9.2); E, Crocodylus palustris (NHMUK 1897.12.31.1); F, Crocodylus palaeindicus
(NHMUK 39795); G, Crocodylus acutus (NHMUK 1975.997); H, Crocodylus moreletii (NHMUK 1861.4.1.4); I,
Mecistops cataphractus (NHMUK 1924.5.10.1). All scale bars = 5 cm.
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Maxillae610

51. Maxilla, linear array of pits (cecal recesses) on lateral margin of narial canal: absent (0); present611

(1) (after Brochu, 1997a [148]).612

As discussed by Brochu (2000), the lateral walls of the narial canal (caviconchal recess) are lined613

with a series of pits in all extant species of Crocodylus (Fig. 18B), but are smooth in all other614

crocodylians (Fig. 18A). The presence or absence of cecal recesses can only be scored in well615

preserved and disarticulated maxillae or from CT scan data.616

Figure 18: Medial view of the narial canal lateral wall in A, Alligator mississippiensis (UCMP 71672); B, Crocody-
lus acutus (UCMP 81699). Scale bars = cm.

52. Maxilla, posterior extent relative to anterior margin of postorbital bar: terminates anterior to the617

level of the postorbital bar (0); level with or posterior to the postorbital bar (1) (after Brochu, 2011618

[105]).619

The anatomical meaning of this character remains unchanged from Brochu (2011); however, the620

character has been rephrased to use the postorbital bar instead of the lower temporal bar as a621

more precise landmark for the posterior extent of the maxilla. In earlier studies (e.g. Brochu,622

2011; Brochu et al., 2012; Jouve, 2016; Salas-Gismondi et al., 2019) the derived condition was623

only scored as present in Hylaeochampsa vectiana (Clark & Norell, 1992) (Fig. 19B), Iharkuto-624

suchus makadii (Ösi et al., 2007), Acynodon iberoccitanus (Buscalioni et al., 1997), and Acynodon625

adriaticus (Delfino et al., 2008b). A number of additional taxa have been scored for the derived626

state in this study including Portugalosuchus azenhae (Mateus et al., 2019), Gavialis gangeticus627

(NHMUK 1974.3009) (Fig. 18D), Gavialis lewisi (YPM 3226), Gavialis browni (AMNH 6279),628

and Trilophosuchus rackhami (QM F16856). Although Gavialis and Hylaeochampsa share the629

derived condition, there are subtle differences in their morphologies. Whereas the maxilla is posi-630

tioned more on the ventral side of the lower temporal bar in Gavialis, the maxilla is more laterally631
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exposed in Hylaeochampsa. However, this difference is too small, and not consistently found in632

enough taxa in the present analysis to warrant the addition of another character state here.633

Figure 19: Variation in posterior extent of the maxilla. Lateral view of A, Alligator mississippiensis (NHMUK
1873.2.21.1); B, Hylaeochampsa vectiana (NHMUK PV R 177); C, Tomistoma schlegelii (NHMUK 1894.2.21.1);
D, Gavialis gangeticus (NHMUK 1974.3009). Abbreviations: po, postorbital bar. All scale bars = 3 cm.

Lacrimal634

53. Lacrimal, sutural contact with nasal: present (0); absent (1) (after Brochu, 1997a [93]).635

54. Maxilla, posterior process in the lacrimal: absent (0); present (1) (after Brochu, 1997a [93]).636

55. Maxilla, posterior process extends between lacrimal and prefrontal: absent (0); present (1) (after637

Brochu, 1997a [93]).638

56. Maxilla, posterior process extends between nasal and lacrimal: absent (0); present (1) (after Brochu,639

1997a [93]; Jouve et al., 2008 [93]; Jouve, 2016 [93]).640

Characters 53–56 are derived from Character 93 in Brochu (1997b) and later modifications to the641

character (Jouve et al., 2008 [93]; Jouve, 2016 [93]). Brochu (1997b) originally formulated the642

character as follows:643
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“Lacrimal makes broad contact with nasal; no posterior process of maxilla (0), or maxilla with644

posterior process within lacrimal (1), or maxilla with posterior process between lacrimal and645

prefrontal (2)”646

Jouve (2016) added a fourth character state, which described a process “between the lacrimal and647

nasal”.648

As originally worded, this character suggests that contact between the nasal and lacrimal, as well as649

a posterior process of the maxilla in the lacrimal are mutually exclusive. However, both conditions650

are commonly present in crocodylians. For example in all datasets examined here, Caiman are651

characterised as sending a posterior process of the maxilla into the lacrimal (Brochu, 1999; Brochu652

et al., 2012; Cidade et al., 2017; Iijima & Kobayashi, 2019; Jouve, 2016; Jouve et al., 2008;653

Lee & Yates, 2018); however, most Caiman species also exhibit contact between the lacrimal and654

nasal (Fig. 20C). The choice to include Caiman under character state 1 in previous studies, is655

probably based on the short length of the nasal-lacrimal contact; however, the length of the nasal-656

lacrimal suture in some Caiman species can be equal to that of some Crocodylus species, which657

have a broad lacrimal nasal contact (Fig. 20A). In addition, there are some taxa which lack a658

nasal-lacrimal sutural contact, but still retain a posterior maxillary process in the lacrimal (e.g.659

Purussaurus neivensis, UCMP 39704). In this study, the presence of a lacrimal-nasal contact is not660

considered homologous to the development of any process in or between the lacrimal, prefrontal,661

or nasal. As such, a new character has been formulated which describes the presence or absence662

of a lacrimal-nasal sutural contact (Character 53). Additional issues concern the homology of663

the posterior processes between the lacrimal, prefrontal and nasals that are implied in the original664

character. Some taxa, such as ‘Caiman cf. lutescens’ (UCMP 39978) and the ‘Glen Rose form’665

(USNM 22039), possess both a posterior process of the maxilla in the lacrimal and a posterior666

process between the lacrimal and prefrontal. As a result, these features have been discretised in667

separate characters here. Furthermore, the posterior maxillary process between the lacrimal and668

nasal is not homologous to the posterior maxillary process in the lacrimal, because both are present669

in Thecachampsa sericodon (Fig. 20F).670

57. Lacrimal, mediolateral width in relation to prefrontal: equal to or greater than twice the maximum671

prefrontal width (0); less than twice the maximum prefrontal width (1) (after Jouve, 2016 [242]).672

This character was rephrased to improve repeatability of scoring from “lacrimal nearly twice wider673

(0) or nearly as wide as the prefrontal (1)” in Jouve (2016). The mediolateral widths of the pre-674

frontal and lacrimal are approximately equidimensional in most crocodylians, e.g. Crocodylus675

porosus (Fig. 20A) and Alligator mississippiensis (Fig. 20B). Extremely widened lacrimals, usu-676

ally greater than twice the width of the prefrontals, are present in most extant caimanines (Fig.677
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20C), such as Melanosuchus niger (NHMUK 45.8.25.125), Caiman yacare (AMNH 97300), and678

Paleosuchus trigonatus (NHMUK 1868.10.8.1), as well as some “tomistomines” such as The-679

cachampsa sericodon (USNM 25243). By contrast to previous studies (e.g. Iijima & Kobayashi,680

2019; Jouve, 2016), the width of the lacrimals in Brachychampsa montana (UCMP 133901, Fig.681

20D), Tomistoma schlegelii (1894.2.21.1), Tomistoma lusitanica (Antunes, 1961), and Marocco-682

suchus zennaroi (Jouve et al., 2015), is not found to be significantly greater than that of the pre-683

frontals.684

Figure 20: Dorsal view showing sutural relationships of the rostrum in selected crocodylian taxa. A, Crocody-
lus porosus (QM J47447); B, Alligator mississippiensis (NHMUK 1873.2.21.1); C, Caiman yacare (MACN un-
catalogued); D, Brachychampsa montana (UCMP 133901); E, Tomistoma schlegelii (USNM 211323); F, The-
cachampsa sericodon (USNM 25243). Abbreviations: lc, lacrimal; mx, maxilla; na, nasal; pf, prefrontal. All scale
bars = 5 cm.

58. Lacrimal, anteroposterior length relative to that of prefrontal: longer (0); equal in length (1); shorter685

(2) (after Norell, 1988 [7]; Brochu, 1997a [117]) (ORDERED).686

This character has been restructured and rephrased from Brochu (1997b) to enable the character687

to be ordered. In most crocodylians, the lacrimal is much longer than the prefrontal (Fig. 21G),688

some taxa (mostly alligatorids) exhibit a clearly shorter lacrimal than the prefrontal (Fig. 21I), and689
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a small number have a lacrimal and prefrontal that are sub-equal in length (Fig. 21H). The latter690

condition was previously found only in Borealosuchus species, such as B. formidabilis (Erickson,691

1976), B. acutidentatus (Sternberg, 1932), and B. wilsoni (Mook, 1959) (Brochu, 1997a; Brochu et692

al., 2012). This intermediate condition is newly recognised in a number of additional species, such693

as Kentisuchus spenceri (NHMUK 38975), Baru wickeni (QM 16822), and Acresuchus pachytem-694

pralis (UFAC 2507).695

Frontal-Prefrontal696

59. Prefrontals, sutural contacts (at maturity): separated by frontal and nasals at maturity (0); pre-697

frontals meet medially (1) (after Norell, 1988 [27]; Brochu, 1997a [100]).698

Whereas the prefrontals are separated by the frontal and nasals in most crocodylians (Fig. 21A),699

they are sutured in some caimanine taxa, blocking the anterior frontal process from the nasals700

(Fig. 21C). For example, Caiman yacare exhibits inter-prefrontal contact consistently at maturity701

(AMNH 97300, MACN uncatalogued, FMNH 9141) (Medem, 1960). By contrast it appears to702

occur variably in Caiman latirostris (present in NHMUK 86.10.4.2, absent in FMNH 9713, MACN703

V 1420).704

60. Frontal, anterior process morphology: forms an acute, ‘v’ shape that extends anteriorly into pos-705

terior margins of nasals (0); forms broad sutural contact with the nasals or prefrontals (1) (after706

Brochu, 2011 [131]; Salas-Gismondi et al., 2015 [131]).707

The anterior tip of the frontal process forms an acute point in most crocodylians, regardless of708

whether it contacts the nasals. By contrast, a number of crocodylians exhibit a broader (sometimes709

undulating) frontal processes. The modification to character wording by Salas-Gismondi et al.710

(2015) is followed here, which recognises that the frontal might or might not contact the prefrontals.711

The derived condition is present in several alligatoroids, including Brachychampsa montana (Fig.712

21D), Mourasuchus atopus (Fig. 21E), Purussaurus neivensis (Fig. 21C), as well as some species713

of Mekosuchus, e.g. M. sanderi (QM F31166).714

61. Frontal, position of tip of anterior process relative to anterior tip of prefrontal: posterior or at the715

same level (0); anterior (1) (after Jouve, 2004 [172]; Jouve et al., 2008 [171])716

62. Frontal, position of tip of anterior process relative to anterior orbital margin: anterior (0); level with717

or posterior (1) (after Jouve, 2004 [178]; Jouve et al., 2008 [175]).718

63. Jugal, anterior extent relative to anterior tip of frontal: anterior to or level with frontal (0): posterior719

to frontal (1) (after Jouve, 2004 [177]; Jouve et al., 2008 [174]; Jouve, 2016 [174]).720
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Characters 61–63 were introduced by Jouve (2004), and describe variation in the anterior extent721

of the frontal relative to the prefrontal, orbit, and jugal respectively. Characters 61 and 63 have722

been modified by the removal of a character state. Character 61 was originally formulated with723

an additional state in which the frontal reached the same level as the prefrontal (Jouve, 2016).724

This condition is not practical to score as the frontal rarely lies precisely at the same level as the725

prefrontal. For example, Euthecodon arambourgi (MNHN ZEL 001) was scored for this condition726

by Jouve (2016) but the frontal extends anterior to the prefrontal in that taxon.727

As originally formulated by Jouve (2004), Character 63 had an additional character state which728

described a condition whereby the jugal does not extend beyond the anterior margin of the orbit.729

This condition was only scored in Iharkutosuchus makadii and Hylaeochampsa vectiana in a more730

recent iteration of this data matrix (Jouve, 2016). This state has been removed here because the731

condition is absent in Hylaeochampsa (NHMUK R177, Clark & Norell, 1992) rendering it as an732

uninformative autapomorphy of Iharkutosuchus. As such Iharkutouchus is scored as 63-1 here733

along with other crocodylian taxa.734

It might appear that these characters describe the same anatomical feature, namely the length of the735

anterior frontal process, and that taxa with a ‘long’ frontal process might receive the same scores736

for each of these characters i.e. 61-1, 62-0, and 63-1. However, these characters are scored with dif-737

ferent combinations in several taxa, reflecting their independence. For example many crocodylians738

have a frontal process that exceeds the anterior margin of the orbits (62-0). This is the case in739

Brachychampsa montana and Gavialis gangeticus; however, whereas the frontal process is ante-740

rior to the prefrontal tip in Gavialis (61-1) (Fig. 21F), it is posterior to the prefrontal tip in Brachy-741

champsa (61-0) (Fig. 21D). Similarly, if the frontal exceeds the anterior margin of the prefrontal, it742

does not necessarily exceed the jugal anterior tip. This is the case in Navajosuchus mooki (AMNH743

5186) and Gavialosuchus eggenburgensis (NHMUK PV R797), which share an anterior frontal tip744

that extends beyond the level of the prefrontal (61-1), but not the jugal (63-0).745
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Figure 21: Preorbital sutural relationships in selected crocodylian taxa. A, Crocodylus acutus (NHMUK 1975.997);
B, Melanosuchus niger (NHMUK 45.8.25.125); C, Purussaurus neivensis (UCMP 39704); D, Brachychampsa
montana (UCMP 133901); E, Mourasuchus atopus (UCMP 38012); F, Gavialis gangeticus (NHMUK 1974.3009);
G, Tomistoma schlegelii (NHMUK 1894.2.21.1) H, Borealosuchus sternbergii (UCMP 126099); I, Alligator mis-
sissippiensis (NHMUK 1873.2.21.1). Abbreviations: fr, frontal; jg, jugal; lc, lacrimal; pf, prefrontal. All scale
bars = 2 cm.
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64. Prefrontal, linear sulcus adjacent to medial orbital margin: absent (0); present (1) (new character,746

after Delfino et al., 2005)747

Delfino et al. (2005) described a “step-like” structure on the prefrontal, forming the medial margin748

of the orbit in Eosuchus lerichei (Fig. 22C). This step is the result of a linear sulcus which runs749

adjacent to the medial orbital margin, and this feature is newly recognised here in Eosuchus minor750

(USNM 321933) and Thoracosaurus isorhynchus (MNHN.F.MTA 61) (Fig. 22B).751

Figure 22: Dorsal view of the orbit in A, Borealosuchus sternbergii (UCMP 126099); B, Thoracosaurus
isorhynchus (MNHN.F.MTA 61); C, Eosuchus lerichei (IRSNB R 49). Scale bar in A and C = 1 cm, B = cm.

65. Jugal, suture with lacrimal: long, widely separating maxilla from orbital margin (0); point con-752

tact, narrowly separating maxilla from orbital margin (1); jugal-lacrimal contact absent, maxilla753

contributes to orbital margin (2) (after Willis 1997, 2001; Lee and Yates 2018 [38]) (ORDERED).754

In nearly all crocodylians, the maxilla is distantly separated from the orbital margin by the jugal755

and lacrimal (Fig. 23B). By contrast, the maxillae of Mekosuchus inexpectatus (MNHN NCP 06),756

Mekosuchus sanderi (QM F31188) (Fig. 23D), and Mekosuchus whitehunterensis (QM F31051)757

form a small portion of the lateral orbital margin (Willis, 2001). The orbital contribution of the758

maxilla can be challenging to recognise in these taxa due to the nature of their preservation as759

isolated elements; however, the orbital contribution is evidenced by a short, suture-free length760

of the maxillary dorsal outline (Fig. 23D). Trilophosuchus rackhami (QM F16856) exhibits an761

intermediate condition (65-1), in which the jugal and lacrimal have a point contact that narrowly762

separates the maxilla from the orbit (Willis, 1997) (Fig. 23C). As such, this character is ordered763

here.764

66. Prefrontal pillar morphology: dorsal half of pillar narrow, less than twice minimum anteroposterior765
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Figure 23: Variation in extent of jugal-lacrimal contact in crocodylian taxa. A–B, Osteolaemus tetraspis (NHMUK
1862.6.30.5); C, Trilophosuchus rackhami (QM F16856); D, Mekosuchus sanderi (QMF 31188), left maxilla in
lateral view showing maxilla contribution to orbital margin. Blue and red dashed lines outline the lacrimal and
jugal bones respectively. Green shading shows position of the maxilla. All scale bars = 1 cm.

length (0); equal to or greater than twice minimum anteroposterior length (1) (after Norell, 1988766

[41]; Brochu, 1997a [137]).767

In most crocodylians, the dorsal half of the prefrontal pillar is anteroposteriorly expanded, such768

that in transverse section the pillar appears to be flared (66-1). This is visible in CT scan data769

(Brochu, 1999, fig.53B) and sometimes externally too (Fig. 24B). This character has received770

modification to the original wording of Brochu (1997b) by quantifying the degree of expansion771

to improve the consistency of scoring. Previous studies have traditionally scored “gavialoids”772

(e.g. Gavialis gangeticus, Fig. 24A) as having the narrow condition (i.e. 66-0). Here, the flared773

condition is newly recognised in several “gavialoids”, inluding Eogavialis africanum (YPM 6263),774

and Eosuchus lerichei (IRScNB R49).775

67. Prefrontal pillar, morphology of medial processes, long axis orientation: dorsoventrally (0); an-776

teroposteriorly (1) (after Brochu, 1997a [136]).777

The medial surface of each prefrontal pillar contacts its counterpart via a distinct ventromedial pro-778

jection, referred to as a medial process. These processes are seldom preserved and often obscured779

by matrix. When preserved, the articular facet of the medial process is usually anteroposteriorly ex-780

panded (67-1) (Fig. 24C, F, I). Less commonly, the medial processes are dorsoventrally expanded781
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(67-0) (Fig. 24A, B, G, H). Following previous studies, the anteroposteriorly expanded condition782

has been observed in all crocodyloids (where preserved), and extant species of Alligator. By con-783

trast to scores in previous studies (e.g. Brochu, 1999; Brochu et al., 2012), Tomistoma schlegelii784

(Fig. 24B) and some caimanines (e.g. Caiman yacare, Fig. 24G) and Paleosuchus trigonatus,785

Fig. 24H), are herein found to exhibit the dorsoventrally expanded condition. The condition in786

Hylaeochampsa vectiana is also changed from being dorsoventrally expanded to unknown, as this787

portion of anatomy is not well enough preserved (NHMUK R177).788

68. Prefrontal pillar internal morphology: solid (0); with pneumatic recess (1) (state 1 is synonymous789

with the prefrontal recess of Witmer, 1997) (after Brochu, 1997a [99])790

In most crocodylians, the prefrontal pillar is a solid vertical bar that descends from the skull roof to791

contact the palatines and pterygoids. In Alligator mississippiensis the prefrontal pillar is hollow, as792

evident from CT data (Brochu, 1999, fig.53). However, CT data is not always required to score this793

character, as the hollow condition is associated with a discernible inflation of the prefrontal pillar794

that is visible externally (Fig. 24I). For example, the fossil alligatorid Alligator mcgrewi is scored795

as having a pneumatic recess (68-1) based on the inflation of the prefrontal pillars in AMNH FAM796

8700.797

69. Prefrontal pillar, morphology of medial process at base of pillar: wide (0); constricted (1) (after798

Brochu, 1997a [138]).799

The ventral margin of the prefrontal medial process bears a notch in most crocodyloids, giving a800

dorsoventrally constricted appearance to the medial process (69-1) (Fig. 24F). This constriction801

is absent in all alligatoroids and gavialoids, where preserved (69-0). Minor changes have been802

made to character scores here, such as the recognition of the constricted condition in Borealosuchus803

formidabilis (Erickson, 1976, fig.10) (’wide’ according to Brochu et al. (2012)), and Borealosuchus804

sternbergii (Fig. 24D) (unknown according to Brochu et al. (2012)).805
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Figure 24: Anteromedial view of the prefrontal pillars in selected crocodylians. A, Gavialis gangeticus (NHMUK
61.4.1.2); B, Tomistoma schlegelii (NHMUK 1894.2.21.1) C, Voay robustus (NHMUK R 36685); D, Borealosuchus
sternbergii (UCMP 126099), anterior view; E, Borealosuchus sterbergii (UCMP 126099), anteromedial view; F,
Crocodylus acutus (FMNH 69884); G, Caiman yacare (AMNH 97300); H, Paleosuchus trigonatus (NHMUK
1868.10.8.1); I, Alligator mississippiensis (NHMUK 1873.2.21.1). Abbreviations: pal, palatine; pf, prefrontal; pt,
pterygoid. All scale bars = 1 cm.
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70. Frontal, ornamentation, midsagittal crest on fused frontals: absent (0); or present (1) (after Brochu806

and Storrs, 2012 [188]).807

In the dataset of Brochu and Storrs (2012) a sagittal interorbital ridge on the frontal is known808

only in Crocodylus siamensis (Fig. 25B); however, it is recognised as a relatively common orna-809

ment in Eusuchia here. A sagittal frontal ridge is present in several non-crocodylian eusuchians810

such as Wannchampsus kirkpachi (Adams, 2014), and Theriosuchus pusillus (NHMUK 48270), as811

well as mekosuchines such as Trilophosuchus rackhami (QM F16856), Mekosuchus sanderi (QM812

F31188), and Mekosuchus inexpectatus (MNHN NCP 06). A frontal ridge is considered diagnostic813

of Crocodylus siamensis among extant Crocodylus species (Delfino & De Vos, 2010). This was814

observed in all Crocodylus siamensis specimens studied here (NHMUK 1921.4.1.168, NHMUK815

1921.4.1.172; NHMUK 1931.12.6.6); however, a frontal ridge is also variably present in Crocody-816

lus niloticus (present in NHMUK 1934.6.3.1; absent in NHMUK 1864.6.5.53).817

71. Orbit, ornamentation, protuberance on the frontal-prefrontal suture intersection with the orbit: ab-818

sent (0); or present (1) (new character, based on personal observation).819

The medial orbital margins are slightly upturned in almost all crocodylians. In addition to this,820

some taxa exhibit a rounded protuberance at the intersection of the frontal-prefrontal suture with the821

orbital margin (Fig. 25B). This condition is observed in all Crocodylus siamensis specimens exam-822

ined here (NHMUK 1921.4.1.168, NHMUK 1921.4.1.172; NHMUK 1931.12.6.6) and occurs vari-823

ably in Crocodylus palustris (e.g. absent in NHMUK 1868.4.9.11, present in NHMUK 1861.4.1.5),824

Crocodylus porosus (e.g. absent in NHMUK 1852.12.9.2, present in NHMUK 67.4.2.188), and825

Crocodylus palaeindicus (e.g. absent in NHMUK 39799, present in NHMUK 39795).826

Figure 25: Dorsolateral view of the frontal in A, Crocodylus porosus (NHMUK 1852.12.9.2); B, Crocodylus
siamensis (NHMUK 1921.4.1.168). All scale bars = 2 cm.

72. Orbit, dorsomedial margin: flush with skull surface (0); upturned (1); projecting into orbit (2) (after827

Brochu, 1997a [103]) (ORDERED).828
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This character has received no modifications to character states, but is newly ordered and several829

scores have been changed. The dorsomedial margins of the orbit are slightly upturned (72-1) in830

most crocodylians (Fig. 26C). Among other eusuchians, this condition is here considered inter-831

mediate between the flush orbital margins exhibited in Borealosuchus (72-0) and the telescoped832

orbits that characterise Gavialis gangeticus (72-2) (Fig. 26F). A comparison between the character833

scores in different datasets suggests the distinction between upturned (72-1) and telescopic (72-2)834

orbital margins is ambiguous. Fro example, according to Brochu et al. (2012), the late Paleogene835

gavialoid, Eogavialis africanum, has telescoped orbits. However, following Salas-Gismondi et al.836

(2019), the orbital margins of Eogavialis africanum are here considered upturned (Fig. 26D),837

reminiscent of the condition in juvenile individuals of Gavialis (NHMUK 96.7.7.4, NHMUK838

96.7.7.4.2). The upturned condition is shared by some South American Miocene gavialoids, such839

as Ikanogavialis gameroi (Sill, 1970) and Gryposuchus pachakamue (Salas-Gismondi et al., 2016)840

and might represent an incipient telescoped condition, leading to the fully everted orbital margins841

of Gavialis and all other Gryposuchus species. Telescoped orbits are newly recognised in several842

species of the giant caimanine Mourasuchus, e.g. M. atopus (Fig. 26G–H). Previously, these taxa843

were scored as having upturned orbits (Cidade et al., 2017; Souza-Filho et al., 2019); however, the844

orbital margins are everted from the cranial surface in a similar style to Gavialis, although not to845

the same degree.846

73. Orbit, position of posterior margin (measured at the level of the postorbital-frontal suture) relative847

to posterior margin of suborbital fenestra: posterior to or at the same level (0); anterior (1) (after848

Jouve, 2004 [195]; Jouve et al., 2008 [186]; Salas-Gismondi et al., 2015 [195]).849

The anatomical meaning of this character is consistent with earlier studies; however, there are sev-850

eral score changes here relative to earlier studies (e.g. Jouve, 2016). This character was assessed by851

examining crania in dorsal view and noting the relative positions of the posterior margin of the sub-852

orbital fenestra and orbit (at the level of the frontal-postorbital suture). In many “gavialoids”, e.g.853

Gavialis gangeticus (Fig. 27A), the posterior margin of the suborbital fenestra cannot be observed854

through the orbits, as it is positioned further posteriorly (73-1). By contrast, in all extant alliga-855

torids and most crocodylids, the posterior margin of the suborbital fenestra is positioned anterior856

to the posterior margin of the orbits, such that it is visible through the orbits in dorsal view (Fig.857

27B). By contrast with scores in Jouve (2016), several “tomistomines” share the same condition as858

Gavialis, including Tomistoma schlegelii (NHMUK 1894.2.21.1) and Tomistoma cairense (SMNS859

10575, SMNS 50739).860
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Figure 26: Variation in degree of upturning of orbital margins. A, Borealosuchus sternbergii (UCMP 126099);
B, Piscogavialis jugaliperforations (SMNK 1282 PAL); C, Alligator mississippiensis (NHMUK 1873.2.21.1); D,
Eogavialis africanum (YPM 6263); E, Gryposuchus neogaeus (MLP 26-413); F, Gavialis gangeticus (NHMUK
704); G-H, Mourasuchus atopus (UCMP 38012). All scale bars = 2 cm.
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74. Orbit, lateral-most margin relative to the lateral margin of the maxilla at the level of alveoli 3–6:861

lateral (0); level with or medial (1) (after Jouve, 2004 [206]; Jouve, 2016 [208]).862

Following Jouve (2004), this character essentially describes the width of the rostrum, broadly dis-863

tinguishing brevirostrine crocodylians from longirostrines. For example, whereas in all “tomis-864

tomines” and “gavialoids” the orbit is positioned lateral to the level of maxillary alveoli 3–6 (Fig.865

27A), it is medial in most alligatoroids and crocodyloids (Fig. 27B). Not all taxa exhibiting the866

plesiomorphic condition are longirostrines, this morphology also occurs in Caiman crocodilus867

(FMNH 69812), Caiman yacare (AMNH 97300), Borealosuchus (e.g. B. sternbergii, USNM868

6533), ‘Crocodylus’ affinis (USNM 18171), and Asiatosuchus depressifrons (IRScNB R251).869

Figure 27: Dorsal view of the cranium of A, Gavialis gangeticus (NHMUK 1974.3009); B, Alligator mississippi-
ensis (NHMUK 1873.2.21.1). Scale bars = cm.

75. Frontoparietal suture, intersection with supratemporal fenestra (at maturity): deep intersection,870

postorbital-parietal suture not exposed on skull table (0); frontoparietal suture incipiently contacts871

supratemporal fenestra, postorbital-parietal suture slightly visible (1); frontoparietal suture does872

not intersect supratemporal fenestra, postorbital-parietal contact fully exposed on skull table (2)873
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(after Brochu, 1997a [81]) (ORDERED).874

Character state definitions for this character are unchanged from Brochu (1997b). Minor charac-875

ter score changes have been made, and the character is newly ordered. The frontoparietal suture876

runs transversely across the anterior cranial table in all eusuchians; however, its proximity to the877

supratemporal fenestrae varies. In most crocodylians, the suture does not enter the supratem-878

poral fenestrae (75-2), and a triple intersection between the postorbital, parietal, and frontal is879

visible (Fig. 28A). This condition occurs in most alligatorids and crocodyloids. By contrast,880

some crocodylians exhibit a deep intersection of the frontoparietal suture with the supratempo-881

ral fenestrae (Fig. 28H), such that the postorbital-parietal suture is hidden on the inner wall of882

the supratemporal fenestra. Several gavialoids and species of Borealosuchus among other taxa ex-883

hibit an intermediate condition, in which the frontoparietal suture grazes the anterior edge of the884

supratemporal fenestrae (Fig. 28G). As in character state 2, the postorbital-parietal suture is hid-885

den on the inner wall of the supratemporal fenestra, but the unique nature of the intersection with886

the supratemporal fenestrae warrants a separate character state. By conrast with the data matrix887

of Brochu et al. (2012), Brachychampsa montana is scored as lacking an intersection of the fron-888

toparietal suture (75-2) (Fig. 28C) and Navajosuchus mooki (AMNH 6780) and Hassiacosuchus889

haupti (HLMD-Me-4415) are characterised by the intermediate condition (75-1).890

76. Frontoparietal suture, shape between supratemporal fenestrae: concavo-convex (0); straight (1)891

(after Brochu, 1997a [86]).892

The anatomical meaning of this character follows Brochu (1997b). A concavo-convex frontopari-893

etal suture is exemplified by Alligator mississippiensis, Crocodylus, and Brachychampsa montana894

(Fig. 28A–C). By contrast, the straight condition is exhibited clearly in Gavialis gangeticus (Fig.895

28G). Sookias (2019) did not consider this character to be robust based on the sample of extant896

crocodylians studied therein; however, broad differences can be observed and it is therefore re-897

tained herein. There are some differences in character scores between this dataset and that of ear-898

lier studies (e.g. Brochu et al., 2012), e.g. Melanosuchus niger 1→ 0 (Fig. 28D) and Tomistoma899

schlegelii 1→ 0 (NHMUK 1894.2.21.1). This probably represents the subtle difference between900

concavo-convex and straight in some taxa. Here, any degree of curvature in the suture was taken901

to be representative of the plesiomorphic condition.902

Supraoccipital903

77. Supraoccipital, exposure on dorsal skull table: present (0); absent (1) (after Norell, 1988 [11];904

Brochu, 1997a [92])905
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78. Supraoccipital, extent of exposure on skull table: small, mediolateral width across dorsal supraoc-906

cipital exposure less than half that along the posterior margin of the parietal (0); moderate, medio-907

lateral width across dorsal supraoccipital exposure more than half to equal that along the posterior908

margin of the parietal (1); large, such that the parietal is excluded from the posterior edge of skull909

table (2) (after Norell, 1988 [11]; Brochu, 1997a [82]) (ORDERED).910

Characters 77 and 78 were derived by reductively coding Character 92 from Brochu (1997b). These911

characters describe the degree of dorsal exposure of supraoccipital on the cranial table. Character912

state definitions are essentially the same as Brochu (1997b), but the supraoccipital exposure is913

quantified relative to the parietal width to improve repeatability. Furthermore, Character 78 is914

ordered, as it describes a transformational series. As in previous studies, caimanines exhibit the915

largest supraoccipital exposure, to the extent that the parietal is excluded from the posterior margin916

of the cranial table (Fig. 28D).917

79. Supraoccipital, posterolateral tuberosities in dorsal view: not visible (0); visible (1) (after Jouve,918

2004 [193]; in Jouve, 2016 [201]).919

As well as being dorsally exposed on the skull table, the supraoccipital can also be visible as920

two rounded processes extending beyond the level of the posterior margin of the cranial table in921

some taxa (Fig. 28C). This condition occurs in a variety of eusuchians, including Hylaeochampsa922

vectiana (NHMUK R177), most Alligator species (e.g. A. mississippiensis [NHMUK 68.2.12.16],923

A. mcgrewi [AMNH 7905]), and several gavialoids, e.g. Gavialis gangeticus (NHMUK 1974.3009)924

and Piscogavialis jugaliperforatus (SMNK 1282).925

80. Supraoccipital, acute process projecting posteriorly from the midline of the cranial table: absent926

(0); present (1) (new character, after Hua and Jouve, 2004 [82]; Jouve, 2016 [82]).927

In a small number of mostly “gavialoids”, the supraoccipital forms a mediolaterally narrow, med-928

midline posterior projection on the cranial table, e.g. Gavialis gangeticus (NHMUK 1974.3009)929

(Fig. 28G) and Piscogavialis jugaliperforatus (SMNK 1282) (Fig. 28H). This projection is dis-930

tinct from the paired posterior processes described in Character 79. This feature was recognised by931

Jouve (2016), who discretised this condition under a character describing supraoccipital size (Char-932

acter 78 here). Here, this character state has been converted into an independent character, because933

the posterior projection of the supraoccipital, and degree of dorsal exposure of the supraoccipital,934

are not considered homologous.935

51



Supratemporal fenestrae936

81. Supratemporal fenestra, morphology of fenestral rim (at maturity): with fossa, dermal bones of937

skull roof do not overhang rim (0); dermal bones overhang rim (1); supratemporal fenestra com-938

pletley closed (2) (after Norell, 1988 [9]; Brochu, 1997a [87]) (ORDERED).939

The supratemporal fenestrae of most crocodylians are surrounded by fossae, such that the fenes-940

tral margins do not overhang (Brochu, 1999) (Fig. 28A, B). By contrast, bones surrounding the941

fenestrae in several crocodylians bear laminae that constrict the fenestra. This condition com-942

monly occurs in caimanines, e.g. Caiman and Melanosuchus niger (Fig. 28D), but also in some943

crocodyloids, such as Osteolaemus tetraspis (NHMUK 1862.6.30.5) and Voay robustus (NHMUK944

R 36685). In rarer cases, the supratemporal fenestrae become completely closed, a condition only945

observed consistently in Paleosuchus trigonatus (Fig. 28E), Paleosuchus palpebrosus (AMNH946

93812), and Iharkutosuchus makadii (Ösi et al., 2007), in this dataset. The supratemporal fenes-947

trae may appear incipiently closed in some Caiman crocodilus specimens (e.g. FMNH 69859);948

however, this is disregarded in character scoring due to its rarity. As noted by Brochu (1999), the949

supratemporal fenestrae of hatchling caimans bear fossa, like all other extant crocodylians, with950

overhanging fenestral rims developing later in ontogeny. This could potentially distort character951

scores, as fossil taxa exhibiting supratemporal fossae, and scored as such, might be juveniles in952

which the overhanging condition has yet to be acquired. Similarly, fossil taxa exhibiting over-953

hanging rims could later develop closed supratemporal fenestrae. There is little data on the precise954

timing of such ontogenetic changes. Based on illustrations in Blanco et al. (2015), juvenile Caiman955

yacare and Caiman latirostris (defined by SVL < 500 mm) exhibit overhanging supratemporal fen-956

estral rims. This suggests that although hatchling caimanines might not yet develop overhanging957

fenestrae, it is acquired relatively early in ontogeny. This is corroborated by personal observations958

of Caiman crocodilus, in which overhanging fenestral rims are observed in cranial specimens with959

a skull length < 70 mm (FMNH 73712, FMNH 69837). Similar observations are made for the960

timing of closure of supratemporal fenestrae in Paleosuchus. Supratemporal fenestrae are closed in961

juvenile Paleosuchus palpebrosus (AMNH 93812) as reported by Medem (1958). Although they962

are open in juvenile Paleosuchus trigonatus, these are notably more constricted than the overhang-963

ing fenestrae of all other extant caimanines (Medem, 1958, AMNH 66391). Since no specimens964

included in this analysis could be regarded as hatchlings, and the development of overhanging and965

closed supratemporal fenestrae appears early in ontogeny, this character could be scored in all taxa966

where preserved.967
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Figure 28: Sutural relationships and morphology of the cranial table in selected crocodylians. A, Alligator
mississippiensis (NHMUK 1873.2.21.1); B, Crocodylus acutus (NHMUK 1975.997); C, Brachychampsa mon-
tana (UCMP 133901); D, Melanosuchus niger (NHMUK 45.8.25.125), E, Paleosuchus trigonatus (NHMUK
1868.10.8.1); F, Piscogavialis jugaliperforatus (SMNK 1282 PAL); G, Gavialis gangeticus (NHMUK 1974.3009);
H, Diplocynodon ratelii (MNHN SG 539). Abbreviations: fr, frontal; pa, parietal; po, postorbital; so, supraoccip-
ital; sq, squamosal. All scale bars = 1 cm.
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82. Skull table morphology, acute dorsal indentation on the supraoccipital (and sometimes the parietal):968

absent (0); present (1) (new character, after Brochu 1997a [123]; Jouve, 2016 [123]).969

The cranial table in most crocodylians is flat or weakly concave about its sagittal axis (82-0) (Fig.970

29A). By contrast, some crocodylians exhibit a prominent indentation on the sagittal axis, which971

is most apparent in occipital view as a sharp notch on the supraoccipital (82-1). Jouve (2016)972

recognised this condition and introduced a new character state to Character 123 of Brochu (1997b).973

However, this morphological feature is considered as an independent, binary character here. In974

the data matrix of Jouve (2016), this condition only occurs in two taxa: Tomistoma schlegelii975

and Kentisuchus spenceri. However, the presence of this indentation is additionally recognised in976

several caimanines herein, including Caiman latirostris (Fig. 29C) and Caiman gasparinae (Fig.977

29D).978

Figure 29: Occipital view of the cranium showing presence or absence of a dorsal midline indentation of the cranial
table. A, Caiman yacare (MACN uncatalogued); B, Crocodylus plaustris (NHMUK 1897.12.31.1); C, Caiman
latirostris (NHMUK 86.10.4.2); D, Caiman gasparinae (MLP 73-IV-15-1); E, Kentisuchus spenceri (NHMUK
38974); F, Tomistoma schlegelii (NHMUK 1894.2.21.1). All scale bars = 2 cm.
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83. Parietal, sagittal crest between supratemporal fenestrae: absent (0); present (1) (after Clark, 1994979

[33]; Pol et al., 2009 [33]).980

Most eusuchians exhibit ornamentation on the cranial table in the form of regular, equally dis-981

tributed pits. The Glen Rose Form (MCZ 3484), as well as several taxa commonly assigned to982

Paralligatoridae (including Shamosuchus djadochtaensis [Pol et al., 2009] and Wannchampsus kirk-983

pachi [Adams, 2014]), also exhibit a sagittal crest between the supratemporal fenestrae. A handful984

of crocodylian taxa also exhibit this crest, including Trilophosuchus rackhami (Fig. 30C), Moura-985

suchus amazonensis (UFAC 1424), and Mourasuchus arendsi (MLP 73-IV-15-8).986

84. Supratemporal fenestra, shallow fossa at anteromedial corner: present (0); absent (1) (after Brochu,987

1997a [92]).988

A shallow fossa at the anteromedial corner of the supratemporal fenestra is distinct from the de-989

velopment of fossae described in Character 81. The ‘anteromedial fossa’ is a discrete shelf that990

is ventrally inset in the supratemporal fenestrae, and is present in several taxa commonly assigned991

to the clade Allodaposuchidae, including Allodaposuchus precedens (Fig. 30C), Lohuecosuchus992

megadontos (Narváez et al., 2015), and Agaresuchus fontisensis (Narváez et al., 2016).993

85. Parietal, medial wall of the supratemporal fenestra with one or more foramina: absent (0); present994

(1) (after Norell, 1988 [51]; Brochu, 1997a [104]).995

Unlike most crocodylians, the medial parietal walls of extant Caiman species and Melanosuchus996

niger are perforated. This condition has recently been identified in the putative early caimanine997

Protocaiman peligrensis (Bona et al., 2018) (Fig. 30G) and herein in Brachychampsa montana998

(Fig. 30H). Despite reports of perforations in Paleosuchus (Norell, 1988; Brochu, 1999), closure999

of the supratemporal fenestrae in this taxon precludes observation of the medial parietal wall.1000
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Figure 30: Morphology of the parietal in selected crocodylians. A, Alligator mississippiensis (NHMUK
1873.2.21.1); B, Allodaposuchus precedens (MMSVBN-12-10A); C, Trilophosuchus rackhami (QM F16856); D,
area enlarged in E–F, E, Alligator mississippiensis (NHMUK 1873.2.21.1); F, Crocodylus palustris (NHMUK
1897.12.31.1); G, Protocaiman peligrensis (MLP 80X-10-1); H, Brachychampsa montana (UCMP 133901). All
scale bars = 1 cm.
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86. Parietal, recess communicating with pneumatic system: present (0); absent (1) (after Brochu, 1997a1001

[154]).1002

As illustrated by Brochu (2004a, fig.17) this character describes an internal cavity (recess) in the1003

parietal, which requires CT scans or a cross section through the skull. In the dataset of Brochu et1004

al. (2012), the character is only scored in extant crocodylians, with a recess occurring in Gavialis1005

gangeticus, Tomistoma schlegelii, and all extant crocodylids (86-0), but absent in alligatorids (86-1006

1). It was only possible to evaluate the distribution of this feature in a small number of taxa,1007

based on limited (and often low resoluion) CT scans, as well as cross sections through some extant1008

crocodylian skulls (Fig. 31). Given the scarcity of data, character scores largely follow those of1009

Brochu et al. (2012), although the recess appears to occur in at least two alligatorids, Alligator1010

mississippiensis (Brochu, 2004a, fig.17C) and Caiman yacare (Fig. 31F).1011

Figure 31: Sagittal sections of the skull showing the development of a parietal recess. The line of section in B–F is
illustrated in Crocodylus acutus (A), with cross sections though Crocodylus porosus (FMNH 15229) (B, C and D)
and Caiman yacare (MLP uncatalogued specimen) (D, F). All scale bars = 2 cm.
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87. Supratemporal fenestra, posterior wall: quadrate forms entire ventral margin of orbitotemporal1012

canal (no parietal-squamosal contact) (0); quadrate partially forms ventral margin of orbitotempo-1013

ral canal (parietal and squamosal narrowly separated) (1); quadrate excluded from ventral margin1014

of orbitotemporal canal (parietal and squamosal in contact) (2) (after Brochu, 1997a [131]) (OR-1015

DERED).1016

The orbitotemporal canal is a circular passage on the posterior wall of the supratemporal fenes-1017

tra that is bound by the squamosal, parietal and, to varying degrees, the quadrate (Fig. 32). In1018

most crocodylians, the quadrate forms the entire ventral margin of the canal, preventing contact1019

between the parietal and squamosal here (Fig. 32A). Among extant crocodylians, this condition1020

is observed in crocodylids, Gavialis gangeticus (NHMUK 1974.3009), and Tomistoma schlegelii1021

(NHMUK 1894.2.21.1). By contrast, there is no participation of the quadrate to the ventra mar-1022

gin of the orbtotemporal canal in extant alligatorids (Fig. 32C). A handful of crocodylian taxa1023

exhibit an intermediate condition, in which the quadrate forms a small portion of the ventrolateral1024

orbitotemporal margin, constricted between the squamosal and parietal. This condition is observed1025

in Brachychampsa montana (Fig. 32B), and most species of Diplocynodon (where preserved),1026

including D. ratelii (MNHN SG 539) and D. hantoniensis (CAMSM TN 907).1027

Figure 32: Variation in sutural relationships of the orbitotemporal canal in selected crocodylians. A, Crocodylus
niloticus (NHMUK 1934.6.3.1); B, Brachychampsa montana (UCMP 133901); C, Alligator sinensis (NHMUK
X184). Abbreviations: pa, parietal; qd, quadrate; sq, squamosal. Scale bars = 1 cm.

88. Supratemporal fenestra, posterior wall: squamosal-parietal suture passes medially to the orbitotem-1028

poral foramen, little to no development of fossa medial to orbitotemporal foramen (0); squamosal-1029

parietal suture intersects dorsal margin of orbitotemporal foramen, large medial fossa (1); squamosal-1030

parietal suture intersects dorsal margin of orbitotemporal canal, medial fossa extends over entire1031
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width of posterior supratemporal fenestra wall (2) (new character, based on personal observations)1032

(ORDERED).1033

The orbitotemporal canal in most crocodylians is large and circular to elliptical in shape. Within1034

the orbitotemporal canal, there is a discrete fossa which forms the floor of the canal, on which the1035

supraoccipital and prootic are exposed. There is notable variation in the morphology of the canal,1036

which appears to be constrained by its mediolateral extent (Fig. 33). Gavialis gangeticus and Tho-1037

racosaurus isorhynchus represent extreme end members of this morphological variation. In Thora-1038

cosaurus isorhynchus (Fig. 33A), the canal is mediolaterally restricted: the parietal forms a large1039

portion of the posterior wall of the supratemporal fenestra, and the parietal-squamosal suture inter-1040

sects the orbitotemporal canal on the medial or ventromedial edge. This condition is also observed1041

in Allodaposuchus precedens (Martin et al., 2016, fig.7) and Portugalosuchus azenhae (Mateus1042

et al., 2019, fig.8). In Gavialis gangeticus (Fig. 33F), the parietal does not contribute much to the1043

posterior supratemporal fenestra wall, exposing the prootic and supraoccipital on the floor of the1044

canal. Also contrasting with Thoracosaurus isorhynchus, the squamosal-parietal suture intersects1045

the dorsal margin of the orbitotemporal canal. The same condition is observed in Gryposuchus1046

colombianus (Fig. 33E) and Gryposuchus neogaeus (MLP 26-413). In between these extremes1047

lie almost all other crocodylians, e.g. Piscogavialis jugaliperforatus, Eogavialis africanum, and1048

Tomistoma schlegelii (Fig. 33B–D). In those taxa the orbitotemporal canal is intermediate in size1049

between Thoracosaurus isorhynchus and Gavialis gangeticus. Whereas the squamosal-parietal su-1050

ture intersects the dorsal margin of the canal in those taxa, as in Gavialis, the parietal still forms a1051

large portion of the posterior wall of the supratemporal fenestra. As these character states appear1052

to belong on a morphological continuum, the character is ordered.1053

Postorbital1054

89. Postorbital, morphology of postorbital bar: anteroposteriorly expanded, elliptical in cross section1055

(0); columnar and slender, circular in cross section (1) (after Norell, 1989 [3]; Brochu, 1997a [70];1056

Groh et al., 2020 [213]).1057

The morphology of the postorbital bar can be divided into two morphotypes in Eusuchia. In most1058

eusuchians, the bar is narrow and columnar with an approximately circular cross section (Fig.1059

34D–F). By contrast, some taxa exhibit a postorbital bar that is anteroposteriorly longer than1060

mediolaterally wide (Fig. 34A–C). The latter condition occurs in the outgroup, Bernissartia fa-1061

gesii (IRScNB 1538), and several non-crocodylian eusuchians such as Hylaeochampsa vectiana1062

(NHMUK R177), indicating that it is the plesiomorphic condition for Eusuchia. The character1063

states have been modified from Brochu (1997b) by describing the shape of the postorbital bar in1064
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Figure 33: Variation in morphology of the orbitotemporal canal in crocodylian taxa. A, Thoracosaurus isorhynchus
(MNHN.F.MTA 61); B, Piscogavialis jugaliperforatus (SMNK 1282 PAL); C, Eogavialis africanum (NHMUK
PV R3430); D, Tomistoma schlegelii (NHMUK 1894.2.21.1); E, Gryposuchus colombianus (UCMP 38358); F,
Gavialis gangeticus (NHMUK 61.4.1.2). Abbreviations: obc, orbitotemporal canal; pa, parietal; sq, squamosal.
Scale bars in A, B, F = 1 cm, all other scale bars = cm.

cross section.1065

90. Postorbital, protuberance on the dorsolateral margin of the postorbital bar (at maturity): present1066

(0); absent (1) (after Norell, 1989 [2]; Brochu, 1997a [134]; Brochu et al., 2012 [132]).1067

This character was modified from its formulation in Brochu et al. (2012): “Postorbital bar bears1068

process that is prominent, dorsoventrally broad, and divisible into two spines (0) or bears process1069

that is short and generally not prominent (1)”. This character has been simplified to describe the1070

presence or absence of a postorbital process at maturity. This modification is based on the vari-1071

ability of the postorbital bar process morphology. It is not always divisible into two spines, nor is1072

it always dorsoventrally tall. Two discrete spines could only be observed in Gavialis gangeticus1073

in this study (NHMUK 1974.3009). Where a process is present in other taxa, it can form a sin-1074

gle sharp projection (e.g. Thoracosaurus isorhynchus, Fig. 34C), an anteroposteriorly elongated1075

ridge (e.g. Eogavialis africanum, Fig. 34B, Hylaeochampsa vectiana, NHMUK R177, and Al-1076

lodaposuchus precedens, MMS/VBN-12-10A), or a single and large irregular protuberance (e.g.1077

Gryposuchus colombianus, UCMP 41136). The character is also only scored for matrue individu-1078

als, since prominent processes occur in juvenile individuals of several extant crocodylians but are1079

lost at maturity, e.g. Alligator mississippiensis (Norell, 1989), and Tomistoma schlegelii (Aoki,1080

1976; Buffetaut, 1985).1081

91. Postorbital bar, orientation: laterally inclined, greater than or equal to 20◦ (bar visible in dorsal1082
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view) (0); slightly inclined to vertical, lateral inclination < 20◦ (not visible in dorsal view) (1)1083

(after Jouve, 2004 [192]; Jouve et al., 2008 [184]; Hastings et al., 2010 [50]; Jouve, 2016 [184];1084

Groh et al., 2019 [211]).1085

The postorbital bar is subvertical in Gavialis gangeticus (Fig. 34I), such that it is concealed under-1086

neath the cranial table in dorsal view. A similar condition is observed in several “gavialoids”, such1087

as Piscogavialis jugaliperforatus (SMNK 1282 PAL) and Eogavialis africanum (NHMUK R3108).1088

Most other eusuchians exhibit a less inclined postorbital bar, such that it is visible in dorsal view1089

(Fig. 34G–H).1090

92. Postorbital bar: flush with dorsolateral margin of jugal (0); dorsolateral margin of jugal raised to1091

form ridge, with sulcus separating it from postorbital bar (1) (after Benton and Clark, 1988; Norell1092

and Clark, 1990 [3]; Brochu, 1997a [146]).1093

The wording of this character has received slight modifications from the original but its anatom-1094

ical meaning is unchanged; however, there have been several character score changes compared1095

to other datasets. In most eusuchians, the ventral margin of the postorbital bar is prominently de-1096

limited from the dorsolateral margin of the jugal arch by a sulcus, as in Tomistoma schlegelii (Fig.1097

35A). In fewer cases, the demarcation between the ventral margin of the postorbital bar and the1098

dorsolateral edge of the jugal arch is not apparent, such that one merges into the other, e.g. Gavi-1099

alis gangeticus (Fig. 35B). By contrast to the scores of existing datasets, the ‘flush’ condition is1100

no longer recognised in several “gavialoid” taxa such as Piscogavialis jugaliperforatus (Fig. 35C),1101

Thoracosaurus isorhynchus (Fig. 35D), and Eogavialis africanum (Fig. 35E) (Brochu et al., 2012;1102

Narváez et al., 2016). Furthermore, changes have been made to the scores of some non-crocodylian1103

taxa, such as Bernissartia fagesii (92: 0→1) and Hylaeochampsa vectiana (NHMUK R177). The1104

latter has consistently been scored for the flush condition (e.g. Brochu, 1999; Brochu et al., 2012;1105

Lee & Yates, 2018; Narváez et al., 2016); however, the jugal of the holotype is damaged and the1106

condition cannot be determined (92: 0→?) (Fig. 35F).1107

Jugal1108

93. Jugal, posterodorsal jugal foramen, at base of postorbital bar: absent or small, diameter less than1109

half the minimum mediolateral width of the jugal arch (0); large, equal to or greater than half the1110

minimum jugal arch width (1) (after Jouve, 2016 [239]).1111

In most crocodylians, one or more foramina are often present at the base of the postorbital bar,1112

on the dorsal surface of the jugal arch. These foramina are typically small (Fig. 35A, C), but in1113

several, mostly longirostrine crocodylians they are enlarged, e.g. Gavialis gangeticus (Fig. 35B),1114
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Thoracosaurus isorhynchus (Fig. 35D), and Eogavialis africanum (Fig. 35E). Alhough it was1115

considered impractical to measure the diameter of the foramen, it is nevertheless quantified simply1116

in proportion to the mediolateral width of the jugal arch to improve repeatability.1117
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Figure 34: Morphology of the postorbital bar in selected crocodylians. A, I, Gavialis gangeticus (NHMUK
1974.3009); B, Eogavialis africanum (NHMUK PV R3108); C, H, Thoracosaurus isorhynchus (MNHN.F.MTA
61); D, Alligator mississippiensis (NHMUK 1873.2.21.1); E, Caiman latirostris (NHMUK 1897.12.31.1); F,
Crocodylus palustris (NHMUK 1897.12.31.1); G, Tomistoma schlegelii (NHMUK 1894.2.21.1). All scale bars
= 2 cm.
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Figure 35: Dorsal view of the postorbital bar in selected crocodylians, showing variation in the inset of the postor-
bital bar. A, Tomistoma schlegelii (NHMUK 1894.2.21.1); B, Gavialis gangeticus (NHMUK 1974.3009); C, Pisco-
gavialis jugaliperforatus (SMNK 1282 PAL); D, Thoracosaurus isorhynchus (MNHN.F.MTA 61); E, Eogavialis
africanum (NHMUK PV R3108); F, Hylaeochampsa vectiana (NHMUK PV R 177). All scale bars = 2 cm.
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94. Orbit, dorsal profile of jugal forming posteroventral margin: convex or straight, continuous with1118

the dorsal margin of the lower temporal bar (0); posteroventrally sloping, gradually descending1119

into the lower temporal bar (1); strongly convex with a step anterior to the lower temporal bar (2);1120

abruptly angled ventrally, creating a near vertical margin descending toward the postorbital bar (i.e.1121

a notch) (3) (after Brochu, 1997a [139]; Jouve et al., 2006: fig.7; Jouve, 2016 [139]; Lee and Yates,1122

2018 [61]).1123

This character originated in Brochu (1997b) (Character 139), wherein it described the absence or1124

presence of a ‘notch’ in the orbital margin. The notched condition is typified by Gavialis gangeticus1125

(94-3) (Fig. 36D), and was scored in several other “gavialoids”, e.g. Gryposuchus, Piscogavialis1126

and Eogavialis (Brochu et al., 2012). Later studies modified this character, adding new character1127

states to reflect the greater variation in the dorsal profile of the jugal. Jouve (2016) recognised two1128

additional states: a convex shaped jugal profile that is present in most species of Crocodylus and1129

Tomistoma schlegelii (Fig. 36A), and a step-like condition that is present mainly in caimanines (Fig.1130

36C). Furthermore, Lee and Yates (2018) described a posteroventrally sloping condition in their1131

modification of the character, which can be exemplified by Piscogavialis (Fig. 36B). Character1132

score changes have also been made, including the recognition of the abruptly angled, ‘notched’1133

condition (94-3) in several species of the giant caimanine genus, Mourasuchus, e.g. M. atopus1134

(UCMP 38012). All species of Mourasuchus were formerly scored as lacking a notch (e.g. Brochu1135

et al., 2012; Cidade et al., 2017; Souza-Filho et al., 2019), but the morphology of the jugal is1136

strikingly similar to Gavialis gangeticus, which might be a result of similar modifications towards a1137

telescopic orbit. The decision was made to assimilate the various character states into an unordered1138

multistate character, but it is recognised that some of these character states might belong to a1139

transformational series that could be ordered. In particular, character states 0, 1, and 3 (Fig. 36A,1140

B, D) could be considered part of an ordered character describing the progressive deepening of a1141

notch in the jugal. Similar gradational differences in gavialoids were described by Salas-Gismondi1142

et al. (2016). On the other hand, difficulty arises in the placement of the typical caimanine condition1143

(Fig. 36C), which does not have an obvious place in this continuum. As such, the character is1144

currently best treated as unordered.1145

95. Jugal, ventral margin of jugal arch: concave (0); or straight (1) (after Jouve, 2004 [182]; in Jouve1146

et al., 2008 [178]).1147

The ventral margin of the jugal arch is strongly concave in most crocodylians (Fig. 36A). By1148

contrast, some taxa exhibit a straight jugal arch, which is typically dorsoventrally shallow, includ-1149

ing Gavialis gangeticus (Fig. 36D), Eosuchus lerichei (IRScNB R 49), Eosuchus minor (USNM1150

299730) and Piscogavialis jugaliperforatus (Fig. 36B).1151

65



Figure 36: Left lateral view of the jugal arch in: A, Tomistoma schlegelii (NHMUK 1894.2.21.1); B, Piscogavi-
alis jugaliperforatus (SMNK 1282 PAL); C, Caiman latirostris (FMNH 9713); D, Gavialis gangeticus (NHMUK
1974.3009). Scale bar A = cm, all other scale bars = 2 cm.

1152
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96. Jugal, ventrolateral sulcus on jugal and maxilla, at level of the jugal-maxilla suture: absent (0);1153

present (1) (new character, adapted from Wu et al., 1996; 2001a; Kraus, 1998).1154

97. Jugal, ventrolateral foramina adjacent to the jugal-maxilla suture: small, less than half the diameter1155

of the last maxillary alveolus (and usually numerous) (0); large, equal to or greater than half the1156

diameter of the last maxillary alveolus (usually 2–3 foramina) (new character, based on personal1157

observations).1158

The specific epithet of Piscogavialis jugaliperforatus (Kraus, 1998) arises from the presence of1159

large ventrolateral foramina on the jugal, adjacent to the jugal-maxilla suture. Foramina are present1160

in this position in most crocodylians; however, there is variation in their size, number, and whether1161

or not they are situated in a prominent sulcus. In addition to Piscogavialis, enlarged foramina,1162

equal in diameter to the last maxillary alveolus, are present in Argochampsa krebsi (Hua & Jouve,1163

2004) (Fig. 37D), Gryposuchus colombianus (Fig. 37C), and Dadagavialis gunai (Salas-Gismondi1164

et al., 2019). This contrasts to the condition in Gavialis gangeticus, wherein a linear array of1165

small foramina pierce the jugal in both juvenile and adult specimens (Fig. 37B). This appears to1166

be the plesiomorphic eusuchian condition, with small foramina observed in Bernissartia fagesii1167

(IRScNB 1538), and Hylaeochampsa vectiana (NHMUK R177). The size of the sulcus (if present1168

at all) in which these foramina sit appears to be independent of foramen size. For example, in1169

Piscogavialis (SMNK 1282 PAL), there is little to no sulcus, whereas the foramina are equally1170

large in Gryposuchus colombianus (Fig. 37C), but the sulcus is much deeper. The ‘groove-shaped1171

recess’ described in Stangerochampsa (Wu et al., 1996) and Leidyosuchus (Wu et al., 2001a), and1172

a conspicuous depression on the jugal present in Asiatosuchus depressifrons (Delfino et al., 2019;1173

Delfino & Smith, 2009) (IRScNB R 0251), are herein considered homologous to this sulcus.1174

Infratemporal fenestra1175

98. Infratemporal fenestra, dorsal margin shape: acute, triangular (0); broadly curved, oval-shaped (1)1176

(after Salas-Gismondi et al., 2016 [204]).1177

The infratemporal fenestra is triangular in most eusuchians, with an acute dorsal margin (98-0).1178

This includes all extant alligatorids and most crocodylids (Fig. 38C–E). By contrast, several1179

“gavialoids” exhibit a rounded dorsal margin, such that the fenestra is more oval-shaped (98-1).1180

In common with this analysis, Salas-Gismondi et al. (2016) scored several taxa for the rounded1181

condition, such as Eosuchus, Gryposuchus colombianus, and Eogavialis africanum. However, by1182

contrast to that study, the derived condition is additionally recognised in Gavialis gangeticus (Fig.1183

38A), Tomistoma schlegelii (Fig. 38B), and several non-gavialoid crocodylians, including Asiato-1184

suchus depressifrons (IRScNB R251) and Crocodylus johnstoni (e.g. QM J4280).1185
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Figure 37: Ventrolateral view of the maxilla-jugal-ectopterygoid sutural intersections. A, Tomistoma schlegelii
(NHMUK 1894.2.21.1); B, Gavialis gangeticus (NHMUK 1974.3009); C, Gryposuchus colombianus (UCMP
41136) (digitally reversed); D, Argochampsa krebsi (NHMUK R 36872). Abbreviations: ect, ectopterygoid; jg,
jugal; mx, maxilla. Scale bar B = 5 cm, all other scale bars = cm.

99. Infratemporal fenestra, dorsal extent of quadratojugal: reaches dorsal angle of fenestra (0); does1186

not reach dorsal angle of fenestra (1) (after Buscalioni et al., 1992 [6]; Brochu, 1997a [80]).1187

The quadratojugal forms the posterior margin of the infratemporal fenestra in all crocodylians, but1188

variation occurs in its dorsal extent. In Bernissartia fagesii and most eusuchians the quadratojugal1189

reaches the dorsal angle of the fenestra (Fig. 38B), preventing the quadrate from participating in1190

its posterior margin (99-0) (Buscalioni et al., 1992, fig.9; Norell et al., 1994, fig.8; Brochu, 1999,1191

fig.25). By contrast, the quadratojugal forms only half the length of the posterior margin of the1192

infratemporal fenestra in extant Crocodylus species, with the remainder formed by the quadrate1193

(Fig. 38E). Several caimanines exhibit a similar condition, but differ in that the quadratojugal is1194

dorsally truncated by the postorbital, which forms the remainder of the posterior fenestral margin1195

(Fig. 38D).1196

100. Postorbital, posteroventral process in quadratojugal at dorsal corner of the infratemporal fenestra:1197

absent (0); present (1) (after Norell, 1989 [11]; Brochu, 1997a [76]).1198

101. Postorbital, morphology of posteroventral process in quadratojugal: narrow with acute ‘V’ shaped1199

tip (0); broad, blunt tip (1) (after Norell, 1989 [11]; Brochu, 1997a [76]).1200
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The dorsal margin of the infratemporal fenestra is a complex region where several bones intersect,1201

including the quadrate, quadratojugal, squamosal and postorbital. Norell (1989) described the1202

presence of a ’postorbital process’ in Bernissartia fagesii, Gavialis gangeticus, and all alligatorids,1203

which descends along the posterior margin of the infratemporal fenestra and is ost clearly observed1204

in lateral view (Fig. 38A). Brochu (1999) also recognised this ’postorbital process’ but suggested1205

that the intersection of the postorbital, quadrate, and quadratojugal was more complex, and best1206

viewed from a ventromedial direction. Accordingly, Brochu (1999) incorporated the presence of1207

a postorbital process into a multistate character that also described various sutural intersections1208

between the postorbital, quadrate, and quadratojugal ventromedially. This version of the character1209

is commonly used in crocodylian phylogenetics; however, examination of several datasets reveals1210

that the state describing the presence of a postorbital process is not scored in any taxon that clearly1211

possesses it (e.g. Brochu, 1999; Brochu et al., 2012; Cidade et al., 2017; Iijima & Kobayashi,1212

2019; Jouve, 2016; Narváez et al., 2016). Here, the presence of a postorbital process is treated as1213

a binary character following Norell (1989), independent of the ventromedial sutural relationships1214

of the postorbital, quadrate, and quadratojugal (Characters 105 and 106). Furthermore, variation1215

in the morphology of the postorbital process is also recognised (Character 101). Where preserved,1216

all species of Alligator exhibit a small, acute postorbital process (101-0, Fig. 38C). This contrasts1217

with the condition exhibited by most caimanines, which have a notably broader postorbital process1218

(101-1, Fig. 38D).1219
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Figure 38: Sutural relationships and morphology of the infratemporal fenestra in selected crocodylians. A Gavialis
gangeticus (NHMUK 1974.3009); B, Tomistoma schlegelii (NHMUK 1894.2.21.1); C, Alligator mississippien-
sis (NHMUK 1873.2.21.1); D, Melanosuchus niger (NHMUK 45.8.25.125); E, Crocodylus niloticus (NHMUK
1934.6.3.1); F, Brachychampsa montana (UCMP 133901). Abbreviations: po, postorbital; qd, quadrate; qtj,
quadratojugal; sq, squamosal. All scale bars = 2 cm.
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102. Infratemporal fenestra, posterior angle: quadratojugal forms posterior angle (0); quadratojugal-1220

jugal suture lies at posterior angle (1); jugal forms posterior angle (2) (after Norell, 1989 [5];1221

Brochu, 1997a [75]) (ORDERED).1222

Norell (1989) recognised that the quadratojugal forms the posterior angle of the infratemporal fen-1223

estra in Bernissartia fagesii, Gavialis gangeticus, and all alligatorids (Fig. 39A), contrasting with1224

the condition in extant Crocodylus species, in which the angle is formed by the jugal (Fig. 39D).1225

Brochu (1999) later introduced a condition in which the jugal-quadratojugal suture lies directly on1226

the posterior angle of the infratemporal fenestra (Fig. 39C) (102-1), a condition which appears to1227

be restricted to several mekosuchines according to the data matrices of Brochu (2007a) and Brochu1228

et al. (2012). This latter condition is recognised more widely in crocodylids in this analysis, with a1229

polymorphic condition present in several Crocodylus species, e.g. C. porosus (102-1 in NHMUK1230

1852.12.9.2, 102-2 in NHMUK 85.2.4.1). Furthermore, the character is ordered, describing the1231

progressive decrease in participation of the quadratojugal in the posterior angle of the infratempo-1232

ral fenestra.1233

103. Quadratojugal, development of spina quadratojugalis (at maturity): prominent (0); greatly reduced1234

or absent (1) (after Norell, 1989 [1]; Brochu, 1997a [69]).1235

This character has received minor modifications to wording only, and the meaning of the character1236

is as originally described by Norell (1989). A prominent spine (Fig. 39A, C, D) is considered ple-1237

siomorphic in Crocodylia as it occurs in Bernissartia fagesii as well as taxa such as Allodaposuchus1238

precedens (Narváez et al., 2019). All extant crocodylids, as well as Tomsitoma schlegelii (NHMUK1239

1894.2.21.1), and Gavialis gangeticus (NHMUK 1974.3009), exhibit the prominent spine, which1240

is absent or restricted to a small protuberance in alligatorids (Fig. 39B).1241

104. Quadratojugal, position of spina quadratojugalis:low, near posterior angle of infratemporal fenestra1242

(0); high, between posterior and dorsal angles of infratemporal fenestra (1) (after Brochu, 1997a1243

[114]).1244

This character has received only minor modifications to wording but several character score changes.1245

In most eusuchians that possess a quadratojugal spine, it occurs at a ‘low’ position, below the1246

dorsoventral mid-height of the infratemporal fenestra (Fig. 39A). In all alligatorids that preserve1247

a quadratojugal spine, it occurs beyond the dorsoventral mid-height of the infratemporal fenestra1248

(Fig. 39B). Fewer taxa are scored for the derived condition than to previous studies (e.g. Brochu1249

et al., 2012; Cidade et al., 2017; Salas-Gismondi et al., 2015), as the quadratojugal spine is too1250

poorly developed or absent to determine its position in some taxa.1251
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Figure 39: Variation in the contribution of the quadratojugal to the infratemporal fenestra in selected crocodylians.
A, Gavialis gangeticus (NHMUK 1974.3009); B, Brachychampsa montana (UCMP 133901); C, Crocodylus poro-
sus (NHMUK 1852.12.9.2); D, Crocodylus niloticus (NHMUK 1934.6.3.1). Abbreviations: jg, jugal; qd, quadrate;
qtj, quadratojugal. All scale bars = 2 cm.
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105. Postorbital, medial contact with quadrate at dorsal corner of the infratemporal fenestra: absent (0);1252

present (1) (after Brochu, 1997a [76]).1253

106. Postorbital, medial contact with quadratojugal at dorsal angle of infratemporal fenestra: absent (0);1254

present (1) (after Brochu, 1997a [76]).1255

Characters 105 and 106 describe variation in sutural relationships between the postorbital, quadra-1256

tojugal, and quadrate in a ventromedial orientation (Fig. 40). This variation was originally dis-1257

cretised as follows: “Postorbital neither contacts quadrate nor quadratojugal medially (0), or1258

contacts quadratojugal, but not quadrate, medially (1), or contacts quadrate and quadratojugal1259

at dorsal angle of infratemporal fenestra (2), or contacts quadratojugal with significant descend-1260

ing process (3)” (Brochu, 1997b). The original formulation incorrectly implies that contact be-1261

tween the quadratojugal and postorbital is homologous to contact between the quadrate and pos-1262

torbital. It also precludes the recognition of evolutionary relationships between taxa that share a1263

postorbital-quadratojugal contact. Furthermore, alternative combinations of postorbital-quadrate-1264

quadratojugal contact cannot be accounted for in the original formulation. For example, Jouve1265

(2016) recognised a contact between the postorbital and quadrate to the exclusion of the quadra-1266

tojugal in Maroccosuchus zennaroi, which is also recognised here in Tomistoma schlegelii (Fig.1267

40F). As a result, the original character was converted into two binary presence/absence charac-1268

ters. Generally, crocodylids exhibit no medial contact between the quadrate, quadratojugal, and1269

postorbital (Fig. 40A–C). By contrast, alligatorids exhibit contact between the postorbital and both1270

the quadrate and quadratojugal (Fig. 40G–I). Other taxa exhibit different combinations of these1271

conditions. For example, whereas Gavialis gangeticus exhibits a quadratojugal-postorbital contact1272

(106-1), but no quadrate-postorbital contact (105-0) (Fig. 40E), Tomistoma schlegelii exhibits the1273

opposite conditions (106-0, 105-1) (Fig. 40F).1274
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Figure 40: Ventromedial view of the dorsal corner of the postorbital showing sutural relationships of the postorbital
(red), quadrate (green), and quadratojugal (blue). A, Crocodylus moreletti (NHMUK 1861.4.1.4); B, Crocodylus
siamensis (NHMUK 1921.4.1.168); C, Crocodylus palustris (NHMUK 1897.12.31.1); D, Mecistops cataphrac-
tus (NHMUK 1924.5.10.1); E, Gavialis gangeticus (NHMUK uncatalogued); F, Tomistoma schlegelii (NHMUK
1894.2.21.1); G, Brachychampsa montana (UCMP 133901); H, Alligator mississippiensis (NHMUK 1873.2.21.1);
I, Caiman yacare (AMNH 97300). Abbreviations: lat, laterosphenoid; po, postorbital; qd, quadrate; qtj, quadra-
tojugal. All scale bars = 1 cm.
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Squamosal1275

107. Squamosal, anterior divergence of dorsal and ventral rims of lateral groove: absent (0); present (1)1276

(after Brochu, 1997a [84]).1277

Only minor modifications have been made to the wording of this character and scores are similar1278

to previous studies (e.g. Brochu et al., 2012). The lateral groove of the squamosal is a narrow1279

sulcus on the lateral cranial table edge that serves as an attachment site for external ear valve mus-1280

culature (Fig. 41). In most crocodylians, the dorsal and ventral margins of the squamosal groove1281

are either sub-parallel (Fig. 41A) or slightly taper anteriorly (Fig. 41D). By contrast, several1282

(mostly longirostrine) crocodylians exhibit a dorsoventral expansion of the groove anteriorly, in-1283

cluding Thecachampsa sericodon (Fig. 41), Kentisuchus spenceri (Fig. 41C), and Piscogavialis1284

jugaliperforatus (Fig. 41E).1285

108. Squamosal, shape of the lateral cranial table edge, dorsal to the otic aperture: vertical, dorsal and1286

ventral edges equally expanded laterally; (0) bevelled, ventral edge projects further laterally than1287

dorsal edge (1) (after Lee and Yates, 2018 [81]).1288

The lateral cranial table margins slope prominently (i.e. they are bevelled) in Hylaeochampsa vec-1289

tiana (NHMUK R177) and several (mostly longirostrine) crocodylians, including the “gavialoids”1290

Gavialis gangeticus (NHMUK 1974.3009), Piscogavialis jugaliperforatus (Fig. 41E), and Gry-1291

posuchus neoageus (MLP 26-413), and the “tomistomines” Kentisuchus spenceri (Fig. 41C) and1292

‘Tomistoma’ dowsoni (NHMUK PV R4769). This contrasts with the more commonly observed1293

vertical lateral edge of the cranial table found in all extant alligatorids (Fig. 41A, C), crocodylids,1294

and Tomistoma schlegelii (NHMUK 1894.2.21.1).1295

109. Squamosal, angle between dorsal profile of the paroccipital process and dorsal margin of the cranial1296

table: < 10◦ (approximately horizontal) (0); 10–50◦ (1); > 50◦ (2) (after Lee and Yates, 2018 [88])1297

(ORDERED).1298

This character was modified from Lee and Yates (2018) by the addition of a state (109-0) and1299

by ordering of the character. In most eusuchians, the dorsal profile of the paroccipital process is1300

posteroventrally inclined, around 45◦ (109-1), as in Hylaeochampsa vectiana (NHMUK R177),1301

most extant alligatorids (e.g. Alligator mississippiensis, Fig. 41A), crocodylids (e.g. Crocodylus),1302

and “tomistomines” (e.g. Kentisuchus spenceri, Fig. 41C). In some crocodylians, the paroccip-1303

ital process curves off abruptly to form a 90◦ angle between the dorsal and posterior edges of1304

the squamosal (109-2), e.g. Paleosuchus trigonatus (Fig. 41D), Osteolaemus tetraspis (NHMUK1305

1862.6.30.5), and Mekosuchus (e.g. M. sanderi, QM F31166). A small number of crocodylians1306

exhibit a sub-horizontal dorsal profile of the paroccipital process (109-0). This condition is prin-1307
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cipally observed in “gavialoids”, such as Piscogavialis jugaliperforatus (Fig. 41E), Gryposuchus1308

colombianus (UCMP 41136), and Gryposuchus neogaeus (MLP 26-413).1309

Figure 41: Left lateral view of the posterior cranium showing variation in lateral cranial table morphology in A,
Alligator mississippiensis (NHMUK 1873.2.21.1); B, Thecachmapsa sericodon (USNM 25243); C, Kentisuchus
spenceri (NMHUK PV R 38975); D, Paleosuchus trigonatus (NHMUK 1868.10.8.1, digitally reversed); E, Pisco-
gavialis jugaliperforatus (SMNK 1282 PAL). Abbreviations: sq, squamosal. All scale bars = 2 cm.

110. Squamosal, posterolateral prongs: absent, or very short, barely exceeding the level of the posterior1310

wall of the cranial table behind supratemporal fenestrae (0); long, exceeding the level of the poste-1311

rior margin of the cranial table, less than half anteroposterior cranial table length (1); long, greater1312

than or equal to half anteroposterior cranial table length (2) (after Brochu, 1997a [140]; Jouve et1313

al., 2008 [140]; Jouve, 2016 [64]) (ORDERED).1314

Squamosal prongs are posterolateral projections of the squamosal that extend from the cranial ta-1315

ble (Fig. 42). As originally formulated by Brochu (1997b), this character was binary, describing1316

the presence or absence of squamosal prongs. Jouve (2016) introduced a third character state1317

describing ’very long’ squamosal prongs. This modification is followed, but the length of the1318

squamosal prongs is measured in proportion to the anteroposterior cranial table length. Further-1319
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more, the character is now ordered, as it describes the progressive lengthening of the squamosal1320

prongs. Bernissartia fagesii (IRScNB 1538) and most crocodylians exhibit the intermediate con-1321

dition (Fig. 42B). Hylaeochampsa vectiana (NHMUK R177), Iharkutosuchus makadii (Ösi et al.,1322

2007), and Paleosuchus (Fig. 42A) exhibit the shortened condition. Highly elongated squamosal1323

prongs occur exclusively in several longirostrine crocodylians (Jouve, 2016), including Pisco-1324

gavialis jugaliperforatus (Fig. 42C), Argochampsa krebsi (NHMUK R36872), and Gryposuchus1325

colombianus (UCMP 41136). Equally elongate prongs are newly recognised here in Tomistoma1326

cairense (SMNS 50740) and Tomistoma lusitanica (Antunes, 1961).1327

Figure 42: Dorsal view of the cranial table showing variation in length of the squamosal prongs (blue). A, Paleo-
suchus trigonatus (NHMUK 1868.10.8.1); B, Alligator mississippiensis (NHMUK 1873.2.21.1); C, Piscogavialis
jugaliperforatus (SMNS 1282 PAL). Scale bar in C = 5 cm, all other scale bars = cm.

External Auditory Meatus1328

111. External auditory meatus, position of ventral margin: ventral to the level of the dorsal margin of1329

infratemporal fenestra (0); level with or dorsal to the dorsal margin of the infratemporal fenestra1330

(1) (new character, based on personal observations).1331

The ventral margin of the external auditory meatus is lower than the level of the dorsal apex of1332

the infratemporal fenestra in almost all eusuchians (Fig. 43A, C). By contrast, in Purussaurus1333
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neivensis (Fig. 43B), Purussaurus brasiliensis (UFAC 1403), and Acresuchus pachytemporalis1334

(Fig. 43D), the external auditory meatus is positioned in a notably more dorsal position, beyond1335

the dorsal margin of the infratemporal fenestra.1336

Figure 43: Lateral view of the cranium showing variation in dorsoventral height of the external auditory meatus rel-
ative to the infratemporal fenestra. A, Gavialis gangeticus (NHMUK); B, Purussaurus neivensis (UCMP 39704);
C, Alligator mississippiensis (NHMUK 1873.2.21.1); D, Acresuchus pachytemporalis (UFAC 2507). Abbrevia-
tions: eam, external auditory meatus; itf, infratemporal fenestra. All scale bars = 5 cm.

112. Quadrate, sutural contact with squamosal posterior to external auditory meatus: present (0); ab-1337

sent, exoccipital separates squamosal and quadrate posterior to external auditory meatus (1) (after1338

Brochu, 1997a [132]; Delfino et al., 2008a [132]; Lee and Yates, 2018 [106]).1339

In all crocodylians, the squamosal and quadrate are in sutural contact posterior to the external audi-1340

tory meatus (EAM), enclosing the cranioquadrate canal (112-0) (Fig. 44C–F). In Allodaposuchus1341

precedens (Fig. 44A), Hylaeochampsa vectiana (Fig. 44B), and several other non-crocodylian1342

eusuchians, the squamosal and quadrate are not in contact in this region, laterally exposing the1343

cranioquadrate canal and the exoccipital that floors it (112-1) (Buscalioni et al., 2001; Delfino et1344

al., 2008a). The condition in Bernissartia fagesii (IRScNB 1538) is unknown.1345

Characters 113 to 115 describe variation in the posterior margin of the EAM, which can only be1346

scored if the squamosal and quadrate are in sutural contact (112-1). Several earlier analyses im-1347
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plemented these characters, without consideration for the absence of squamosal-quadrate contact1348

in some taxa (e.g. Brochu, 1999; Brochu et al., 2012; Cidade et al., 2017; Salas-Gismondi et al.,1349

2015). Other analyses included a modification used by Delfino et al. (2008a), in which characters1350

114 and 115 were each augmented with a character state, which effectively describes the absence1351

of squamosal-quadrate contact (Delfino et al., 2008a; Iijima & Kobayashi, 2019; Jouve, 2016;1352

Narváez et al., 2015). This modification was not included here following the application of reduc-1353

tive coding, and because the inclusion of an additional state describing the same anatomical feature1354

in two characters would result in overweighting.1355

113. Squamosal, descending lamina extending anteriorly over quadrate ramus from paroccipital process:1356

absent (0); present (1) (after Brochu, 1997a [150]).1357

In taxa that exhibit contact between the squamosal and quadrate, the squamosal may extend ven-1358

trally along the paraoccipital process as a descending lamina. This condition occurs in several os-1359

teolaemines, comprising Osteolaemus tetraspis (Fig. 44F), Brochuchus pigotti (NHMUK R7729),1360

Euthecodon armabourgi (MNHN ZEL 001), and variably in Voay robustus (Brochu, 2007a). In all1361

other crocodylians, there is no descending lamina, and the squamosal-quadrate suture is straight1362

(Fig. 44C–E).1363

114. Quadrate-squamosal suture, intersection with external auditory meatus (EAM): extends dorsally1364

along posterior margin of EAM (suture separated from posterior margin) (0); or extends only to1365

posteroventral corner of EAM (suture incipiently contacts posterior margin) (1) (after Brochu,1366

1997a [132]).1367

As described by Brochu (1999) and following most earlier studies, the quadrate-squamosal suture1368

intersects the posteroventral corner of the EAM in most alligatoroids (Fig. 44E), Boverisuchus vo-1369

rax (FMNH PR 399), and Trilophosuchus rackhami (QM F16856), whereas it ascends the posterior1370

margin in most other crocodylians (Fig. 44C–D) (Brochu et al., 2012; Iijima & Kobayashi, 2019;1371

Jouve, 2016; Salas-Gismondi et al., 2015). In several caimanines, the suture ascends the poste-1372

rior EAM margin for a short distance, e.g. Caiman latirostris (NHMUK 86.10.4.2, FMNH 9713),1373

Melanosuchus niger (NHMUK 45.8.25.125), and Paleosuchus trigonatus (NHMUK 1868.10.8.1);1374

however, as with previous authors, we regard the condition in these taxa as closer to the derived1375

condition.1376

115. External auditory meatus, posterior margin shape: straight (0); invaginated (1) (after Brochu, 1997a1377

[102]; Salisbury et al., 2006 [102]; Delfino et al., 2008a [102]).1378

In most crocodylians that exhibit contact between the quadrate and squamosal, the posterior wall1379

of the EAM is infolded to form an anterior process (Fig. 44F). This condition occurs in most1380
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extant crocodylids (Fig. 44D), alligatorids (Fig. 44E), and Tomistoma schlegelii. By contrast, the1381

suture is straight in most “gavialoid” crocodylians, e.g. Gavialis gangeticus (Fig. 44C), as well as1382

planocraniids, among other crocodylians.1383

Figure 44: Sutural relationships of the external auditory meatus in Eusuchia. A, Allodaposuchus precedens
(MMSVBN-12-10A); B, Hylaeochampsa vectiana (NHMUK PV R 177); C, Gavialis gangeticus (NHMUK
1974.3009); D, Crocodylus niloticus (NHMUK 1934.6.3.1); E, Melanosuchus niger (NHMUK 45.8.25.125); F,
Osteolaemus tetraspis (NHMUK 1862.6.30.5). All scale bars = 2 cm.

Quadrate1384

116. Quadrate, foramen aereum size: small, diameter less than half dorsoventral height of medial hemi-1385

condyle (0); large, equal to or greater than half dorsoventral height of medial hemicondyle (1) (after1386

Brochu, 2006 [165]; Brochu, 2011 [178]).1387
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The quadratic foramen aerum is a circular opening on the dorsomedial margin of the quadrate1388

condyle. This foramen accommodates an epithelial tube which runs towards a corresponding fora-1389

men on the articular (Brochu, 2006b). In most crocodylians, the quadratic foramen aerum is very1390

small (Fig. 45R), but it is notably enlarged in Eosuchus lerichei (Fig. 45S) and Eosuchus minor1391

(YPM 282).1392

117. Quadrate, foramen aereum position on posterior quadrate ramus: on dorsomedial corner (0); or on1393

dorsal surface (1) (after Brochu, 1997a [121]).1394

The derived character state describes a dorsally positioned foramen aerum that has long been held1395

as an alligatoroid synapomorphy (Brochu, 1999). Indeed, this condition occurs in all extant al-1396

ligatorids such as Alligator mississippiensis (Fig. 45H), Melanosuchus niger (Fig. 45I), and1397

Caiman yacare (Fig. 45J), as well as ‘basal’ alligatoroids such as Diplocynodon hantoniensis1398

(Fig. 45F). The condition has also been recognised in some non-crocodylian eusuchians, such as1399

Allodaposuchus precedens (Delfino et al., 2008a; Martin et al., 2016; Narváez et al., 2019) and1400

Lohuecosuchus megadontos (Narváez et al., 2015). Bernissartia fagesii (IRScNB 1538) and most1401

non-alligatoroid crocodylians have a medially positioned foramen (Fig. 45N, O). Character scores1402

between this study and previous studies (e.g. Brochu et al., 2012; Lee & Yates, 2018; Narváez1403

et al., 2016), are mostly in agreement, except that the dorsally positioned foramen aerum is newly1404

recognised in two Borealosuchus species: B. sternbergii (Fig. 45G) and B. formidabilis (Erickson,1405

1976, fig.6).1406

118. Quadrate condyle, notch on the dorsal articular border: absent or small, restricted to dorsomedial1407

edge of quadrate articular border (0); large, as an extensive indentation of the dorsal articular1408

border, covering up to a third of the mediolateral width of the quadrate condyle (1); inset from1409

dorsomedial edge of the condyle (2) (adapted from Brochu, 1997a [112]).1410

119. Quadrate condyle shape, dorsal and ventral margins: subparallel across length (sub-rectangular1411

condyle) (0); medially tapering (1); constricted at mid-length (2); ventrally reflected medial hemi-1412

condyle (3) (adapted from Brochu, 1997a [112]).1413

Characters 118 and 119 attempt to capture the seemingly nebulous variation in the morphology of1414

the quadrate condyle that was originally discretised in one multistate character: “Quadrate with1415

small, ventrally-reflected medial hemicondyle (0) or with small medial hemicondyle; dorsal notch1416

for foramen aerum (1), or with prominent dorsal projection between hemicondyles (2), or with1417

expanded medial hemicondyle (3)” (Brochu, 1997b). There are several issues with the previous1418

delimitation of this character, as well as scores in earlier datasets. Firstly, the original character1419

describes morphological features that might not be homologous: the presence of a dorsal notch in1420
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state 1; the presence of a dorsal projection between the hemicondyles in state 2; and the shapes1421

of the medial and lateral hemicondyles in states 0, 1, and 3. Furthermore, examination of taxa1422

assigned to each state reveals differences in morphology. Taxa usually scored for character state 01423

in the original character such as Gavialis gangeticus, Eogavialis africanum, Eosuchus lerichei, and1424

Borealoschus, do not share the same morphology of the quadrate condyle. Gavialis gangeticus has1425

a rectangular quadrate condyle (Fig. 45R), with indistinct medial and lateral hemicondyles, and1426

little to no notch at maturity. By contrast, Borealosuchus sternbergii has a large notch on the me-1427

dial hemicondyle (Fig. 45G), similar to the condition in Alligator (Fig. 45E, H) and Diplocynodon1428

hantoniensis (Fig. 45F). Eogavialis africanum also differs (Fig. 45Q), with a dorsoventral con-1429

striction in the quadrate condyle similar to Voay robustus (Fig. 45M), Crocodylus (Fig. 45N), and1430

Eosuchus lerichei (Fig. 45S). Taxa scored for character state 112-1 of Brochu (1997a) are almost1431

entirely alligatoroids, including Diplocynodon, Caiman, Melanosuchus, and Alligator, as well as1432

some mekosuchines (Brochu et al., 2012). Although it is agreed that the medial hemicondyle in all1433

alligatoroids bears a notch (Fig. 45E–F, I–I), the morphology of the notch is variable. In all extant1434

caimanines, there is a small dorsal notch, inset from the medial edge of the quadrate condyle (Fig.1435

45I–J). This contrasts with the condition in Alligator (Fig. 45E, H), Diplocynodon hantoniensis1436

(Fig. 45F) and several mekosuchines (Fig. 45C–D), in which the notch is wide and deep, reaching1437

up to one third of the quadrate condyle width. Character state 112-2 (Brochu, 1997a) describes1438

“a prominent dorsal projection between hemicondyles” that is shared only by Boverisuchus vo-1439

rax and Boverisuchus magnifrons in the dataset of Brochu et al. (2012). The quadrate condyles1440

of Boverisuchus were figured by Brochu (2012, fig.14), but their morphology is considered more1441

similar to the condition in mekosuchines and alligatoroids here (Fig. 45C–D). The morphology1442

described in character state 112-3, and the taxa assigned to this character state, are mostly agreed1443

on here. The dorsoventrally expanded lateral hemicondyle is well expressed in most crocodyloids,1444

resulting in an hour-glass shaped quadrate condyle (Fig. 45M–N). These observations have led to1445

the division of the original character into two multistate characters: one describing the morphol-1446

ogy of the notch (118) and the other describing the shapes of the medial and lateral hemicondyles1447

(119). Neither character is ordered. The notch on the quadrate condyle is extremely small (118-1448

0) in all Crocodylus species (118-0) (Fig. 45N), Gavialis gangeticus (Fig. 45R), and Tomistoma1449

schlegelii (Fig. 45O). In caimanines, the notch becomes medially inset and remains small (118-2),1450

e.g. Melanosuchus niger (Fig. 45I). The notch is deep and wide (118-1) in Alligator olseni (Fig.1451

45E), Diplocynodon hantoniensis (Fig. 45F), Borealosuchus sternbergii (Fig. 45G), Trilopho-1452

suchus rackhami (Fig. 45D), and Boverisuchus vorax (Fig. 45A). Character 119 describes four1453

morphotypes of the quadrate: sub-rectangular (119-0), e.g. Boverisuchus vorax (Fig. 45A and1454

Alligator (Fig. 45E); medially tapering (119-1), e.g. Melanosuchus (Fig. 45I), Caiman yacare1455
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(Fig. 45J), Protocaiman peligrensis (Fig. 45K), and Procaimanoidea utahensis (Fig. 45L); con-1456

stricted at the mid-length (119-2), e.g. Voay robustus (Fig. 45M), Crocodylus acutus (Fig. 45N),1457

Tomistoma schlegelii (Fig. 45O), and Eogavialis africanum (Fig. 45Q); and ventrally reflected,1458

e.g. Piscogavialis jugaliperforatus (Fig. 45T).1459
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Figure 45: Posterior view of the quadrate condyle showing variation in condyle morphology in selected
crocodylians. A, Boverisuchus vorax (FMNH PR 399); B, Asiatosuchus depressifrons (IRSNB R 0251); C,
Mekosuchus inexpectatus (MNHN NCP 06); D, Trilophosuchus rackhami (QM F16856); E, Alligator olseni
(MCZ uncatalogued); F, Diplocynodon hantoniensis (NHMUK 30392); G, Borealosuchus sternbergii (USNM
V6533) H, Alligator mississippiensis (NHMUK 1873.2.21.1); I, Melanosuchus niger (NHMUK 45.8.25.125); J,
Caiman yacare (MACN uncatalogued); K, Protocaiman peligrensis (MLP 80X-10-1), L, Procaimanoidea uta-
hensis (USNM V 15996); M, Voay robustus (NHMUK R 36685); N, Crocodylus acutus (NHMUK 1975.997) O,
Tomistoma schlegelii (NHMUK 1894.2.21.1); P, Tomistoma cairense (SMNS 50739); Q, Eogavialis africanum
(NHMUK PV R3108, digitally reversed); R, Gavialis gangeticus (NHMUK 1974.3009); S, Eosuchus lerichei
(IRSNB R 49); T, Piscogavialis jugaliperforatus (SMNK 1282 PAL). All scale bars = 1 cm.
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120. Quadratojugal, extent over lateral surface of posterior quadrate ramus: covers entire lateral surface1460

(0); notch in quadratojugal, exposing quadrate ventrolaterally (1) (new character, based on personal1461

observations).1462

In Bernissartia fagesii (IRScNB 1538) and most eusuchians, the jugal and quadratojugal extend1463

posteriorly to conceal the lateral surface of the quadrate condyle (Fig. 46A, C). By contrast, a1464

small gap is left where the quadrate remains exposed in all extant alligatorids (Fig. 46B, D).1465

Several fossil alligatoroids also exhibit exposure of the quadrate here, including Brachychampsa1466

montana (UCMP 133901), Navajosuchus mooki (MCZ 8381), Procaimanoidea utahensis (USNM1467

15996), and Protocaiman peligrensis (MLP 80X-10-1).1468

Figure 46: Lateral view of the quadrate ramus, showing variation in exposure of the quadrate beneath the quadra-
tojugal. A, Osteolaemus tetraspis (NHMUK 1862.6.30.5); B, Paleosuchus trigonatus (NHMUK 1868.10.8.1). All
scale bars = 2 cm.

121. Quadrate, posterior ramus length: distance between posterior margin of quadrate condyle and the1469

level of the anterior margin of the occipital condyle, less than quadrate condyle mediolateral width1470

(0); equal to or greater than quadrate condyle mediolateral width (1) (after Buscalioni et al., 20111471

[184]).1472

The posterior ramus of the quadrate is anteroposteriorly long in most eusuchians, exceeding the1473

posterior margin of the cranial table by at least the width of the quadrate condyle (Fig. 47A).1474

By contrast, in Bernissartia fagesii (IRScNB 1538), Isisfordia duncani (QM F44320), and Hy-1475

laeochampsa vectiana (Fig. 47B), the quadrate ramus is short, barely exceeding the posterior edge1476
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of the cranial table at most. The same condition occurs in some crocodylians, including Alligator1477

mcgrewi (AMNH FAM 8700) and Trilophosuchus rackhami (QM F16856).1478

122. Exoccipital, extent on dorsal surface of quadrate ramus: small, not reaching articular border of1479

quadrate condyle (0); large, extending to border of quadrate condyle (1) (new character, based on1480

personal observations).1481

The exoccipital is minimally exposed on the dorsal surface of the posterior quadrate ramus in1482

Bernissartia fagesii (IRScNB 1538) and nearly all eusuchians (Fig. 47A). However, in Hylaeochampsa1483

vectiana (Fig. 47B), and Iharkutosuchus makadii (Mateus et al., 2019, fig.S14), the quadrate ex-1484

occipital suture extends over the dorsal surface of the quadrate ramus, such that the exoccipital1485

reaches the border of the quadrate condyle.1486

123. Exoccipital, posterior projection of the paroccipital process: absent (0); present (1) (after Brochu,1487

1997a [141]).1488

Clark and Norell (1992) described a large protuberance positioned medial to the cranioquadrate1489

canal in Hylaeochampsa vectiana (Fig. 47B). A similar process was subsequently described in1490

several non-crocodylian eusuchians, such as Allodaposuchus precedens (Buscalioni et al., 2001),1491

Iharkutosuchus makadii (Ösi, 2008), and Lohuecosuchus megadontos (Narváez et al., 2015). Fur-1492

thermore, scores in existing matrices indicate that it occurs in Bernissartia fagesii and Acynodon1493

iberoccitanus (e.g. Brochu et al., 2012; Jouve, 2016), which is agreed upon here. A protuberance1494

or lamina occasionally occurs in large individuals of some crocodylians (Clark & Norell, 1992),1495

but it is never as prominent as in Hylaeochampsa. Small differences occur in the morphology of1496

the protuberance; for example, it is more of a ridge in Allodaposuchus precedens (Buscalioni et1497

al., 2001, fig.10; Delfino et al., 2008a), but a discrete boss in Hylaeochampsa (NHMUK R177).1498

These differences are not consistently found in enough taxa to allow further categorisations of the1499

morphology.1500

124. Quadrate, paroccipital process, distance between distal tip of paroccipital process and distal end1501

of the quadrate condyle: less than the maximum mediolateral width of the quadrate condyle (0);1502

equal to or greater than the maximum mediolateral width of the quadrate condyle (1) (after Lee1503

and Yates, 2018 [111]).1504

In most crocodylians, the paroccipital process extends towards the posterior end of the quadrate1505

ramus, terminating shortly before the quadrate condyle (Fig. 48A). As recognised by Lee and1506

Yates (2018), several crocodylians exhibit a notably wider gap between the distal tip of the paroc-1507

cipital process and the distal tip of the quadrate ramus, e.g. Australosuchus clarkae (Fig. 48B).1508

Whereas Lee and Yates (2018) scored the derived condition exclusively in a series of mekosuchines1509
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Figure 47: Posterolateral view of the occiput in A, Alligator mississippiensis (NHMUK 1873.2.21.1); and B,
Hylaeochampsa vectiana (NHMUK PV R 177). Abbreviations: ex, exoccipital; qd, quadrate. Scale bar = 1 cm.

(Palimnarchus gracilis, Baru), here it is recognised in a broader sample of crocodylians, including1510

alligatoroids, such as Mourasuchus arendsi (UFAC 2515) and Alligator mississippiensis (NHMUK1511

68.2.12.6), and “tomistomines”, e.g. Thecachampsa sericodon (USNM 24938).

Figure 48: Dorsal view of the posterior end of the cranium showing variation in posterior extent of the paroccipital
process on the quadrate ramus. A, Gavialis gangeticus (NHMUK 1974.3009); B, Australosuchus clarkae (AMNH
12200). Scale bars = 2cm.

1512

Exoccipital1513

125. Exoccipital, paroccipital process dorsal margin: squamosal-exoccipital suture sub-horizontal (0);1514

dorsolaterally directed (1) (new character, adapted from Clark and Norell, 1992).1515

Clark and Norell (1992) noted that the dorsolateral margin of the paroccipital process in Hy-1516

laeochampsa vectiana (NHMUK R177) curves dorsolaterally along the squamosal-exoccipital su-1517

ture (Fig. 49B). A similar condition occurs in Iharkutosuchus makadii (Mateus et al., 2019,1518

fig.S14). This differs to the condition in Bernissartia fagesii (IRScNB 1538) and all other eu-1519
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suchians examined here, wherein the squamosal-exoccipital suture is straight and sub-horizontal1520

(Fig. 49A).1521

Figure 49: Occipital view of the cranium showing variation in orientation of the paroccipital process in. A, Gavialis
gangeticus (NHMUK 1974.3009); B, Hylaeochampsa vectiana (NHMUK PV R 177). All scale bars = 2cm.
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126. Lateral carotid foramen, proximity to metotic foramen: separated (positioned ventral to metotic1522

foramen) (0); adjacent to the metotic foramen (1) (new character, based on personal observations).1523

Several foramina pierce the exoccipital lateral to the foramen magnum in crocodylians (Fig. 50).1524

Typically, there are two medially positioned openings for the hypoglossal nerves (CN XII), lateral1525

to which is the much larger metotic foramen, which houses CN IX–XI (Bona & Desojo, 2011;1526

Iordansky, 1973). The lateral carotid foramen is distantly separated and ventral to the metotic1527

foramen in most crocodylians (Fig. 50A). By contrast, the lateral carotid foramen in several1528

“gavialoids” is adjacent to the metotic foramen, separated by a thin wall. This latter condition1529

occurs in Gavialis gangeticus (Fig. 50B), Gryposuchus neogaeus (Fig. 50C), Gryposuchus colom-1530

bianus (UCMP 38358), Eogavialis africanum (YPM 6263), and Piscogavialis jugaliperforatus1531

(SMNK 1282 PAL). It is also present in some non-crocodylian taxa such as Hylaeochampsa vec-1532

tiana (NMHUK R177) and the ’Glen Rose Form’ (MCZ 4384).1533

Figure 50: Proximity of the lateral carotid foramen relative to the metotic foramen in selected crocodylian taxa. A,
Caiman latirostris (NHMUK 1897.12.31.1); B, Gavialis gangeticus (NHMUK 1974.3009); and C, Gryposuchus
neogaeus (MLP 68-IX-V-1) (digitally reversed). Abbreviations: met, metotic foramen; XII, foramen for cranial
nerve XII. All scale bars = 2 cm.

127. Exoccipitals, contact with basioccipital tubera: absent (0); present (1) (after Norell, 1988 [20];1534

Clark, 1994 [57, 60]; Brochu, 1997a [151]).1535

Basioccipital tubera refer to the rugose ventral and ventrolateral surfaces of the basioccipital. In1536

most crocodylians, the exoccipitals suture laterally to the basioccipital and do not extend ventrally1537

to contact the tubera (Fig. 51A–B). An alternative condition is exemplified by Gavialis gangeticus,1538

in which the exoccipitals have long descending processes that contact the tubera (Fig. 51C–D). This1539

condition also occurs in several additional “gavialoids”, including Eogavialis africanum (YPM1540

6263) and Gryposuchus neogaeus (MLP 68-IX-V-1). Brochu (1997b) included an additional state1541
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in his original formulation of the character, which described slender ventral processes that “partici-1542

pate in basioccipital tubera”, which was scored in most caimanines. However, Brochu (1999) later1543

noted that these processes do not actually contact the tubera in Caimaninae, but only extend slightly1544

further ventrally than most other crocodylians. The description of these processes as slender is con-1545

sidered vague herein. Furthermore, the descending processes of caimanines examined here (e.g.1546

Caiman latirostris: NHMUK 86.10.4.2; Caiman crocodilus: USNM 69812; Melanosuchus niger:1547

NHMUK 1872.6.4.1) do not appear more slender than other taxa which lack an exoccipital-tubera1548

contact. As a result, this character state has been removed and taxa formerly assigned to this state1549

are now scored as lacking contact between the basioccipital tubera and exoccipital.1550

Figure 51: Ventral extent of the exoccipitals in selected crocodylian taxa. A, Alligator mississippiensis (NHMUK
1873.2.21.1); B, Hylaeochampsa vectiana (NHMUK PV R 177); C, Gavialis gangeticus (NHMUK 1974.3009) in
posterolateral view; D, Gavialis gangeticus (NHMYK uncatalogued) lateral view of braincase. Abbreviations, ex,
exoccipital; bo, basioccipital. All scale bars = 2 cm.

128. Exoccipitals, posteroventral inclination: absent, occiput vertical and not visible in dorsal view (0);1551

present, occiput inclined posteriorly, visible in dorsal view (1) (after Hua and Jouve, 2004 [167];1552

Jouve et al., 2008 [167]).1553

When viewed dorsally, the occipital surface of most crocodylians is concealed, as a result of the1554

vertical orientation of the exoccipitals that form much of the occipital surface (Fig. 52A, C).1555

In rare instances, the exoccipitals are steeply inclined posteriorly, such that they are visible in1556
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dorsal view. The latter condition is exhibited exclusively in taxa recovered as “gavialoids” in most1557

analyses, such as Gavialis gangeticus (Fig. 52B, D), Gryposuchus neogaeus (MLP 26-413), and1558

Piscogavialis jugaliperforatus (SMNK 1282 PAL). By contrast with the scores in Jouve (2016), the1559

condition is considered absent in Thoracosaurus isorhynchus (MNHN.F.MTA 61), Borealosuchsus1560

sternbergii (USNM 6533, UCMP 126099), and Borealosuchus formidabilis (Erickson, 1976, fig.4).1561

Figure 52: Variation in orientation of the occiput in Alligator mississippiensis (NHMUK 1873.2.21.1) (A, B); and
Gavialis gangeticus (NHMUK 1974.3009) (C, D).

Basioccipital1562

129. Basioccipital, orientation of lateral margins of ventral basioccipital plate: parallel or ventrally1563

convergent (0); ventrally divergent (1) (after Jouve, 2004 [176]; Jouve et al., 2008 [189]; Salas-1564

Gismondi et al., 2015 [196]).1565

The lateral margins of the basioccipital are parallel for a short distance before converging ventrally1566

in most eusuchians (Fig. 53A). However, some crocodylians, mainly “gavialoids”, exhibit a dif-1567

fernet condition, in which the lateral margins flare ventrally, e.g. Gavialis gangeticus (Fig. 53B),1568

Eogavialis africanum (NHMUK R3108), and Piscogavialis jugaliperforatus (SMNK 1282 PAL).1569

Flaring basioccipital margins are additionally present in some species of the caimanine genus,1570

Mourasuchus, including M. arendsi (UFAC 2515) and M. amazonensis (UFAC 1424).1571
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130. Basioccipital, dorsoventral height of ventral plate exposed below occipital condyle relative to oc-1572

cipital condyle height: greater or equal in height (0); shorter (1) (adapted from Jouve, 2004 [197];1573

Jouve et al. 2008 [187]).1574

Most crocodylians exhibit a basioccipital that is dorsoventrally tall, reflecting the verticalisation of1575

the cranium that is common to most eusuchians (Tarsitano et al., 1989) (Fig. 53A). Variation in1576

height of the basioccipital was discretised by previous authors using vague terms such as ’short’1577

and ’tall’ (Jouve, 2004; Jouve et al., 2008). Here the morphology is quantified using the relative1578

dorsoventral height of the portion of the basioccipital below the occipital condyle (basioccipital1579

plate) to that of the occipital condyle. The basioccipital plate is shorter than the occipital condyle1580

in Gavialis gangeticus (Fig. 53B), Gryposuchus (e.g. G. neogaeus, MLP 68-18-5-1), Eogavialis1581

africanum (NHMUK R3108), and Thoracosaurus isorhynchus (MNHN.F.MTA 61). In addition to1582

these “gavialoids”, a shortened basioccipital plate occurs in Mourasuchus (e.g. M. atopus, UCMP1583

38012), Toyotamaphimeia machikanensis (Kobayashi et al., 2006) and, despite its otherwise verti-1584

calised cranium, Alligator mississippiensis (e.g. NHMUK 68.2.12.6).1585

131. Basioccipital and ventral portion of exoccipital (otoccipital), orientation (at maturity): inclined1586

anteriorly (0); vertical (1) (after Gomani, 1997 [32]; Hua and Jouve, 2004 [167]; Salisbury et al.,1587

2006 [174]; Pol et al., 2009 [112]; Brochu et al., 2012 [168]).1588

In extant hatchling crocodylians, the ventral occipital surface formed by the exoccipitals and ba-1589

sioccipital is strongly inclined anteriorly (Tarsitano et al., 1989). With maturity, the occipital1590

surface becomes vertical, which is common to most eusuchians (Fig. 53D). A small number of1591

taxa studied here that are considered ontogenetically mature also exhibit this condition, including1592

Trilophosuchus rackhami (QM F16856), Shamosuchus djadochtaensis (Pol et al., 2009), the ’Glen1593

Rose Form’ (MCZ 4384), and Isisfordia duncani (QM F44320).1594

132. Basioccipital, sagittal crest on ventral plate: present (0); absent (1) (after Jouve, 2004 [185]; Jouve1595

et al., 2008 [180]).1596

The ventral plate of the basioccipital bears a midline crest in most eusuchians, including alliga-1597

torids (e.g. Alligator mississippiensis, Fig. 53E; Caiman latirostris, NHMUK 86.10.4.2; and Pa-1598

leosuchus trigonatus, NHMUK 1868.10.8.1), crocodylids (e.g. Osteolaemus tetraspis, NHMUK1599

1862.6.30.5 and Crocodylus porosus, QM J47448), and Borealosuchus sternbergii (USNM 6533).1600

Less commonly, the sagittal crest is absent, which mostly occurs in “gavialoids”, e.g. Gavialis1601

gangeticus (Fig. 53F), Gavialis lewisi (YPM 3226), Gryposuchus neogaeus (MLP 68-18-5-1), but1602

also ‘Tomistoma’ dowsoni (NHMUK R4769).1603

133. Basioccipital, concavity on ventral margin, posterior to median eustachian foramen: absent (0);1604
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Figure 53: Morphology of the basioccipital. (A–B) Posterior view in Tomistoma schlegelii (NHMUK 1894.2.21.1)
(A), and Gavialis gangeticus (NHMUK 1974.3009) (B); (C–D) ventral view in Isisfordia duncani (QM F44320)
(C); Alligator mississippiensis (NHMUK 1873.2.21.1) (D); (E–F) posteroventral view in Crocodylus porosus
(NHMUK 1852.12.9.2) (E), and Gavialis gangeticus (NHMUK 61.4.1.2) (F). All scale bars = 1 cm.

present (1) (after Jouve, 2004 [198]; Jouve et al., 2008 [187]).1605

The profile of the ventral margin of the basioccipital plate is straight or ventrally convex in most1606

crocodylians (Fig. 54A–B). Jouve (2004) recognised that in some “gavialoids”, the ventral margin1607

has a marked concavity at the midline, e.g. Piscogavialis jugaliperforatus (Fig. 54C), Grypo-1608

suchus neogaeus (Fig. 54D), and Ikanogavialis gameroi (Sill, 1970). This condition is additionally1609

recognised here in two caimanines: Mourasuchus atopus (UCMP 38012) and Mourasuchus arendsi1610

(UFAC 4925).1611

134. Lateral eustachian foramina, position relative to medial eustachian foramen: dorsal (0); lateral (at1612

the same level) (1) (after Norell, 1988 [46]; Brochu, 1997a [147]).1613

As explained by Brochu (2000), the three openings of the eustachian tube (one median and two1614

lateral) are in-line in all hatchling crocodylians. By maturity, the lateral eustachian foramina mi-1615
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Figure 54: Occipital view of the cranium in A, Thoracosuarus isorhynchus (MNHN.F.MTA 61); B, Eogavialis
africanum (NHMUK R 3108); C, Piscogavialis jugaliperforatus (SMNK 1282 PAL); D, Gryposuchus neogaeus
(MLP 68-IX-V-1). Scale bars in A and B = 5 cm.

grate dorsal to the median eustachian foramen in many crocodylians. This condition occurs in1616

Borealosuchus (e.g. B. sternbergii, Fig. 55A), Asiatosuchus depressifrons (Fig. 55A), Gavialis1617

gangeticus (NHMUK 1974.3009), Tomistoma schlegelii (1894.2.21.1), and Alligator mississippi-1618

ensis (NHMUK 1873.2.21.1). By contrast, in all extant Crocodylus species, as well as Crocodylus1619

thorbjarnarsoni (Brochu & Storrs, 2012) and Crocodylus anthropophagus (Brochu et al., 2010),1620

the lateral eustachian foramina remain in line with the median eustachian foramen.1621

135. Basisphenoid, dorsoventral exposure ventral to basioccipital, in posterior view (at maturity): little1622

to no exposure (0); large exposure (1) (after Brochu, 1997a [119]).1623

As noted in Character 131, most crocodylians exhibit a “verticalised” cranium, characterised by a1624

dorsoventrally tall skull, pterygoid wings that extend below the basioccipital, and several discrete1625

morphological changes in the braincase (Tarsitano et al., 1989). Whereas the verticalised condition1626
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Figure 55: Posterior view of the occiput showing position of the lateral and medial eustachian foramina. A, Bore-
alosuchus sternbergii (UCMP 126099); B, Asiatosuchus depressifrons (IRSNB R 0253); C, Crocodylus palustris
(NHMUK 1897.12.31.1). Abbreviations: leu, lateral eustachian foramen, meu, median eustachian foramen. All
scale bars = 1 cm.

is considered plesiomorphic for Crocodylia, the flattened cranium of Gavialis gangeticus is thought1627

to be secondarily evolved (Brochu, 2006b). Increased dorsoventral exposure of the basisphenoid1628

between the pterygoid and basioccipital is associated with this verticalisation (Fig. 56A). This con-1629

dition occurs in Hylaeochampsa vectiana (NHMUK R177), Allodaposuchus precedens (Delfino1630

et al., 2008a, fig.3A), Borealosuchus sternbergii (UCMP 126099), and most alligatoroids, e.g.1631

Melanosuchus niger (Fig. 56A), Paleosuchus palpebrosus (AMNH 93812), and Diplocynodon1632

hantoniensis (NHMUK 30392). By contrast, “gavialoids” such as Gavialis gangeticus (Fig. 56B),1633

Piscogavialis jugaliperforatus (SMNK 1282 PAL), and Eosuchus lerichei (IRScNB R49), appear1634

to lack any dorsoventral exposure of the basisphenoid. The basisphenoid is dorsoventrally ex-1635

posed in many crocodyloids (e.g. Crocodylus) and “tomistomines”, but this exposure is small, and1636

considered more like the “gavialoid” condition, following (Brochu, 2006b).1637

136. Pterygoid, shape of posterior process ventrolateral to basioccipital: tall, long axis orientated dorsoven-1638

trally (0); dorsoventrally short, no discernible long axis (1) (after Brochu, 1997a [98]).1639

Posterior processes of the pterygoid are projections from the pterygoid wings that occur ventral1640

to the basioccipital. Brochu (1997b) recognised that pterygoid processes varied in being tall and1641

prominent in some taxa, but smaller in others. He also subdivided the ’small condition’ based1642

on their orientation, from being posteriorly directed (some derived “gavialoids”, e.g. Gavialis1643

gangeticus) or posteroventrally directed (most crocodyloids and “tomistomines”). This formula-1644

tion precludes taxa sharing small pterygoid processes from being assigned the same character state.1645

Furthermore, differences in orientation of the pterygoid processes were not discernible during the1646
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examination of specimens. Consequently, this character has been simplified to a binary charac-1647

ter describing only the size (dorsoventral elongation) of the pterygoid processes. Whereas most1648

crocodylians exhibit dorsoventrally expanded processes, including all alligatoroids (Fig. 56A),1649

most crocodyloids, “tomistomines”, and “gavialoids” exhibit dorsoventrally short pterygoid pro-1650

cesses (Fig. 56B).1651

Figure 56: Occipital view of the cranium in A, Melanosuchus niger (NHMUK 45.8.25.125); B, Gavialis gangeticus
(NHMUK 1974.3009). Abbreviations: bs, basisphenoid; pt, pterygoid. All scale bars = 5 cm.

Palate1652

Incisive foramen1653

137. Incisive foramen, intersection of premaxilla-maxilla suture: separated by inter-premaxillary suture1654

(0); intersecting at posterior margin (1); intersecting at lateral margin (2) (after Brochu, 1997a1655

[124]) (ORDERED).1656

In palatal view, the premaxilla-maxilla suture is separated from the incisive foramen by the inter-1657

premaxillary suture in most crocodylians (Fig. 57A–B). Less commonly, the premaxilla-maxilla1658

suture intersects the incisive foramen on its lateral margin e.g. Brachychampsa montana (Fig. 57E).1659
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Brochu (1997b) characterised this morphological variation in terms of the size of the incisive fora-1660

men, which was considered either small (less than half the width across premaxillae), large (greater1661

than half the width across the premaxillae), or so large that it intersects the incisive foramen (as in1662

Brachychampsa). Here, the size of the incisive foramen is characterised in a continuous character1663

(Character 12) and the intersection of the premaxilla-maxilla suture is treated independently. This1664

is justified because taxa with proportionally similar-sized incisive foramina may or may not exhibit1665

contact with the premaxilla-maxilla suture. Sutural contact with the incisive foramen (137-1) is1666

newly recognised in Alligator prenasalis (Fig. 57C), Navajosuchus mooki (Fig. 57D), and Allog-1667

nathosuchus wartheni (YPM PU 16989), all of which have intermediate-sized incisive foramina1668

that are similar to many other crocodylians. In these taxa, the sutural intersection with the incisive1669

foramen is considered intermediate between most crocodylians (Fig. 57A) and Brachychampsa1670

(Fig. 57E), and thus the character is ordered.1671

138. Incisive foramen, anterior margin intersection with premaxillary tooth row: absent (anterior margin1672

around 2nd or 3rd alveolus) (0); present (projects between or abuts first premaxillary teeth) (1) (after1673

Brochu, 1997a [153]).1674

The distance between the anterior margin of the incisive foramen and the premaxillary toothrow1675

varies in Crocodylia (Fig. 57E–F). As originally formulated by Brochu (1997a), this variation1676

could be delimited with three character states: “Incisive foramen . . . at the level of second or1677

third alveolus (0); abuts premaxillary toothrow (1); projects between first premaxillary teeth (2)”1678

(Brochu, 1997a).1679

Brochu (1999) scored most caimanines where preserved, with his character state 2, e.g. Caiman1680

crocodilus (Fig. 57B) and Melanosuchus niger (Fig. 57F). This is agreed on here; however, the1681

distinction between this condition and character state 1 is not apparent (Brochu, 1999, fig.45A–B).1682

As such, these character states have been combined here. Under the new binary character construc-1683

tion, most crocodylians exhibit a broad separation of the incisive foramen from the toothrow by1684

the premaxilla (Fig. 57A, E), whereas several Alligator species and caimanines exhibit the derived1685

condition (Fig. 57F). In recent datasets that use the character as formulated by Brochu (1997b),1686

character state 2 is absent from scores altogether (e.g. Brochu, 2011; Brochu et al., 2012; Brochu &1687

Storrs, 2012; Narváez et al., 2016). This appears to be an error carried over to subsequent iterations1688

of this dataset, as other authors (e.g. Cidade et al., 2017) follow the scores of Brochu (1999).1689

139. Incisive foramen, posterior margin: rounded (0); invaginated by anterior process of premaxilla1690

(spade-shaped foramen) (new character, based on personal observations).1691

In Bernissartia fagesii (IRScNB 1538) and many eusuchians, the incisive foramen is circular to1692

oval. This condition is exhibited by Allodaposuchus precedens (MMS/VBN-12-10A), Borealo-1693
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suchus sternbergii (USNM 6533), Boverisuchus vorax (FMNH PR 399), and many alligatoroids,1694

e.g. Alligator mississippiensis (NHMUK 1873.2.21.1) and Purussaurus neivensis (UCMP 39704).1695

A different condition is expressed in several caimanines, “tomistomines”, and Crocodylus species,1696

which have strongly spade-shaped incisive foramina due to an anterior projection of both pre-1697

maxillae into the posterior margin, e.g. Caiman crocodilus (Fig. 57B), Crocodylus johnstoni (QM1698

J45309), Crocodylus moreletti (NHMUK 1861.4.1.4), Paleosuchus (NHMUK 1868.10.8.1, AMNH1699

93812), and Tomistoma schlegelii (NHMUK 1894.2.21.1).1700
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Figure 57: Ventral view of the anterior palate showing variation in morphology of the incisive foramen. A,
Crocodylus palustris (NHMUK 1897.12.31.1); B, Caiman crocodilus apaporiensis (FMNH 69812); C, Alligator
prenasalis (YPM PV 14063); D, Navajosuchus mooki (AMNH 5186); E, Brachychampsa montana (AMNH 5032);
F, Melanosuchus niger (FMNH 45653). Red lines trace premaxilla-maxilla suutre, white lines mark boundary of
incisive foramen. Abbreviations: mx, maxilla; pmx, premaxilla. All scale bars = 2 cm.
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Premaxillary palate1701

140. Premaxilla, number of teeth early in post-hatching ontogeny: five (0); four (1) (after Norell, 19881702

[17]; Brochu, 1997a [97]).1703

Where known, most eusuchians have five premaxillary alveoli upon hatching (Brochu, 1999) (Fig.1704

58B–C). By contrast, Paleosuchus trigonatus and Paleosuchus palpebrosus only have four (Fig.1705

58A) (Norell, 1988). Some longirostrine crocodylians, e.g. Tomistoma schlegelii (Fig. 58B), ap-1706

pear to only have four alveoli in adulthood (Iordansky, 1973); however, this is a result of reduction1707

and loss of the 2nd premaxillary alveolus, which occurs secondarily. Evidence for secondary loss of1708

the 2nd alveolus can occasionally be found as a scar for the missing alveolus immediately anterior1709

to the third alveolus (Fig. 58C). In cases where four alveoli are preserved, with no evidence of1710

a scar for the second alveolus, and no information is known of the post hatchling condition, taxa1711

are scored as a “?”. This is the case for Piscogavialis jugaliperforatus (SMNK 1282 PAL) and1712

Gryposuchus colombianus (Fig. 58D).1713

141. Premaxilla, size of the three most posterior alveoli: penultimate alveolus is the largest (0); penul-1714

timate and antepenultimate alveoli are largest and similar in size (1); the antepenultimate alveolus1715

is largest (2); alveoli are same size (3) (after Jouve et al., 2014 [225]; Salas-Gismondi et al., 20151716

[201]; Salas-Gismondi et al., 2016 [201]).1717

Of the three posteriormost premaxillary alveoli, the penultimate is the largest in most eusuchians1718

(141-0), including allodaposuchids (Narváez et al., 2016; Narváez et al., 2019), most crocodylids1719

(e.g. Crocodylus porosus, Fig. 58B), alligatorids (e.g. Alligator mcgrewi, AMNH 7905; Caiman1720

yacare, AMNH 97300), and some “tomistomines”, e.g. Maroccosuchus zennaroi (IRScNB R408).1721

The penultimate and antepenultimate alveoli are equally enlarged (141-1) in all Borealosuchus1722

species, where preserved, Diplocynodon hantoniensis (NHMUK 25188), Tomistoma schlegelii1723

(Fig. 58B), and Gavialis gangeticus (NHMUK 1974.3009). In a smaller number of taxa, the ante-1724

penultimate alveolus is the largest (141-2), e.g. Gryposuchus neogaeus (MLP 26-413) and Grypo-1725

suchus pachakamue (Salas-Gismondi et al., 2016), whereas in others, all premaxillary alveoli are1726

equally enlarged (141-3), e.g. Mourasuchus atopus (Fig. 58E) and Gavialosuchus eggenburgensis1727

(NHMUK R797).1728

142. Premaxilla, posterior extent on palate, relative to number of maxillary alveoli, in ventral view: 01729

(0); 1 (1); 2 (2); 3 (3); 4 (4); 5 or more (5) (after Jouve, 2004 [168]; Jouve et al., 2008 [168])1730

(ORDERED).1731

Variation in the posterior extent of the premaxillae on the palate has been characterised by previous1732

authors by means of a binary character that described the presence or absence of extension beyond1733
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Figure 58: Ventral view of premaxilla in selected crocodylians showing variation in alveolar size and num-
ber. A, Paleosuchus trigonatus (NHMUK 1868.10.8.1); B, Crocodylus porosus (NHMUK 86.2.4.1); C, Tomis-
toma schlegelii (NHMUK 1894.2.21.1); D, Gryposuchus colombianus (IGM 201400011); E, Mourasuchus atopus
(UCMP 38012). Red boxes indicate position of largest alveoli (character 141) Scale bar in D = 5 cm.

the 3rd maxillary alveolus (Jouve, 2004). Finer variation is recognised here with the addition of1734

numerous, ordered character states. In Toyotamaphimeia machikanensis (Kobayashi et al., 2006),1735

Maomingosuchus petrolica (Shan et al., 2017), and Diplocynodon species (e.g. D. hantoniensis,1736

NHMUK 25166) and D. ratelii, MNHN SG 539), the premaxillae do not reach the level of even1737

one maxillary alveolus. In most species of Crocodylus, Alligator, and Borealosuchus, they reach1738

one alveolus (Fig. 59A). The premaxillae reach two full maxillary alveoli in Eosuchus lerichei1739

(IRScNB R49), Tomistoma schlegelii (Fig. 59B), and Gryposuchus colombianus (Fig. 59C). The1740

premaxillae extend to the level of the 3rd, 4th, and 5th maxillary alveoli in Eogavialis africanum1741

(Fig. 59D), Gavialis gangeticus (Fig. 59E), and Piscogavialis jugaliperforatus (Fig. 59F), respec-1742

tively.1743
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143. Premaxilla, position of the penultimate premaxillary alveolus relative to the antepenultimate alve-1744

olus: posterolateral or in the same line (0); posteromedial (1) (after Jouve et al., 2015 [202])1745

144. Premaxilla, position of the last premaxillary alveolus relative to the penultimate alveolus: posterior1746

or posterolateral (0); or posteromedial (1) (after Jouve et al., 2015 [204])1747

Characters 143–144 capture variation in the premaxillary alveolar arrangement and are modified1748

from characters 202 and 204 in Jouve et al. (2015). Overlapping statements occurred in the origi-1749

nal character descriptions that would result in overweighting. Furthermore, the original characters1750

did not account for the full range of morphological variation observed in crocodylians. In most1751

eusuchians the premaxillary toothrow is arranged in an arched, posterolateral line (Fig. 59A). In1752

this condition the antepenultimate, penultimate and last premaxillary alveoli are positioned pro-1753

gressively further laterally (143-0, 144-0). Several longirostrines exhibit the opposite condition, in1754

which the final three alveoli are arranged in a posteromedial line (143-1, 144-1) (Fig. 59C). This1755

gives rise to the characteristic widened premaxilla (‘Greifapparat’) of several “gavialoids” (Kälin,1756

1933). In other longirostrines, the penultimate alveolus is lateral to, or at the same level as the1757

antepenultimate alveolus (143-0), but the final alveolus is positioned medial to them (144-1) (Fig.1758

59B, F). This morphological variation could alternatively be described in one character describing1759

the three aforementioned conditions; however, this would ignore the shared presence of a medially1760

inset last premaxillary alveolus in Gavialis gangeticus (Fig. 59E), Gryposuchus colombianus (Fig.1761

59C), Tomistoma schlegelii (Fig. 59B), Thecachampsa sericodon (USNM 24938), and Marocco-1762

suchus zennaroi (IRScNB R408), among other longirostrines.1763

145. Premaxilla, alveolar spacing (at maturity): all alveoli equally separated (0); second alveolus sepa-1764

rated from the first and close to the third (1) (after Jouve et al., 2015 [224]).1765

As explained in Character 140, the second premaxillary alveolus may be completely lost in adult1766

forms of some species, but more often it remains small and weakly separated from the third (Fig.1767

59E) (Brochu, 1999). This condition occurs in most Crocodylus species (e.g. C. intermedius,1768

FMNH 75659), all Caiman species, where preserved (e.g. Caiman crocodilus, Fig. 58B), Bo-1769

realosuchus sternbergii (USNM 6533), some Diplocynodon species (e.g. D. ratelii, MNHN SG1770

539), and Baru huberi (QM F31060). An almost equal number of taxa exhibit equidistant pre-1771

maxillary alveoli. This condition occurs in all Alligator species (Fig. 59A), Mourasuchus atopus1772

(Fig. 58E), Thoracosaurus isorhynchus (MNHN 1902-22), Eosuchus lerichei (IRScNB R49), and1773

Boverisuchus vorax (FMNH PR 399).1774
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Figure 59: Ventral view of the rostrum in selected crocodylians showing posterior extent of the premaxilla and
variation in alveolar arrangement. A, Alligator mississippiensis (NHMUK 1873.2.21.1); B, Tomistoma schlegelii
(NHMUK 1894.2.21.1); C, Gryposuchus colombianus (IGM 201400011); D, Eogavialis africanum (NHMUK PV
R3329); E, Gavialis gangeticus (NHMUK 1974.3009); F, Piscogavialis jugaliperforatus (SMNK 1282 PAL). Red
lines indicate posterior extent of premaxillae, black lines indicate alveolus position. Red points mark premaxillary
alveolar positions All scale bars = 5 cm.
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146. Premaxilla-maxilla suture, shape on palate in ventral view: horizontal (0); posteriorly bowed, with1775

one rounded apex (1); posteriorly bowed, with one acute apex (2); posteriorly bowed with two or1776

more apicies (3) (after Groh et al., 2020 [122]).1777

The ventral premaxilla-maxilla suture undulates in most crocodylians, most commonly with two1778

posterior projections (146-3). This condition occurs in most extant alligatorids (e.g. Caiman1779

crocodilus, FMNH 69812), crocodylids (e.g. Crocodylus niloticus, Fig. 60D), “tomistomines”1780

(e.g. Tomistoma schlegelii, NHMUK 1894.2.21.1), and some “gavialoids” (e.g. Eosuchus lerichei,1781

IRScNB R49). Alternatively, the suture may be straight (146-0), as in Bernissartia fagesii (IRScNB1782

1538), Voay robustus (Fig. 60A), Asiatosuchus germanicus (HLMD Me 5649), Baru (QM F16822,1783

F31060), and Diplocynodon hantoniensis (NHMUK 25166). Several taxa exhibit one median pos-1784

terior projection of the premaxilla-maxilla suture, which might be acute (146-2) (Fig. 60C), or1785

as newly introduced here, rounded (146-1) (Fig. 60B). Whereas the acute condition commonly1786

occurs in longirostrine crocodylians, e.g. Crocodylus johnstoni (QM J4280), Gavialis gangeticus1787

(NHMUK 1974.3009), and Kentisuchus spenceri (NHMUK 38974), the rounded condition is less1788

common, occurring in some crocodyloids, e.g. C. moreletti (Fig. 60B), ‘C’. affinis (AMNH 16622,1789

UCMP 131090), and ‘C’. megarhinus (YPM 53582).1790

Figure 60: Ventral view of the premaxilla-maxilla suture. A, Voay robustus (NHMUK R 36685); B, Crocody-
lus moreletti (NHMUK 1861.4.1.4); C, Crocodylus johnstoni (QM J4280); D, Crocodylus niloticus (NHMUK
1934.6.3.1). Scale bar in A = 5 cm, all other scale bars = cm.

Maxillary alveoli1791

147. Maxilla, number of the largest alveolus: 3 (0); 5 (1); 4 (2); 4 and 5 (3); 6 (4); 7 (5); maxillary1792

alveoli gradually increase in diameter posteriorly toward penultimate alveolus (6); homodont (7)1793

(after Norell, 1988 [1]; Brochu, 1997a [89]; Shan et al., 2009 [89]; Brochu, 2010 [73]; Jouve et al.,1794

2015 [89]).1795
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The number of states in this character has steadily grown with the discovery of new size arrange-1796

ments of maxillary alveoli. The largest maxillary alveolus is the third in paralligatorids (Turner,1797

2015). This includes the ‘Glen Rose Form’ (Fig. 61A), Wannchampsus kirkpachi (Adams, 2014),1798

and Shamosuchus djadochtaensis (Pol et al., 2009). The 5th maxillary alveolus is enlarged in all1799

crocodyloids (e.g. Crocodylus porosus, Fig. 61E) and Asiatosuchus germanicus, HLMD Me 5652)1800

and most “tomistomines” (e.g. Tomistoma schlegelii, Fig. 61F and Thecachampsa sericodon, Fig.1801

61G). In memebrs of Allodaposuchidae (e.g. Allodaposuchus precedens, MMS/VBN-12-10A),1802

as well as most alligatoroids (e.g. Caiman yacare, Fig. 61B) and Navajosuchus mooki, AMNH1803

5186) the 4th maxillary alveolus is largest. The 4th and 5th maxillary alveoli are equally enlarged1804

in all Borealosuchus species (Brochu, 1997a) (Fig. 61D), planocraniids (e.g. Boverisuchus vo-1805

rax, FMNH PR 399), and ‘basal’ alligatoroids, e.g. Diplocynodon hantoniensis (Fig. 61C) and1806

Leidyosuchus canadensis (NHMUK R10904). Enlargement of the 6th maxillary alveolus has only1807

been observed in Gavialosuchus eggenburgensis (Fig. 61H). Similarly, enlargement of the 7th alve-1808

olus is rare, only observed in Penghusuchus pani (Shan et al., 2009, fig.2B) and Toyotamaphimeia1809

machikanensis (Kobayashi et al., 2006, fig.8). A progressive enlargement of the posteriormost1810

maxillary alveoli is only recovered in Hylaeochampsa vectiana (NHMUK R177), Iharkutosuchus1811

makadii (Ösi, 2008, fig.9) and Acynodon iberoccitanus (Martin, 2007, fig.3D). Equally sized (ho-1812

modont) maxillary alveoli are recovered in several longirostrine crocodylians, including Gavialis1813

gangeticus (Fig. 61K), Eosuchus lerichei (Fig. 61J), and ’Tomistoma’ dowsoni (Fig. 61I). Given1814

the great degree of variation that does not form a clear, continuous range of values, this character1815

is unordered.1816

148. Maxilla, interalveolar distances between alveoli 1–10: less than or equal to diameter of first max-1817

illary alveolus (0); greater than the diameter of the first maxillary alveolus (1) (after Jouve et al.1818

2015 [235]).1819

In most brevirostrine crocodylians, the maxillary teeth sit close together such that most of the1820

interalveolar spaces between maxillary alveoli 1–10 are small, being equal to or less than the di-1821

ameter of the first maxillary alveolus (Fig. 61A–E). Although variation occurs depending on how1822

the dentary teeth occlude (see Character 151), the interalveolar distances are never consistent,1823

nor widely spaced, across the maxillary toothrow. Several longirostrine crocodylians exhibit very1824

evenly spaced maxillary alveoli; however, the interalveolar distances are still small, typically less1825

than the diameter of the first maxillary alveolus, e.g. Eosuchus lerichei (Fig. 61J) and Gavialis1826

gangeticus (Fig. 61K). By contrast, a small number of longirostrine crocodylians exhibit maxillary1827

alveoli that are both consistently distributed and large, approximately 1.5 times the diameter of the1828

first maxillary alveolus. This occurs in Gavialosuchus eggenburgensis (Fig. 61H), ‘Tomistoma’1829

dowsoni (Fig. 61I), Tomistoma cairense (SMNS 50739), Eogavialis africanum (YPM 6263), and1830
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Piscogavialis jugaliperforatus (SMNK 1282 PAL), among other longirostrine crocodylians.1831

149. Maxilla, shape of the lateral profile between alveoli 1 to 5: flaring posteriorly (0); or straight (1)1832

(new character, based on personal observations).1833

The rostra of all brevirostrine eusuchians widen posteriorly from the level of the first maxillary1834

alveolus to either the 3rd, 4th, or 5th, depending on which is the largest (149-0) (Fig. 61A–E). This1835

is sometimes described as the first ’wave’ of the maxilla (i.e. a convexity in the lateral profile), with1836

a second wave occurring posteriorly. Almost all longirostrine crocodylians with homodont denti-1837

tion lack such a wave, and the lateral profile of the maxilla is straight between alveoli 1–5 (149-1),1838

being parallel to the sagittal axis (Fig. 61I–K). This might suggest that this morphological variation1839

is associated with the presence or absence of homodont dentition, which is described in Character1840

147-7. Indeed, longirostrines with heterodont dentition tend to exhibit the same widening as all1841

brevirostrines e.g. Tomistoma schlegelii (Fig. 61F), Maroccosuchus zennaroi (IRScNB R408), and1842

Kentisuchus spenceri (NHMUK 38974); however, some longirostrines with heterodont dentition1843

have a straight profile between alveoli 1–4, e.g. Thecachampsa sericodon (Fig. 61G), Gavialo-1844

suchus eggenburgensis (Fig. 61H), and Maomingosuchus petrolica (IVPP unnumbered complete1845

skull). This indicates that the shape of the lateral maxillary margin is not always associated with1846

differentiation of the maxillary alveoli, supporting the independence of this character.1847

150. Maxilla, shape of the toothrow posterior to the first six alveoli: laterally convex or linear (0);1848

laterally concave (1) (after Brochu, 1997a [135]; Clark, 1994 [79]).1849

In most eusuchians, the posteriormost maxillary alveoli are arranged in a straight line which, al-1850

though orientated posterolaterally, recurves medially at its distal end (Fig. 61A–E). Brochu (1997a)1851

recognised that the posterior end of the toothrow does not medially recurve in Borealosuchus1852

species (Fig. 61D), a condition which has since been used to diagnose the genus (Brochu et al.,1853

2012). However, this condition is recognised much more widely in crocodylians in this study,1854

particularly in longirostrines e.g. Tomistoma schlegelii (Fig. 61F), Thecachampsa sericodon (Fig.1855

61G), Eosuchus lerichei (Fig. 61J), and Gavialis gangeticus (Fig. 61K). Furthermore, the posterior1856

toothrow is considered linear in Borealosuchus sternbergii (Fig. 61D).1857
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Figure 61: Ventral view of the palate in selected crocodylians showing variation in maxillary alveolar morphology.
A, the Glen Rose Form (USNM 22039); B, Caiman yacare (AMNH 97300, digitally reversed); C, Diplocynodon
hantoniensis (NHMUK 30392, digitally reversed); D, Borealosuchus sternbergii (UCMP 126099); E, Crocodylus
porosus (QM J47447); F, Tomistoma schlegelii (NHMUK); G, Thecachampsa sericodon (USNM); H, Gavialo-
suchus eggenburgensis (NHMUK PV R 797); I, Tomistoma dowsoni (NHMUK PV R 4769); J, Eosuchus lerichei
(IRSNB R 49); K, Gavialis gangeticus (NHMUK 1974.3009). Scale bar A = 1 cm, all other scale bars = 5 cm.
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151. Occlusion pattern: all dentary teeth occlude lingual to maxillary teeth (0); partial interlocking oc-1858

clusion, with at least one pit between maxillary teeth 5–8, all other dentary teeth occlude lingually1859

(1); all dentary teeth occlude in line with maxillary teeth (2) (after Norell, 1988 [5]; Willis, 19931860

[1]; Brochu, 1997a [78]; Lee and Yates 2018 [27] (ORDERED).1861

In Bernissartia fagesii (IRScNB 1538), Hylaeochampsidae, Paralligatoridae and most alligatoroids,1862

the dentary teeth occlude lingual to the maxillary teeth (Fig. 62A–B). This also occurs in some1863

‘basal’ crocodyloids, such as Asiatosuchus germanicus (HLMD Me 5652). By contrast, the den-1864

tary teeth occlude in line with the maxillary teeth in most crocodyloids (e.g. Crocodylus, Fig.1865

62D), all gavialoids (e.g. Tomistoma schlegelii, NHMUK 1894.2.21.1 and Gavialis gangeticus,1866

NHMUK 1974.3009), and most Borealosuchus species (e.g. B. acutidentatus, NMC 8544). In a1867

less common condition that was recognised by Brochu (1997b), occlusal pits can occur between1868

maxillary teeth 5–8, but lingual to all other maxillary teeth (Fig. 62C). Previously, only a sin-1869

gle pit was recognised between alveoli 7 and 8 (Brochu, 1997b) or 7–9 (Lee & Yates, 2018), but1870

greater variation exists. Whereas occlusal pits are present between alveoli 6 and 7, and 7 and 81871

in ‘Crocodylus’ affinis (USNM 18171) and Diplocynodon hantoniensis (NHMUK 25166), an oc-1872

clusal pit only occurs between alveoli 7 and 8 in Asiatosuchus depressifrons (Fig. 62C). In Caiman1873

crocodilus apaporiensis (FMNH 69812) an occlusal pit occurs between alveoli 5–8, and in Caiman1874

yacare (AMNH 97300) they occur between alveoli 5–7. These conditions are considered interme-1875

diate between a full lingual occlusion (151-0) and fully interlocking dentition (151-2), hence the1876

character is ordered.1877

152. Occlusion pattern, 4th dentary tooth occludes in notch between premaxilla and maxilla early in1878

ontogeny (0); occludes in a pit between premaxilla and maxilla; no notch early in ontogeny (1)1879

(after Norell, 1988 [29]; Brochu, 1997a [77]).1880

The occlusal position of the 4th dentary caniniform tooth has classically been used to distinguish1881

alligatorids from all other crocodylians (Brochu, 1999, 2003; Duméril, 1806; Norell et al., 1994).1882

Whereas alligatoroids exhibit a pit that encloses the 4th dentary tooth (Fig. 62E), crocodyloids1883

and gavialoids exhibit a notch, such that the 4th dentary tooth is laterally exposed (Fig. 62F). The1884

character must be qualified with a statement about ontogeny, as it has long been recognised that a1885

pit can become worn to a notch with maturity (Brochu, 1999; Kälin, 1933; Norell et al., 1994). This1886

is exemplified by Caiman crocodilus, hatchling specimens of which exhibit a pit (Fig. 62G), but1887

the lateral wall of the pit can become worn out and entirely lost with maturity (Fig. 62H). Similar1888

intraspecific variation is observed in fossil specimens e.g. Diplocynodon hantoniensis (Brochu,1889

1999; Norell et al., 1994, see Chapter 2 also).1890

153. Maxilla, diastema between alveoli 5 and 6: absent (0); present (1) (new character, based on personal1891
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observation).1892

A prominent diastema occurs between alveoli 5 and 6 in the ’Glen Rose Form’ (USNM 22039, Fig.1893

62A), Wannchampssus kirkpachi (Adams, 2014, fig.8), and Thoracosaurus isorhynchus (MNHN1894

1902-22). All other eusuchians exhibit sub-equally separated maxillary alveoli.1895

154. Maxilla, diastema between alveoli 6–8: absent (0); present (1) (after Montefeltro et al. 2013 [484];1896

Jouve et al. 2015 [235]).1897

The derived character state describes the presence of a diastema between alveoli 6–8. This might1898

appear redundant with character 151, as taxa with occlusal pits between alveoli 5–8 (151-1) nat-1899

urally exhibit increased interalveolar spacing similar to that described in 154-1. However, several1900

crocodylians exhibit increased interalveolar spacing between alveoli 6–8 regardless of occlusal1901

pattern. For example, most Crocodylus species (which have fully interlocking dentition, 151-2)1902

exhibit increased interalveolar spaces (154-1). By contrast, Gavialis gangeticus, which also has1903

interlocking dentary and maxillary teeth, lacks a diastema between alveoli 6–8 (154-0). Further-1904

more, despite the full lingual occlusion of all Alligator species (151-0), some exhibit slightly larger1905

interalveolar spaces between alveoli 6–8, e.g. A. mississippiensis (Fig. 62B).1906
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Figure 62: Ventral view of the palate showing variation in occlusal pattern in A, the Glen Rose Form (USNM
22039); B, Alligator mississippiensis (NHMUK 1873.2.21.1); C, Asiatosuchus depressifrons (IRSNB R 0251); D,
Crocodylus siamensis (NHMUK 1921.4.1.171); E, Alligator mississippiensis (NHMUK 1873.2.21.1); F, Crocody-
lus siamensis (NHMUK 1921.4.1.171); G, Caiman crocodilus apaporiensis (hatchling) (UCMP unnumbered);
H,Caiman crocodilus apaporiensis (adult) (UCMP 42843). All scale bars = 1 cm, except G = 2 mm.
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155. Maxillary and dentary alveoli, shape: all circular in cross-section (0); posterior alveoli medio-1907

laterally compressed (1); all alveoli mediolaterally compressed (2) (after Brochu, 2004 [165];1908

Brochu, 2010 [61]).1909

The maxillary and dentary alveoli of Bernissartia fagesii (IRScNB 1538) and most eusuchians are1910

circular throughout the toothrow (Fig. 63A). By contrast, the posteriormost alveoli are medio-1911

laterally compressed in Isisfordia duncani (QM F44320) and some alligatoroids, e.g. Paleosuchus1912

(Fig. 63B), Arambourgia gaudryi (MNHN QU17155), Procaimanoidea utahensis (USNM 15996),1913

and Bottosaurus harlani (Cossette & Brochu, 2018). In planocraniids such as Boverisuchus vorax1914

(Fig. 63D), and the crocodyloid Quinkana (Fig. 63C), the alveoli are mediolaterally compressed1915

throughout the toothrow (Brochu, 2004b, 2012).1916

Figure 63: Ventral view of the maxillary toothrow showing variation in alveolar compression. A, Crocodylus poro-
sus (NHMUK 85.2.4.1); B, Paleosuchus trigonatus (NHMUK 1868.10.8.1); C, Quinkana meboldi (QM F31056);
D, Boverisuchus vorax (UCMP 170767). All scale bars = 2 cm.

156. Dentary and maxillary teeth, shape behind alveoli 12–13: pointed to slightly blunt (0); globular1917

(1); molariform, multicusped (2) (after Salas-Gismondi et al. 2015 [198]).1918

Moving posteriorly through the toothrow, the maxillary and dentary teeth of most alligatoroids1919
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become short and stout, sometimes with blunter apices than the anteriormost teeth (Cidade et al.,1920

2019a). Some taxa exhibit a prominent increase in size become bulbous and blunt (156-1) (Brochu,1921

1999, 2004b). This condition occurs in several alligatoroids including Brachychampsa montana1922

(Fig. 64C), Hassiacosuchus haupti (Fig. 64D), Navajosuchus mooki (AMNH 6780), Allognatho-1923

suchus wartheni (YPM PU 16989), and the caimanines Globidentosuchus brachyrostris (Scheyer1924

& Delfino, 2016), Gnatusuchus pebasensis, and Caiman wannlangstoni (Salas-Gismondi et al.,1925

2015). In fewer cases, the posteriormost teeth are not only enlarged and flattened, but develop1926

multiple furrows and ridges (cusps) to give a molariform appearance e.g. Iharkutosuchus makadii1927

(Ösi, 2008, fig.7).1928

Figure 64: Lateral view of the posteriormost maxillary and dentary teeth in selected crocodylians. A, Crocody-
lus siamensis (NHMUK 1921.4.1.171); B, Diplocynodon ratelii (MNHN SG 539); C, Brachychampsa montana
(UCMP 133901); D, Hassiacosuchus haupti (HLMD-Me-4415). All scale bars = 2 cm.

157. Maxillary and dentary tooth carinae: smooth (0); serrated (1) (after Brochu 2010 [62]).1929

Whereas the sharp anterior (mesial) and posterior (distal) edges (carinae) of the teeth of most1930

crocodylians are smooth (Fig. 65A), those of Boverisuchus vorax (Fig. 65C, D), Boverisuchus1931

magnifrons (Brochu, 2012), and species of Quinkana (e.g. Q. fortirostrum, QM 32153) bear1932

saw-like serrations. Teeth associated with the giant caimanine crocodylian, Purussaurus neivensis1933

(UCMP 38932, Fig. 65A, B), have structures that superficially resemble serrations, but lack a saw-1934

like edge. Lee and Yates (2018) modified this character by the addition of a character state: “weakly1935

crenulated (i.e. serrated) with microscopic crenulations”. Of the five taxa scored for this condition1936
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in their study (Planocrania datangensis, Baru darrowi, Baru ‘Alcoota’, Quinkana timara, and Vo-1937

lia athollandersoni), only P. datangensis was examined first hand here, and the condition was not1938

observed; as such, this character state is excluded.1939

Figure 65: Tooth morphology showing variation in development of serrations. A, Purussaurus neivensis (UCMP
38932); B, enlargement of highlighted area in A; C, Boverisuchus vorax (UCMP 170767). D, enlargement of
highlighted area in C. Scale bars in B and D = 1 mm.

158. Maxilla, position of alveoli relative to maxillary palate separating toothrows: ventral or at the same1940

level (0); dorsal (1) (after Hua and Jouve, 2004 [165]; in Jouve 2016 [165]).1941

In Bernissartia fagesii (IRScNB 1538) and most eusuchians, the maxillary alveolar walls are posi-1942

tioned ventral to the remainder of the palatal surface. This occurs is all longirostrines recovered as1943

“tomistomines”, e.g. Tomistoma schlegelii (Fig. 66A), Maroccosuchus zennaroi (IRScNB R408),1944

and Thecachampsa sericodon (USNM 24938). By contrast, the maxillary toothrow is dorsally in-1945

set relative to the remainder of the palate in several exclusively longirostrine crocodylians, all of1946

which have been recovered as “gavialoids”, e.g. Gavialis gangeticus (Fig. 66B), Piscogavialis1947

jugaliperforatus (SMNK 1282 PAL), Eosuchus minor (USNM 299730), and ‘Tomistoma’ dowsoni1948

(NHMUK R4769).1949

159. Maxilla, size of foramen for palatine ramus of cranial nerve V: small or absent, less than half1950

diameter of 6th maxillary alveolus (0); large, equal to or greater than half diameter of 6th maxillary1951

alveolus (1) (after Brochu, 1997a [111]; Groh, 2020 [136]).1952

The maxillary foramen for the palatine ramus of cranial nerve V is usually the largest of a linear1953

series of foramina adjacent to the maxillary toothrow, posterior to the level of the 5th maxillary1954
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Figure 66: Lateral view of the cranial rostrum showing differences in elevation between the alveolar walls of: A,
Tomistoma schlegelii (NHMUK 1894.2.21.1); B, Gavialis gangeticus (NHMUK 1974.3009). All scale bars = 5
cm.

alveolus (Fig. 67). In most crocodylians, this foramen is inconspicuously small, e.g. all species1955

of Crocodylus (Fig. 67A). In several ‘basal’ crocodyloids, this foramen is notably larger, e.g.1956

‘Crocodylus’ affinis (Fig. 67B), Asiatosuchus germanicus (HLMD Me 5652), and Asiatosuchus1957

depressifrons (IRScNB R251). A slit-like, but enlarged foramen is also found in Thecachampsa1958

sericodon (USNM 24938). This character is modified from its original formulation by Brochu1959

(1997b) only by the quantification of foramen size by comparison with the adjacent maxillary1960

alveolus, following Groh et al. (2020).1961

Figure 67: Ventral view of the palate showing variation in cranial nerve V in A, Crocodylus siamensis (NHMUK
1921.4.1.168); and B, ‘Crocodylus’ affinis (USNM 18171). Scale bars = cm.

Palatine1962

160. Palatine, anterior process shape: rounded or quadrangular (0); wedge shaped (i.e. forms a ‘V’1963

shape anteriorly) (1) (after Brochu, 1997a [118]).1964
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The anterior palatine process is broadly rounded or squared-off at its anterior end in Bernissar-1965

tia fagesii (IRScNB 1538) and most eusuchians (Fig. 68A–C). This condition contrasts with the1966

anteriorly acute, wedge-shaped palatine process that occurs almost exclusively in longirostrine1967

crocodylians, e.g. Mecistops cataphractus (Fig. 68D), Gavialis gangeticus (Fig. 68F), Tomistoma1968

schlegelii (NHMUK 1894.2.21.1), Brochuchus pigotti (NHMUK R7729), and Baru darrowi (Willis1969

et al. 1990: fig.1).1970

161. Palatine, invagination of anterior process: absent (0); present (1) (after Brochu, 1997a [108];1971

Brochu, 2010 [84]; Delfino and De Vos, 2010).1972

The derived character state describes the invagination of a short posterior projection of the maxilla1973

into the palatine anterior process that occurs in several crocodylians. In taxa with a broad pala-1974

tine process (160-0), this results in a heart-shaped palatine process, e.g. Paleosuchus (Fig. 68E)1975

and Caiman latirostris (NHMUK 86.10.4.2, MACN PV 1420, FMNH 9713). By contrast, taxa1976

with wedge-shaped palatine processes (160-1) exhibit a narrow, bifurcated process (Fig. 68F), e.g.1977

Eosuchus lerichei (IRScNB R49), Dollosuchoides densmorei (Brochu, 2007b, fig.3), and Maomin-1978

gosuchus petrolica (Shan et al., 2017, fig.4C). In both cases the invagination is considered homol-1979

ogous. Delfino and De Vos (2010) recognised a similar invagination in Gavialis benjawanicus (not1980

studied here), which was used to distinguish that species from all other Gavialis species. However,1981

all specimens of Gavialis gangeticus studied here possess a similar (albeit smaller) invagination,1982

e.g. NHMUK 1974.3009 (Fig. 68F), NHMUK 704, NHMUK 1846.1.7.3. Whereas the palatines1983

are not bifurcated in Gavialis browni (Mook, 1932, fig.2), the condition is unknown in Gavialis1984

lewisi (YPM 3226).1985

162. Palatine, anterior process position relative to anterior margin of suborbital fenestra: anterior to, and1986

at the level of more than two full alveoli; (0) anterior to and at the level of two or fewer full alveoli1987

(1); at the same level or posterior to anterior margin of suborbital fenestra (2) (after Willis, 19931988

[2]; Brochu, 1997a [110]) (ORDERED).1989

Willis et al. (1990) noted similarities in the relative length of the palatine process of the crocody-1990

loids Baru darrowi and Brachyuranochampsa eversolei (Zangerl, 1944). In both taxa, the palatine1991

processes do not exceed the anterior margin of the palatal fenestrae. Willis (1993) discretised1992

this morphological variation as a binary character (see also Brochu (1997b), distinguishing be-1993

tween a palatine process that exceeds the anterior margin of the suborbital fenestra (common to1994

most eusuchians) (Fig. 68A–B), and one that remains posterior to the level of the anterior margin1995

of the suborbital fenestrae (Fig. 68C). The latter condition is described here in character state 21996

and is found in several ‘basal’ crocodyloids, e.g. ‘Crocodylus’ affinis (UCMP 131090, USNM1997

18171), Asiatosuchus depressifrons (IRScNB R251), Asiatosuchus germanicus (HLMD Me 5652),1998
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and Quinkana fortirostrum (Molnar, 1982, fig.3). The character has been modified here to de-1999

scribe varying lengths of the palatine process beyond the suborbital fenestra. Most eusuchians2000

have an intermediately long palatine process, which reaches the level of less than two maxillary2001

alveoli beyond the anterior margin of the suborbital fenestra (162-1) e.g. Hylaeochampsa vectiana2002

(NHMUK R177), Borealosuchus sternbergii (USNM 6533), Alligator mississippiensis (Fig. 68G),2003

and Crocodylus siamensis (Fig. 68B). By contrast, some crocodylians have a highly elongated2004

palatine process, which reaches the level of two or more alveoli beyond the suborbital fenestra2005

(162-0), e.g. Melanosuchus niger (Fig. 68A) and Gavialis gangeticus (Fig. 68F).2006

163. Palatine, palatal bar, lamina projecting into suborbital fenestrae from anterolateral margin: absent2007

(0); present (1) (after Brochu, 1997a [94]).2008

The anatomical meaning of this character is consistent with Brochu (1999, fig.44E), who recog-2009

nised that some crocodylians exhibit an anterolateral process/flange of the palatine that projects2010

into the suborbital fenestra (Fig. 68E). This process probably serves as an attachment site for M.2011

pterygoideus dorsalis (Holliday et al., 2013). As previously scored (e.g. Brochu et al., 2012), the2012

derived condition characterises both species of Paleosuchus (Fig. 68E), some Alligator species2013

(e.g. A. olseni, MCZ 1887), Diplocynodon muelleri (Piras & Buscalioni, 2006, fig.4), and Bore-2014

alosuchus sternbergii (USNM 6533). It is additionally recognised in several further Diplocynodon2015

species, e.g. D. ratelii (Fig. 68H) and D. hantoniensis (Fig. 68I). Furthermore, the condition in2016

Leidyosuchus canadensis is scored here as polymophic, given that specimens variably exhibit the2017

flange (Wu et al., 2001a).2018

164. Palatine, palatal bar, orientation of posterolateral margin realtive to sagittal axis: sub-parallel (angle2019

< 40◦) (0); flared (angle equal to or greater than 40◦) (1) (after Norell, 1988 [2]; Brochu, 1997a2020

[90]).2021

The posterolateral margin of the palatal bar is sub-parallel to the sagittal axis in Bernissartia fa-2022

gesii (IRScNB 1538) and most eusuchians, with minimal flare posteriorly (Fig. 68B). In several2023

crocodylians, the palatal bar flares abruptly at its posterior end to produce a shelf (Brochu, 1999,2024

fig.44G). This occurs mainly in alligatoroids, e.g. Melanosuchus niger (Fig. 68A), Alligator mis-2025

sissippiensis (Fig. 68G), Paleosuchus trigonatus (Fig. 68E), and Mourasuchus atopus (UCMP2026

38012), but also in the crocodylid Osteolaemus tetraspis (Fig. 68C). Fewer taxa are scored for the2027

derived condition compared to previous studies, because the character states are quantified here2028

with an angular measurement of flare. For example, the palatines flare <40◦ in Diplocynodon2029

ratelii (Fig. 68H) and Diplocynodon hantoniensis (Fig. 68I), and thus they were scored for the2030

plesiomorphic condition (differing to Brochu et al., [2012]). The development of pterygoid bullae,2031

or the inflation of the palatines and pterygoids can result in the appearance of flared palatines (Fig.2032
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68D, F). This is distinguished from truly flared palatines in that the lateral margins of the palatal2033

bar remain sub-parallel, and no shelf is developed.2034
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Figure 68: Variation in morphology of the palatine in ventral view. A, Melanosuchus niger (NHMUK 45.8.25.125);
B, Crocodylus siamensis (NHMUK 1921.4.1.168); C, Osteolaemus tetraspis (NHMUK 1862.6.30.5); D, Mecistops
cataphractus (NHMUK 1924.5.10.1); E, Paleosuchus trigonatus (NHMUK 1868.10.8.1); F, Gavialis gangeticus
(NHMUK 1974.3009); G, Alligator mississippiensis (NHMUK 1873.2.21.1); H, Diplocynodon ratelii (MNHN
SG 539); I; Diplocynodon hantoniensis (CAMSM TN 907). Abbreviations: ect, ectopterygoid; mx, maxilla; pal,
palatine, pt, pterygoid. All scale bars = 2 cm.
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165. Palatine, ventrolateral ‘ear-shaped’ process projecting from base of prefrontal pillar: absent (0);2035

present (1) (new character, adapted from Wu et al. 2001).2036

This process refers to a small, elliptical-shaped projection either side of the palatine bar, first2037

noted in Leidyosuchus canadensis (Wu et al., 2001a, fig.14C). In their study, Wu et al. (2001a)2038

noted intraspecific variation in the occurrence of such processes in Leidyosuchus, and briefly men-2039

tioned their occurrence in some specimens of Caiman, Crocodylus, and Alligator. Most eusuchians2040

studied here lack these features at all stages of ontogeny, where known (Fig. 69A), but they oc-2041

cur variably in some crocodylids such as Crocodylus niloticus (present in NHMUK 1882.3.7.12042

and NHMUK 1934.6.3.1, absent in NHMUK 1894.6.5.33) and Osteolaemus tetraspis (present in2043

FMNH 229974, absent in NHMUK 1862.6.30.5). By contrast, they were consistently observed in2044

neotropical Crocodylus species. For example, they are more consistently observed in Neotropical2045

Crocodylus species. For example, they occur in C. intermedius (FMNH 75658, FMNH 75659,2046

FMNH 75662, NHMUK 1851.8.25.29, NHMUK 62.10.19.1) and most specimens of C. rhombifer2047

(AMNH 77595, AMNH R154087), although only some specimens of C. acutus (FMNH 69884).2048

Other than Leidyosuchus canadensis, the only fossil eusuchian found to exhibit these processes in2049

this study was Agaresuchus fontisensis (Narváez et al., 2016, fig.2C). Further study of a larger2050

sample of specimens of extant species is required to explore intraspecific variation and the utility2051

of this character.2052

Figure 69: Development of ventrolateral processes of the palatines. A, Crocodylus porosus (NHMUK 1852.12.9.2);
B, Crocodylus intermedius (FMNH 75659). Scale bar = 5 cm.

Suborbital fenestra2053

166. Suborbital fenestra, position of anterior margin relative to anterior orbital margin: anterior to (0);2054

level with, or posterior to (1) (after Jouve et al., 2008 [201]).2055
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In Bernissartia fagesii (IRScNB 1538) and most eusuchians, the anterior margin of the suborbital2056

fenestra is positioned substantially anterior to that of the orbital margin. As such, only a portion2057

of the orbit can be viewed through the suborbital fenestrae (Fig. 70A, C). Less commonly, the2058

anterior margins of the suborbital fenestra and orbit are approximately level. In this condition,2059

most of the orbit is visible through the suborbital fenestra, e.g. Gavialis gangeticus (Fig. 70B),2060

Hylaeochampsa vectiana (NHMUK R177), and Procaimanoidea utahensis (USNM 15996).2061

167. Suborbital fenestra, anteromedial margin, intersection of maxilla-palatine suture: at the anterome-2062

dial margin (0); at the anterior corner (1) (after Brochu and Storrs, 2012 [187]).2063

In most eusuchians, the maxilla-palatine suture intersects the suborbital fenestra at its anteromedial2064

margin (Fig. 70A, C). Brochu and Storrs (2012) recognised a new condition, in which this suture2065

intersects the anterior corner of the suborbital fenestra, but this was only recognised in Mecistops2066

cataphractus (Fig. 70F). Jouve (2016) scored the condition more widely in crocodylians, not-2067

ing the same condition in several hylaeochampsids (Hylaeochampsa vectiana [Clark and Norell,2068

1992, fig.5], and Iharkutuosuchus makadii [Ösi et al., 2008, fig.1D]) and gavialoids (e.g. Gavi-2069

alis gangeticus, Fig. 70B, Piscogavialis jugaliperforatus, SMNK 1282 PAL, Gryposuchus colom-2070

bianus, UCMP 41136), which were similarly observed in this study. The condition is recognised2071

in several additional crocodylians, including Eosuchus lerichei (IRScNB R 49), Thecachampsa2072

sericodon (USNM 24938), Thoracosaurus isorhynchus (MNHN 1902-22), and Maomingosuchus2073

petrolica (Shan et al., 2017, fig.4C).2074

168. Suborbital fenestra, anterolateral margin width, distance from medial edge of the toothrow to fen-2075

estral margin: narrow, less than or equal to one alveolus width (0); broader than one alveolar width2076

(usually at least twice alveolar width) (1) (after Jouve et al. 2008 [146], adapted from Wu et al.2077

2001a).2078

The derived character state describes a broad lateral margin of the suborbital fenestra formed by2079

the maxilla and ectopterygoid. As noted by Wu et al. (2001a), this area is especiall broad in Lei-2080

dyosuchus canadensis, a condition that is shared by most alligatoroids, e.g. Eocaiman cavernensis2081

(Fig. 70H), Caiman crocodilus (Fig. 70D), and Alligator mississippiensis (Fig. 70E), as well as2082

some crocodyloids, e.g. Osteolaemus tetraspis (Fig. 70G) and Baru wickeni (QM F16822). By2083

contrast, most crocodyloids as well as gavialoids have narrow lateral margins of the suborbital2084

fenestra, that are typically no more than one alveolar width, e.g. Gavialis gangeticus (Fig. 70B),2085

Crocodylus porosus (Fig. 70C), and Mecistops cataphractus (Fig. 70F).2086

169. Suborbital fenestra, lateral margin shape: straight (0); projecting medially into fenestra (1) (rephrased2087

from Brochu, 1997a [105]).2088
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170. Suborbital fenestra, contribution of maxilla to medial projection: absent, projection entirely formed2089

by ectopterygoid (0); present (1) (new character, adapted from Brochu, 1997a).2090

Characters 169 and 170 describe the presence and position of a medial projection into the subor-2091

bital fenestra from its lateral wall, and were derived by reductively coding Character 105 in Brochu2092

(1997b). A medial projection (169-1) was recognised in Bernissartia fagesii (IRScNB 1538), some2093

alligatoroids, (e.g. Alligator mcgrewi, AMNH 7905 and Eocaiman cavernensis, Fig. 70H), and2094

the crocodyloids Osteolaemus tetraspis (Fig. 70G) and Trilophosuchus rackhami (QM F16856).2095

Brochu (1999) noted that the degree to which the maxilla participates varies between taxa, which2096

is herein captured in Character 170. Whereas the process is formed entirely by the ectopterygoid2097

(170-0) in the crocodyloids Osteolaemus tetraspis (Fig. 70G) and Trilophosuchus, the maxilla con-2098

tributes to this process (170-1) in the alligatoroids Eocaiman cavernensis (Fig. 70H) and Alligator2099

mcgrewi (AMNH 7905).2100

171. Suborbital fenestra, posterolateral margin shape at ectopterygoid-pterygoid suture intersection:2101

straight (0); bowed anteromedially (1) (after Brochu, 1997a [88]; Brochu, 2010 [119]).2102

In Bernissartia fagesii (IRScNB 1538) and most eusuchians, the posterior margin of the suborbital2103

fenestra is rounded (Brochu, 1999) (Fig. 70B, D). By contrast, some eusuchians exhibit a convexity2104

in the fenestral margin around the level of the intersection of the ectopterygoid-pterygoid suture,2105

which produces an embayment near the posterior corner of the suborbital fenestra (Brochu, 1999).2106

Among eusuchians, this condition occurs in some Alligator species (e.g. A. mississippiensis, Fig.2107

70E and A. sinensis, USNM 292078), and most Crocodylus species, e.g. C. porosus (Fig. 70C), C.2108

acutus (NHMUK 1975.997), and C. johnstoni (QM J39230).2109

172. Suborbital fenestra, posterior margin, intersection of palatine-pterygoid suture: at the posterior2110

corner (0); on the posteromedial margin (1) (after Brochu, 1997a [85]).2111

This character has received minor changes to its wording. Originally, the plesiomorphic condition2112

described the palatine-pterygoid suture being “nearly at” the posterior margin of the suborbital2113

fenestra (Brochu, 1997b, Character 85). In the revised format, taxa scored for the plesiomorphic2114

condition must exhibit a pterygoid-palatine suture which intersects precisely at the posterior cor-2115

ner of the suborbital fenestra (Fig. 70E). Consequently, by contrast with previous studies (e.g.2116

Brochu et al., 2012), some taxa are newly scored for the derived condition, e.g. Paleosuchus2117

trigonatus (Fig. 70I), Procaimanoidea utahensis (USNM 15996), and Allodaposuchus precedens2118

(MMS/VBN-12-10-A).2119

173. Ectopterygoid, anterior extent relative to maxillary alveoli: reaches the level of two or fewer alveoli2120

(0); more than two alveoli (1) (after Jouve, 2016 [91], Lee and Yates, 2018 [28]).2121
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The ectopterygoid extends beyond two maxillary alveoli in most eusuchians, e.g. Borealosuchus2122

sternbergii (Fig. 70A), Boverisuchus vorax (FMNH PR 399), Crocodylus porosus (Fig. 70C),2123

Caiman crocodilus (Fig. 70D), and Alligator mississippiensis (Fig. 70E). By contrast, the ec-2124

topterygoid reaches fewer than two maxillary alveoli in Bernissartia fagesii (IRScNB 1538), some2125

gavialoids (e.g. Gavialis gangeticus, Fig. 70B), Tomistoma schlegelii (NHMUK 1894.2.21.1),2126

and some alligatoroids, e.g. Brachychampsa montana (UCMP 133901) and Melanosuchus niger2127

(NHMUK 45.8.25.125).2128

174. Ectopterygoid, anterior extent relative to anteroposterior length of suborbital fenestra: less than2129

two thirds of fenestra length (0); equal to or greater than two thirds of fenestra length (1) (after2130

Brochu and Storrs, 2012 [185]).2131

The anterior extent of the ectopterygoid relative to the anteroposterior length of the suborbital2132

fenestra is independent of ectopterygoid extent relative to maxillary alveoli (Character 173). This is2133

evidenced by the occurrence of all possible combinations of characters 173 and 174 in multiple taxa2134

examined here. For example, in Gavialis gangeticus (Fig. 70B), Brachychampsa montana (UCMP2135

133901), and Stangerochampsa mccabei (Wu et al., 1996, fig.1B), the ectopterygoid anteriorly2136

reaches the level of fewer than two alveoli (173-0), but the anterior ectopterygoid ramus still forms2137

more than two thirds the length of the suborbital fenestra (174-1). By contrast, in Borealosuchus2138

sternbergii (Fig. 70A), Borealosuchus formidabilis (Erickson, 1976, fig.5), and Diplocynodon2139

hantoniensis (NHMUK 30392), the ectopterygoid is adjacent to two or more maxillary alveoli2140

(173-1), but the anterior ectopterygoid ramus forms around half the anteroposterior length of the2141

suborbital fenestra (174-0).2142

Ectopterygoid2143

175. Ectopterygoid, contact with maxillary toothrow, forming the medial wall of at least one maxil-2144

lary alveolus: absent, ectopterygoid-maxilla suture anteromedially orientated and separated from2145

toothrow margin (0); absent, ectopterygoid-maxilla suture parallel and adjacent to medial toothrow2146

margin (1); present (2) (after Norell, 1988 [19]; Brochu, 1997a [91]; Jouve, 2016 [91]) (OR-2147

DERED).2148

Most studies follow the original formulation of this character by Brochu (1997b) (e.g. Brochu et2149

al., 2012; Lee & Yates, 2018; Narváez et al., 2016; Salas-Gismondi et al., 2016; Salas-Gismondi2150

et al., 2015; Salas-Gismondi et al., 2019): “Ectopterygoid abuts maxillary toothrow (0); or max-2151

illa broadly separates ectopterygoid from maxillary tooth row (1)” (Brochu, 1997b, Character 91).2152

The condition in which the maxilla broadly separates the ectopterygoid from the toothrow (e.g. Fig.2153

71H) has long been considered diagnostic of Alligatoroidea, and strongly contrasts with the fully2154
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abutting ectopterygoid of crocodylids (e.g. Fig. 71R) (Norell et al., 1994, fig.6; Brochu, 1999,2155

fig.24A–B). Accordingly, alligatoroids are scored for character state 1 in most matrices, with2156

gavialoids, “tomistomines”, Borealosuchus, and Bernissartia fagesii all described as having an ec-2157

topterygoid which abuts the maxillary toothrow, as in crocodylids. However, this is inaccurate, as2158

the ectopterygoid is separated by the maxilla in many of the aforementioned taxa, e.g. Bernissartia2159

fagesii (Fig. 71A) (see also Martin et al., 2020, fig.2D), Borealosuchus sternbergii (Fig. 71B–C),2160

Tomistoma schlegelii (Fig. 71D), and Gavialis gangeticus (Fig. 71E). This was alluded to by2161

Delfino et al. (2005), who indicated that it is inappropriate to describe Gavialis gangeticus and2162

Crocodylus niloticus as sharing the same condition, and that the character should be better de-2163

fined. Jouve (2016) evidently reached the same conclusion, as he introduced a new character state2164

that distinguished several gavialoids, “tomistomines”, ‘basal’ crocodyloids, and all Borealosuchus2165

species, from the alligatoroid and crocodylid conditions. According to Jouve (2016), these taxa2166

exhibit an “ectopterygoid (that) does not abut the maxillary teeth, and the ectopterygoid-maxillary2167

suture parallels the toothrow”. The difference between the condition in taxa such as Gavialis,2168

Tomistoma, and Borealosuchus, to that of an alligatoroid such as Alligator mississippiensis (Fig.2169

71H), is only a matter of degree. The important distinction is between those with an ectopterygoid-2170

toothrow contact, and those without. Furthermore, the difference in degree of separation can be2171

attributed, in part, to differences in the width of the lateral margin of the suborbital fenestra, which,2172

as established earlier in Character 168, tends to be wider in alligatoroids (Wu et al., 2001a) (Fig.2173

71I–J). Consequently, most of the taxa scored for the new condition by Jouve (2016) have been2174

changed to character state 0 here, i.e. the same condition exhibited by alligatoroids. Nevertheless,2175

Jouve’s additional character state has been co-opted to describe a distinct condition (175-1) that2176

occurs mainly in crocodyloids (e.g. Asiatosuchus depressifrons, Fig. 71K, Kambara implexidens,2177

Fig. 71L and Australosuchus clarkae, UCMP 71396), but also Diplocynodon ratelii (Fig. 71M),2178

Boverisuchus vorax (Fig. 71N), and Piscogavialis jugaliperforatus(Fig. 71O). In these taxa, the2179

ectopterygoid incipiently contacts the toothrow, barely separated by a thin slither of the maxilla.2180

The revised character is ordered given that this character state is considered intermediate (175-1)2181

between a widely separated ectopterygoid (175-0) and a fully abutting ectopterygoid (175-2), the2182

latter characterising most crocodylids (Fig. 71P–T) as in previous studies.2183
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Figure 70: Sutural relationships and morphology of the suborbital fenestra in selected crocodylians. A, Bore-
alosuchus sternbergii (UCMP 126099); B, Gavialis gangeticus (NHMUK 1974.3009) (digitally reversed); C,
Crocodylus porosus (NHMUK 1852.12.9.2); D, Caiman crocodilus chiapasius (FMNH 73694); E, Alligator mis-
sissippiensis (NHMUK 1873.2.21.1); F, Mecistops cataphractus (NHMUK 1924.5.10.1) (digitally reversed); G,
Osteolaemus tetraspis (NHMUK 1862.6.30.5); H, Eocaiman cavernensis (AMNH 3158) (digitally reversed); I,
Paleosuchus trigonatus (NHMUK 1868.10.8.1). Abbreviations: ect, ectopterygoid; mx, maxilla; pal, palatine; pt,
pterygoid. All scale bars = 1 cm.
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Figure 71: Variation in the ectopterygoid-maxilla suture. A, Bernissartia fagesii (IRSNB 1538); B, Borealo-
suchus sternbergii (USNM 6533); C, Borealosuchus sternbergii (UCMP 126099); D, Tomistoma schlegelii (USNM
211323); E, Gavialis gangeticus (NHMUK 1974.3009); F, Paleosuchus trigonatus (NHMUK 1868.10.8.1); G,
Eosuchus lerichei (IRSNB R 49); H, Alligator mississippiensis (AMNH 71621); I, Navajosuchus mooki (AMNH
6780); J, Caiman latirostris (FMNH 9713); K, ‘Crocodylus’ depressifrons (IRSNB R 251); L, Kambara im-
plexidens (QM 29662); M, Diplocynodon ratelii (MNHN SG 539); N, Boverisuchus vorax (FMNH PR 399); O,
Piscogavialis jugaliperforatus (SMNK 1282 PAL); P, Thecachampsa sericodon (USNM 25243); Q, Crocodylus
rhombifer (AMNH R 154087); R, Crocodylus porosus (NHMUK 1852.12.9.2); S, Crocodylus niloticus (NHMUK
1934.6.3.1); T, Osteolaemus tetraspis (NHMUK 1862.6.30.5). Abbreviations: ect, ectopterygoid; mx, maxilla.
All scale bars = 1 cm.

125



176. Ectopterygoid, morphology of anterior maxillary ramus on lateral suborbital fenestra wall: acute,2184

tapering to a single point (0); forked (1) (after Brochu, 1997a [109]).2185

The anterior tip of the ectopterygoid forms an acute point in most crocodylians (Fig. 72A). In2186

Mecistops cataphractus (NHMUK 62.6.30.8), Brochuchus pigotti (NHMUK R7729), Crocodylus2187

palaeindicus (NHMUK 39795), and some individuals of all extant Crocodylus species, the anterior2188

margin bears a cleft (Fig. 72B) (Brochu, 2000). Following the observations of Brochu et al. (2010),2189

the condition is scored as polymorphic in extant Crocodylus species.2190

Figure 72: Variation in morphology of the ectopterygoid tip in crocodylians. A, Crocodylus acutus (NHMUK
1975.997); B, Crocodylus niloticus (NHMUK 1934.6.3.1) (digitally reversed). Abbreviations: ect, ectopterygoid;
mx, maxilla. Scale bars = cm.

177. Ectopterygoid, anterior maxillary ramus: contacts suborbital fenestra (0); separated from the sub-2191

orbital fenestra by the maxilla (1) (after Brochu and Storrs, 2012 [186]).2192

In most crocodylians, the anterior tip of the ectopterygoid contributes to the lateral margin of the2193

suborbital fenestra, e.g. Crocodylus porosus (Fig. 73A). Less commonly, the ectopterygoid may be2194

blocked from the suborbital fenestra at its anterior tip by a thin posterior projection of the maxilla.2195

This condition occurs in Mecistops cataphractus (Fig. 73B), some mekosuchines (e.g. Mekosuchus2196

sanderi [QM F31188], Kambara implexidens [QM F29662], Baru wickeni [QM F16822], and Baru2197

huberi [QM F31063]), and is polymorphic in Crocodylus johnstoni (e.g. present in QM J39230,2198

absent in QM J45309).2199

178. Ectopterygoid, position relative to maxillary alveoli: restricted to medial side (0); forming posterior2200

and lateral margins (1) (new character, adapted from Clark and Norell, 1992).2201

Clark and Norell (1992) recognised that the putative ‘palatal foramen’ of Hylaeochampsa vec-2202

tiana is actually a highly enlarged posterior maxillary alveolus (Fig. 74B), as is also the case in2203

Iharkutosuchus makadii (Ösi, 2008). Furthermore, the ectopterygoid partially roofs this alveolus in2204

both taxa, forming the posterior and lateral alveolar walls (178-1) (Fig. 74B) (Ösi, 2008, fig.1D).2205
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Figure 73: Relationship of the ectopterygoid anterior tip and suborbital fenestra. A, Crocodylus porosus (NHMUK
1852.12.9.2) (digitally reversed); B, Mecistops cataphractus (NHMUK 1924.5.10.1). Abbreviations: ect, ec-
topterygoid; mx, maxilla. All scale bars = 1 cm.

In Bernissartia fagesii (IRScNB 1538) and all other eusuchians, the ectopterygoid is completely2206

excluded from the posterior and lateral margins of the toothrow (178-0), e.g. Alligator mississippi-2207

ensis (Fig. 74A).2208

179. Maxilla, non-dentigerous posterior process between jugal and ectopterygoid: short, less than an-2209

teroposterior length across last three maxillary alveoli (0); long, equal to or greater than anteropos-2210

terior length across last three maxillary alveoli (1) (after Jouve et al., 2008 [172]).2211

In all crocodylians the maxilla forms an acute posterior process between the jugal and ectopterygoid2212

(Fig. 75). In most species this process is short, approximately the length of one or two maxillary2213

alveoli e.g. Alligator mississippiensis (Fig. 75A). This process is notably longer in Mecistops2214

cataphractus (NHMUK 1924.5.10.1), and several gavialoids, e.g. Gavialis gangeticus (Fig. 75B),2215

Piscogavialis jugaliperforatus (SMNK 1282 PAL), and Argochampsa krebsi (NHMUK R36872).2216

180. Ectopterygoid, dorsal extent along medial surface of postorbital bar: large, extends dorsal to level2217

of ventral orbital margin (0); small, level with or ventral to level of ventral orbital margin (1) (after2218

Brochu, 1997a [133]).2219
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Figure 74: Ventrolateral view of the posterior maxillary toothrow showing the relationship of the ectopterygoid to
the toothrow. A, Caiman latirostris (NHMUK 1897.12.31.1); B, Hylaeochampsa vectiana (NHMUK PV R 177).
Abbreviations: ect, ectopterygoid; jug, jugal; mx, maxilla. Scale bar in B = 1 cm.

Figure 75: Ventral views of the suborbital fenestra showing variation in size of the maxillary non-dentigerous
process in A, Alligator mississippiensis (NHMUK 1873.2.21.1); and B, Gavialis gangeticus (NHMUK 1974.3009).
Scale bar = 1 cm.

The ectopterygoid sutures to the medial surface of the jugal, ascending the postorbital bar in most2220

neosuchians, dorsal to the level of the ventral orbital margin (180-0) (Brochu, 1999). This occurs in2221

Bernissartia fagesii (IRScNB 1538), Hylaeochampsa vectiana (NHMU R177), planocraniids (e.g.2222

Boverisuchus vorax, FMNH PR 399), crocodyloids (e.g. Crocodylus acutus, Fig. 76A), gavialoids2223

(e.g. Gavialis gangeticus, Fig. 76C) and Tomistoma schlegelii (NHMUK 1894.2.21.1). The dorsal2224

extent of the ectopterygoid is low in all extant alligatorids (180-1) and several fossil alligatoroids2225

(e.g. Brachychampsa montana, UCMP 133901), not exceeding the level of the ventral margin of2226

the orbit (Fig. 76B). All species of Borealosuchus were previously scored for the plesiomorphic2227

condition, where preserved (Brochu et al., 2012), but the derived condition can be observed in2228

Borealosuchus sternbergii (UCMP 126099).2229

181. Ectopterygoid, morphology of posterior process on the medial jugal surface: acute, extends be-2230

yond level of posterior margin of postorbital bar (0); acute, terminating before posterior margin2231
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of postorbital bar (1); rounded (2) (after Norell, 1989 [9]; Jouve, 2004 [146]; Jouve, 2016 [243])2232

(ORDERED).2233

In addition to the dorsomedial ascending ramus of the ectopterygoid (Character 180), some taxa2234

exhibit a posteromedial process, which runs along the medial surface of the jugal arch (Fig. 76).2235

Norell (1989), and later Jouve (2016) characterised this morphological variation in a binary, pres-2236

ence/ absence character. One additional intermediate character state is included here, and the2237

character is ordered. Taxa exhibiting a long posterior process that exceeds the level of the pos-2238

torbital bar (181-0) include Bernissartia fagesii (IRScNB 1538), most “gavialoids” (e.g. Gavialis2239

gangeticus [Fig. 76C] and Eogavialis africanum [YPM 6263]), some crocodyloids (e.g. Trilopho-2240

suchus rackhami [QM F16856] and Kambara implexidens [QM F29662]), and some caimanines2241

(e.g. Mourasuchus atopus [UCMP 38012] and Acresuchus pachytemporalis [UFAC 2507]). By2242

contrast, the process is absent (182-2) in all extant crocodylids (e.g. Crocodylus acutus [Fig. 76A]2243

and Osteolaemus tetraspis [NHMUK 1862.6.30.5]), and most “tomistomines” (e.g. Tomistoma2244

schlegelii [NHMUK 1894.2.21.1] and Thecachampsa sericodon [USNM 24938]). In the interme-2245

diate condition (181-1), the ectopterygoid forms a posteromedial process, but it does not exceed2246

the posterior margin of the postorbital bar (Fig. 76B). This occurs in some Diplocynodon species2247

(e.g. D. ratelii [MNHN SG 539] and D. hantoniensis [NHMUK OR 30392]), Eosuchus lericheri2248

(IRScNB R49), and all extant caimanines, e.g. Caiman latirostris (Fig. 76B).2249

Figure 76: Ventromedial view of the temporal bar in selected crocodylians. A, Crocodylus acutus (NHMUK
1975.997); B, Caiman latirostris (NHMUK 1897.12.31.1); C, Gavialis gangeticus (NHMUK 1974.3009) (digitally
reversed). Abbreviations: ect, ectopterygoid; jug, jugal; po, postorbital. Scale bar in C = 2 cm, all other scale bars
= cm.

182. Jugal, extent of ectopterygoid and maxilla on medial surface, anterior to the postorbital bar: min-2250

imal, jugal visible (0); extensive, covering medial surface of jugal (1) (new character, based on2251

personal observations).2252

In most crocodylians, a large portion of the medial jugal surface is exposed anterior to the postor-2253

bital bar in between the sutural contacts of the ectopterygoid and maxilla (Fig. 77A). By contrast,2254

the ectopterygoid and maxilla cover most of the medial jugal surface in all Mekosuchus species,2255
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where preserved (e.g. M. inexpectatus [Fig. 77B] and M. sanderi [QM F31166]), and also in2256

Trilophosuchus rackhami (QM F16856).2257

183. Quadratojugal, anterior process on medial surface of lower temporal bar: present (0); absent (or2258

very modest) (1) (Brochu, 1997a [83]).2259

In Bernissartia fagesii (IRScNB 1538) and most eusuchians, the medial surface of the jugal form-2260

ing the lower temporal bar bears an anterior process of the quadratojugal (Fig. 77B). This pro-2261

cess occurs in all “gavialoids”, alligatoroids, and some crocodyloids, e.g. Mekosuchus inexpecta-2262

tus (Fig. 77B), ‘Crocodylus’ affinis (USNM 1811), and Asiatosuchus depressifrons (IRScNB IG2263

9912). By contrast, the process is absent in all extant crocodylids and some “tomistomines”, e.g.2264

Tomistoma schlegelii (NHMK 1894.2.21.1).2265

Figure 77: Isolated jugals in medial view showing the development of the anterior quadratojugal process, and extent
of ectopterygoid and maxilla sutures. A, Crocodylus acutus (UCMP 81699); B, Mekosuchus inexpectatus (MNHN
NCP 06). Abbreviations: jug, jugal; qtj, quadratojugal. Scale bar = 1 cm.

184. Jugal, morphology of medial foramen anterior to postorbital bar: small foramen (0); large recess2266

(1) (Brochu, 1997a [120]).2267
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As noted by Brochu (1997a), the medial surface of the jugal is perforated by a foramen in all eu-2268

suchians (Fig. 78). This foramen usually remains small, as in all alligatoroids (Fig. 78A) and2269

“gavialoids”. By contrast, the foramen is enlarged to the extent that it forms a deep recess in Bo-2270

realosuchus sternbergii (Brochu, 1997a, fig.5A), all extant crocodylids, and most “tomistomines”,2271

e.g. Tomistoma schlegelii (Fig. 78B) and Thecachampsa sericodon (USNM 24938). A measure2272

of foramen size was not used because the distinction between the two character states is clear, and2273

intermediate sized foramina are not present in any of the taxa in this dataset.2274

Figure 78: Medial view of the right jugal through the orbit in A, Alligator mississippiensis (NHMUK 1873.2.21.1);
B, Tomistoma schlegelii (NHMUK 1894.2.21.1). Scale bars = cm.

185. Ectopterygoid-pterygoid suture, shape (at maturity): straight (0); kinked (i.e. with ‘flexure’) (1)2275

(after Brochu, 1997a [116]).2276

In juvenile individuals of all extant crocodylians, the pterygoid-ectopterygoid suture posterior to2277

the suborbital fenestra is prominently kinked (Brochu, 1999). This results from a process of the2278

pterygoid that projects into the descending process of the ectopterygoid. Brochu (1999) recognised2279

that whereas adult individuals of all extant caimanines paedomorphically retain this feature (e.g.2280

Caiman latirostris, Fig. 79B), all other crocodylians lose it at maturity (e.g. Crocodylus acutus,2281

Fig. 79C). Accordingly, Brochu (1999) recovered this feature as a synapomorphy of the crown2282

group of caimanines, also present in some extinct species, e.g. Purussaurus neivensis (UCMP2283

45719). This condition is also present in some species of the ‘basal’ alligatoroid genus Diplocyn-2284

odon, e.g. D. deponiae (Delfino & Smith, 2012) and D. hantoniensis (Chapter 2, Fig. 79A).2285

186. Ectopterygoid, posterior extent on pterygoid flange: reaches posterior tip (0); does not reach pos-2286

terior tip (1) (after Norell, 1988 [32]; Brochu, 1997a [149]).2287

The descending process of the ectopterygoid underlies the pterygoid flange (Fig. 80). In almost all2288

eusuchians, the ectopterygoid terminates before reaching the posterior tip of the pterygoid flange,2289
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Figure 79: Ventral view of the ectopterygoid-pterygoid suture in selected crocodylians. A, Diplocynodon han-
toniensis (NHMUK); B, Caiman yacare (AMNH 97300); C, Crocodylus acutus (FMNH 69884). Abbreviations:
ect, ectopterygoid; pt, pterygoid; sof, suborbital fenestra. Scale bars = 2 cm.

e.g. Crocodylus siamensis (Fig. 80C). As in previous datasets, the plesiomorphic condition is rare,2290

occurring only in Bernissartia fagesii (Fig. 80A) and Penghusuchus pani (Shan et al., 2009, fig.3b).2291

This condition was previously considered to be present in the ‘Glen Rose Form’ (e.g. Brochu,2292

1999). However, although the ectopterygoid almost reaches the posterior end of the pterygoid in2293

this taxon, it nonetheless terminates shortly before the posterior tip (Fig. 80B).2294

Figure 80: Ventral view of the pterygoids showing variation in posterior extent of the ectopterygoid on the ptery-
goid. A, Bernissartia fagesii (IRScNB 1538); B, the ’Glen Rose Form’ (MCZ 4453); C, Crocodylus siamensis
(NHMUK 1921.4.1.168). Abbreviations: ect, ectopterygoid; pt, pterygoid. Scale bar = 1cm.
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Choanae2295

187. Choanae, palatine participation: present, forms anterior margin of choanae (0); absent, choanae2296

entirely surrounded by the pterygoids (1) (adapted from Benton and Clark, 1988; Norell and Clark,2297

1990 [1]; Clark, 1994 [43]; Brochu, 1997a [71]).2298

The degree of involvement of the palatines in the choanae has long been recognised as an evolu-2299

tionarily significant morphological feature of crocodyliforms (e.g. Benton & Clark, 1988; Clark,2300

1994; Norell & Clark, 1990; Wu & Brinkman, 1993). Indeed, Huxley (1875) originally diagnosed2301

Eusuchia by the enclosure of the choanae by the pterygoids (among other features). There are2302

several existing morphological characters that describe the degree of palatine participation in the2303

choanae, with slightly different formulations (e.g. Clark, 1994; Groh et al., 2020; Pol et al., 2009;2304

Tennant et al., 2016). Here the character is binary, describing the presence or absence of palatine2305

contact with the choanae, as variation in the degree of palatine participation was not observed in2306

the taxa in the current dataset. The palatines contribute to the anterior margin of the choanae in2307

Bernissartia fagesii (Norell & Clark, 1990) and some non-crocodylian eusuchians e.g. the ‘Glen2308

Rose Form’ (Fig. 81A), Theriosuchus pusillus (Tennant et al., 2016, NHMUK 48330), and Shamo-2309

suchus djadochtaensis (Pol et al., 2009). By contrast, the choanae are fully enclosed by the ptery-2310

goids in allodaposuchids (e.g. Allodaposuchus precedens [MMS/VBN-12-10A]), hylaeochampsids2311

(e.g. Hylaeochampsa vectiana [NHMUK R177]), and all crocodylians (Fig. 81C–H).2312

188. Choanae, position of anterior margin: anterior to posterior margin of suborbital fenestra (0); level2313

with posterior margin of suborbital fenestra (1); posterior to posterior margin of suborbital fenestra2314

(2) (after Clark, 1994 [44]; Pol and Norell, 2004 [44]; Pol et al., 2009 [44]) (ORDERED).2315

In all eusuchians with pterygoid-bound choanae, the anterior margin of the choanae lies consider-2316

ably posterior to the suborbital fenestrae (188-2) (Fig. 81C–H). Taxa in which the palatine con-2317

tributes to the choanae exhibit variation in choanal position relative to the suborbital fenestra. In2318

Bernissartia fagesii, the anterior margin of the choana is at the level of the posterior margin of the2319

suborbital fenestra (188-1) (Pol et al., 2009, fig.40). By contrast, the anterior margin of the choanae2320

is positioned anterior to the posterior margin of the suborbital fenestra (188-0) in Paralligatoridae2321

(e.g. the ‘Glen Rose Form’, Fig. 81A), and in Isisfordia duncani (Turner & Pritchard, 2015) (Fig.2322

81B). The character is ordered to capture the anterior to posterior transition of the choanae.2323

189. Choanae, position of posterior margin relative to posterior edge of pterygoid flange: anterior to2324

or at the same level as the posterior edge of pterygoid flange (0); posterior to posterior edge of2325

pterygoid flange (1) (after Jouve 2016 [209]; Pol et al. 2009 [44]).2326

This character describes the relative positions of the posterior margins of the choanae and the ptery-2327
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goid flange, which is independent of the variation described in Character 188. The derived state in2328

Character 189 occurs exclusively in longirostrine crocodylians, in which the fully pterygoid-bound2329

choanae (187-1) are positioned posterior to the suborbital fenestra (188-2). In taxa with character2330

state 189-1, the posterior margin of the pterygoid flange tends to be straight, and positioned ante-2331

rior to the posterior choanal margin across its entire length, e.g. Gavialis gangeticus (Fig. 81E),2332

Thecachampsa sericodon (USNM 24938), Eogavialis africanum (YPM 6263), and Thoracosaurus2333

isorhynchus (MNHN 1902-22). In Bernissartia fagesii (IRScNB 1538) and most eusuchians (Fig.2334

81C, D, G), the posterior margin of the pterygoid flange is concave and its posterolateral tip extends2335

beyond the level of the posterior choanal margin (189-0).2336

190. Choanae, shape: circular or elliptical (0); sub-triangular, tapering posteriorly (1); sub-rectangular2337

(long-axis orientated mediolaterally) (2); sub-triangular, tapering anteriorly (3) (after Montefeltro2338

et al., 2013 [22]; Jouve et al., 2015 [236]; Groh et al., 2020 [360]).2339

Several studies of crocodylian systematics have included a character similar to this, but it usu-2340

ally characterises choanal shape as either circular or triangular (Jouve et al., 2015; Iijima and2341

Kobayashi, 2019). Character states from studies of neosuchian phylogeny have been incorporated2342

here (e.g. Groh et al., 2020; Montefeltro et al., 2013), as they are also recognised in crocodylian2343

taxa. In Bernissartia fagesii and most eusuchians the choanae are circular to elliptical (190-0) (Fig.2344

81C, E). Exclusively to some alligatoroids, the choanae are triangular, tapering posteriorly (190-1),2345

e.g. Diplocynodon ratelii (Fig. 81F), Caiman latirostris (Fig. 81G), and Paleosuchus trigonatus2346

(NHMUK 1868.10.8.1). By contrast, the choanae are triangular and taper anteriorly (190-3) in2347

Thecachampsa sericodon (Fig. 82C), Tomistoma lusitanica (Antunes, 1961), and Penghusuchus2348

pani (Shan et al., 2009). Rectangular choanae that are strongly mediolaterally elongate (190-2)2349

occur in the giant caimanine taxa Mourasuchus atopus (Fig. 81H), Purussaurus neivensis (UCMP2350

39704), and Purussaurus mirandai (Aguilera et al., 2006), as well as Gavialis lewisi (YPM 3226).2351

191. Choanae, anterior margin shape: linear or curved (0); invaginated (1) (new character, based on2352

personal observations).2353

In most eusuchians, the anterior margin of the choanae is straight or slightly curved, e.g. Crocody-2354

lus porosus (Fig. 81C) and Gavialis gangeticus (Fig. 81D). By contrast, some (almost exclusively2355

alligatoroid) crocodylians exhibit a posterior midline projection of the pterygoids into the choanae2356

(191-1), giving it a heart-shaped outline, e.g. Caiman latirostris (Fig. 81D), Diplocynodon ratelii2357

(Fig. 81F) and Diplocynodon hantoniensis (NHMUK OR 25167). Several taxa that have this2358

feature are also charactersied by a protruding choanal septum (Character state 194-1), potentially2359

calling into question the independence of these characters. Nevertheless, some taxa that lack this2360

protruding choanal septum (194-0), e.g. Leidyosuchus canadensis, do have an invaginated anterior2361
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choanal margin (191-1) (Wu et al., 2001a, fig.2).2362

192. Choanae, direction of choanal projection (at maturity): posteroventrally (0); ventrally to anteroven-2363

trally (1) (after Clark, 1994 [39]; in Brochu, 1997a [72]).2364

As discussed by Norell (1989) and Brochu (1999, fig.43), the nasopharyngeal duct terminates2365

in posteriorly-to-posteroventrally opening choanae in extant crocodylids (Fig. 81C), Gavialis2366

gangeticus (Fig. 81E), and Tomistoma schlegelii (e.g. NHMUK 1894.2.21.1). This condition2367

appears to be plesiomorphic for Crocodylia, given that it occurs in Bernissartia and most non-2368

crocodylian eusuchians e.g. Hylaeochampsa vectiana (NHMUK R177). By contrast, the choanae2369

of extant alligatorids face ventrally to anteroventrally, e.g. Caiman latirostris (Fig. 81D). Several2370

‘basal’ alligatoroids exhibit the posteroventrally-opening condition (192-0), e.g. Diplocynodon2371

ratelii (Fig. 81F).2372

193. Choanae, septum: present (0); absent (1) (after Brochu, 1997a [152]; Groh et al., 2019 [353]).2373

194. Choanae, external projection of septum: absent, septum remains recessed within choanae (0);2374

present, septum approaches external margin of choanae (1) (after Brochu, 1997a [152]).2375

Characters 193 and 194 were derived by reductively coding character 152 in Brochu (1997b). A2376

choanal septum occurs in Bernissartia fagesii (IRScNB 1538), all alligatoroids, where preserved2377

(e.g. Caiman yacare [Fig. 81D] and Diplocynodon ratelii [Fig. 81F], all extant crocodylids (e.g.2378

Crocodylus porosus [Fig. 81C]), and most “tomistomines”, e.g. Tomistoma schlegelii (NHMUK2379

1894.2.21.1) and Thecachampsa sericodon (USNM 24938). By contrast, most “gavialoids” lack2380

a choanal septum; for example, it is absent in Gavialis gangeticus (Fig. 81E) and Piscogavialis2381

jugaliperforatus (SMNK 1282 PAL), but present in Eosuchus lerichei (IRScNB R49). A choanal2382

septum is also absent in several paralligatorids (e.g. the ‘Glen Rose Form’ [Fig. 81A]) and some2383

allodaposuchids (e.g. Lohuecosuchus megadontos [Narváez et al., 2015]). Among taxa that possess2384

a choanal septum, it is rarely so prominent that it approaches the external surface of the choanae2385

(194-1). This condition occurs in some Alligator species (e.g. A. mississippiensis, Fig. 82D),2386

all extant species of Caiman (e.g. C. latirostris [Fig. 82E]), and Melanosuchus niger (NHMUK2387

45.8.25.125). A prominent choanal septum was very likely present in Diplocynodon ratelii (194-1)2388

but subsequently worn down (Fig. 82H).2389
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Figure 81: Position and morphology of choanae in selected crocodylian taxa. A, Glen Rose Form (MCZ 4453);
B, Isisfordia duncani (QM F44320); C, Crocodylus porosus (QM J47448); D, Caiman yacare (AMNH 97300);
E, Gavialis gangeticus (NHMUK 1935.6.4.1); F, Diplocynodon ratelii (MNHN SG 539); G, Caiman latirostris
FMNH 9713; H, Mourasuchus atopus (UCMP 38012). Abbreviations: ect, ectopterygoid; pal, palatine; pt, ptery-
goid. Scale bars = 1 cm.
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195. Choanae, ornamentation of margins: unornamented, margins (usually) flush with pterygoid surface2390

(0); elevated, forming a wall restricted to the posterior and posterolateral margins (1); elevated2391

forming a wall which extends to the anterolateral (but not anterior) margins of the choanae (2);2392

elevated, forming a wall which completely circumscribes the choanae (3) (after Brochu, 1997a2393

[73]; Pol and Norell, 2004 [183]).2394

In Bernissartia fagesii (IRScNB 1538) and most eusuchians, the choanal margins are unorna-2395

mented (195-0) and essentially flush with the pterygoids. Some species variably develop a thin2396

lip surrounding the choanae (Fig. 82B), or a slight thickening of the margins, which might be2397

ontogenetic (Fig. 82C), but this is still considered unornamented. Furthermore, in taxa wherein2398

the choanae faces posteroventrally (e.g. Crocodylus porosus, Fig. 82A), they cannot strictly be2399

described as flush (hence “usually”). Nevertheless, the margins are all equally developed and con-2400

sidered unornamented (195-0). Character state 1 describes a condition that occurs in all extant2401

alligatorids, in which the posterior and posterolateral margins form a ventrally projecting lamina.2402

This was noted by Brochu (1999), although he only discretised the presence or absence of a notch2403

in this posterior wall, a feature that occurs in caimanines (see Character 196). This posterior wall2404

also occurs in Brachychampsa montana (UCMP 133901), Stangerochampsa maccabei (Wu et al.,2405

1996, fig.1B), and Eocaiman cavernensis (AMNH 3158). Similarly upturned walls were recog-2406

nised in Diplocynodon hantoniensis (Fig. 82G, Chapter 2), but in a slightly different arrangement.2407

In that taxon, the lateral to anterolateral margins of the choanae are prominently upturned, but not2408

the posterior margins (195-2). This condition is observed in all other Diplocynodon species, where2409

preserved, e.g. D. darwini (HLMD Me 17680a), D. deponiae (IRScNB R 261), and (although2410

worn) D. ratelii (Fig. 82H). It is also tentatively recognised in Leidyosuchus canadensis, based on2411

the description and figures of Wu et al. (2001a). Character state 3 describes the choanal morphol-2412

ogy exhibited by Voay robusts (Fig. 82L), in which the choanae is completely circumscribed by2413

ventrally projecting lamina. This condition also occurs in both species of Osteolaemus (Fig. 82J),2414

Brochuchus pigotti (Fig. 82K), and Maomingosuchus petrolica (Shan et al., 2017, fig.3C). Given2415

that there is not a clear transition from the flush (195-0) to the fully-walled states, this character is2416

not ordered.2417

196. Choanae, morphology of posterior wall: not notched, or with broadly rounded notch (0); acutely2418

notched (1) (after Brochu, 1997a [107]).2419

This character describes the presence or absence of an acute midline incision of the posterior2420

choanal wall described in Character state 195-1. As recognised by Brochu (1999), the acutely2421

notched condition occurs in all extant caimanines and several fossil species (Fig. 82N). The derived2422

condition is also recognised in Alligator mcgrewi (Fig. 82O). The distinction between ’broadly2423
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rounded’ (196-0) and ’acutely notched’ (196-1) is important, as several alligatorids have a notch in2424

the posterior choanal margin (e.g. Alligator mississippiensis, Fig. 82A), but it is notably different2425

to the condition in caimanines (e.g. Paleosuchus trigonatus, Fig. 82N).2426

197. Pterygoid, surface lateral and anterior to choanae flush (0); depressed to form ‘neck’ (1) (after2427

Brochu, 1997a [73]).2428

The presence of a choanal ‘neck’ was recovered as diagnostic of Osteolaeminae (Brochu, 2007a).2429

This condition arises from a depression anteriorly and anterolateral to the choanae, and was indeed2430

observed in Osteolaemus tetraspis (Fig. 82J), Brochuchus pigotti (Fig. 82K), and Voay robustus.2431

A ‘neck’ is additionally observed in several other crocodyloids, including most extant Crocodylus2432

species as well as Gavialis lewisi (YPM 3226).2433

198. Pterygoid, ornamentation lateral to choanae, anteriorly directed ridges on the pterygoid extending2434

from the lateral margins of the choanae: absent (0); present (1) (after Lee and Yates, 2018 [161]).2435

Ridges on the pterygoid, lateral to the choanae, were first identified in Kambara implexidens (Salis-2436

bury & Willis, 1996) (Fig. 83B), and later found in several additional mekosuchines, e.g. Kambara2437

taraina (Buchanan, 2009) and Baru wickeni (Yates, 2017). Here they are still exclusively recog-2438

nised in mekosuchines. These ridges are distinguished from the upturned lateral margins of the2439

choanae described in Character state 195-2: they are much lower and extend anteriorly on the2440

pterygoid beyond the choanae.2441

Pterygoid2442

199. Pterygoid, bulbous differentiated bullae (at maturity): absent (0); present (1) (after Lee and Yates,2443

2018 [158]; Salas-Gismondi et al., 2019 [206]).2444

The pterygoids and palatines forming the walls of the nasopharyngeal duct can become inflated2445

through ontogeny in several species of Crocodylus, e.g. C. porosus (Fig. 84A). However, this2446

condition is distinguished from the condition exhibited by all species of Gavialis examined here2447

(e.g. G. gangeticus, Fig. 84B), which develop bulbous, differentiated ‘bullae’ that are formed2448

entirely by the pterygoids at maturity (199-1).2449
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Figure 82: Morphology of the choanal rim in selected crocodylians. A, Crocodylus porosus (NHMUK
1852.12.9.2); B, Mecistops cataphractus (NHMUK 1924.5.10.1); C, Thecachampsa sericodon (USNM); D, Alliga-
tor mississippiensis (NHMUK 1873.2.21.1); E, Caiman yacare (MACN uncatalogued specimen); F, Paleosuchus
trigonatus (NHMUK 1868.10.8.1); G, Diplocynodon hantoniensis (CAMSM TN 907) ; H, Diplocynodon ratelii
(MNHN SG 539); I, Hylaeochampsa vectiana (NHMUK R 177); J, Osteolaemus tetraspis (NHMUK 1862.6.30.5);
K, Brochuchus pigotti (NHMUK R 7729); L, Voay robustus (NHMUK R 36685); A, Alligator mississippiensis
(NHMUK 1873.2.21.1); B, Paleosuchus trigonatus (NHMUK 1868.10.8.1); D, Alligator mcgrewi (AMNH FAM
7905). Scale bars A–L = 1 cm, M–O = 2 mm.
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200. Quadrate, ventral surface, attachment scar for posterior mandibular adductor muscle, morphology:2450

linear crests (0); ventrally directed knob (1) (after Brochu, 2011 [180]; Ösi et al., 2007 [165]).2451

The ventral surface of the quadrate is ornamented with several low, linear crests (200-0) that form2452

the attachment sites for the mandibular adductor muscles in Bernissartia fagesii and most eu-2453

suchians (Fig. 85A) (Iordansky, 1973). By contrast, in Hylaeochampsa vectiana (Fig. 85B), and2454

Iharkutosuchus makadii (Ösi, 2008), the ventral surface of the quadrate bears a discrete knob-like2455

protuberance (200-1).2456

Figure 83: Ventral view of the choanae showing variation in development of ridges anterolateral to the choanae
in: A, Crocodylus siamensis (NHMUK 1921.4.1.168); B, Kambara implexidens (QM 29663). Black arrows mark
position of ridge. All scale bars = 1 cm.

Figure 84: Ventrolateral view of the palatine bar showing the development of pterygoid bullae. A, Crocodylus
porosus (NHMUK 1852.12.9.2); B, Gavialis gangeticus (NHMUK 1974.3009). Abbreviations: pal, palatine; pt,
pterygoid. Scale bar in A = 3cm, B = cm.
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Figure 85: Ventromedial view of the quadrate ramus in A, Tomistoma schlegelii (NHMUK 1894.2.21.1); and B,
Hylaeochampsa vectiana (NHMUK PV R 177). All scale bars = 2 cm.

201. Basisphenoid, exposure between basioccipital and pterygoids in ventral view: not or poorly ex-2457

posed, basisphenoid anteroposteriorly short (0); largely exposed, basisphenoid anteroposteriorly2458

long (1) (after Brochu, 1997a [113]; Jouve, 2016 [113]).2459

The derived character state describes the anteroposteriorly long basisphenoid exposure that is2460

unique to Gavialis gangeticus (Fig. 86C) among extant crocodylians (Fig. 86A–B) (Brochu,2461

2006b). The derived condition also occurs in most fossil “gavialoids”, e.g. Eogavialis africanum2462

(YPM 6263) and Eosuchus minor (Brochu, 2006b).2463

202. Jugal, posterior extent relative to basioccipital tubera: extends beyond level of posterior margin of2464

basioccipital tubera (0); level with or anterior to posterior margin of basioccipital tubera (1) (after2465

Jouve, 2004 [186]; Jouve et al., 2008 [181]; Jouve, 2016 [181]).2466

In most eusuchians, the jugal extends beyond the level of the posterior margin of the basioccipital2467

tubera (Fig. 86A–B). By contrast, in some “gavialoids”, e.g. Gavialis gangeticus (Fig. 86C) and2468

Argochampsa krebsi (NHMUK R36872), the jugals do not extend beyond this margin, usually2469

terminating anterior to the level of the basioccipital tubera. This feature is best observed in ventral2470

view.2471

Braincase2472

203. Basisphenoid rostrum, posteroventrally directed ridge on lateral margins: absent (0); present (1)2473

(new character, based on personal observations).2474

Few taxa preserve the basisphenoid rostrum sufficiently to score this character; however, in all2475

extant alligatorids examined here, an arcuate ridge occurs on the posterolateral surface of the2476

basisphenoid rostrum, e.g. Alligator mississippiensis (Fig. 87A). This ridge is absent in Gavi-2477
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Figure 86: Variation in the posterior extent of the jugal relative to the basioccipital tubera. A, Alligator mississippi-
ensis (NHMUK 1873.2.21.1); B, Tomistoma schlegelii (NHMUK 1894.2.21.1); C, Gavialis gangeticus (NHMUK
1974.3009). Basioccipital tubera highlighted in red, dotted line marks posterior extent of jugal. Abbreviations: bo,
basioccipital; bs, basisphenoid; jug, jugal; pt, pterygoid. Scale bar = 5 cm.

alis gangeticus (NHMUK 96.7.7.4.2), Tomistoma schlegelii (NHMUK 1894.2.21.1) and all extant2478

Crocodylus species, e.g. C. siamensis (Fig. 87B).2479

204. Basisphenoid, exposure on the lateral braincase wall, anteroventral to the trigeminal foramen: ab-2480

sent (0); present (1) (after Brochu, 1997a [129]).2481

The derived character state describes a posterior extension of the basisphenoid onto the lateral2482

braincase wall that typically reaches the level of the laterosphenoid bridge in all extant crocodylids,2483

e.g. Crocodylus (Fig. 87B), Osteolaemus tetraspis (NHMUK 1862.6.30.5), and Mecistops cat-2484

aphractus (NHMUK 1924.5.10.1), as well as Tomistoma schlegelii (Fig. 87F). By contrast, the2485

basisphenoid is not visible on the lateral braincase wall, or extends posteriorly by only a small2486

amount, in Gavialis gangeticus (NHMUK 1974.3009) and all extant alligatorids, e.g. Alligator2487

mississippiensis (Fig. 87A), Caiman crocodilus (Fig. 87E), and Melanosuchus niger (Fig. 87C).2488
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Figure 87: Variation in morphology of the basisphenoid rostrum. Left lateral view of the braincase in A, Alliga-
tor mississippiensis (NHMUK 1873.2.21.1); B, Crocodylus rhombifer (AMNH 77595); C, Melanosuchus niger
(NHMUK 45.8.25.125); D, Crocodylus acutus (NHMUK 1975.997); E, Caiman crocodilus (FMNH 69812); F,
Tomistoma schlegelii (NHMUK 1894.2.21.1). Basisphenoid outlined in red. All scale bars = 2 cm.
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205. Basisphenoid, sulcus on anterior braincase wall, lateral to basisphenoid rostrum: present (0); absent2489

(1) (after Brochu, 1997a [122]).2490

In anteromedial view of the braincase, a sulcus can be observed on the posterolateral surface of2491

the basisphenoid in some crocodylians (205-1), e.g. Gavialis gangeticus (Fig. 88A). This condi-2492

tion is recognised here in almost all extant crocodylians, except for some species of Crocodylus2493

(C. intermedius, C. johnstoni, C. mindorensis, and C. novaeguineae); this contrasts with previous2494

datasets, which scored all extant crocodylids and Tomistoma schlegelii as lacking this fossa. These2495

differences may be a result of interspecific variation in the degree of development of the fossa,2496

which could lead some authors to score the condition as absent when it is here considered ‘weakly’2497

developed.2498

Figure 88: Anteromedial view of the basisphenoid rostrum in A, Gavialis gangeticus (NHMUK 1935.6.4.1); and
B, Crocodylus niloticus (NHMUK 1934.6.3.1). Scale bar = 2 cm.

206. Laterosphenoid, orientation of capitate process anterior margin: perpendicular to the sagittal plane2499

(0); directed anterolaterally from the sagittal plane (1) (after Brochu, 1997a [130]).2500

The capitate process is a dorsolateral extension of the laterosphenoid, that contacts the ventral mar-2501

gins of the postorbital and frontal at the anterolateral corner of the cranial table (Fig. 89). In most2502

crocodylians, the anterior margin of the capitate process is orientated anterolaterally relative to the2503

sagittal plane (Fig. 89A). By contrast, the anterior margin is orientated almost perpendicular to the2504

sagittal plane in some, longirostrine crocodylians, e.g. Gavialis gangeticus (Fig. 89B), Eogavialis2505

africanum (NHMUK R 3325), Piscogavialis jugaliperforatus (SMNK 1282 PAL), Thecachampsa2506

sericodon (USNM 24938), and Thoracosaurus neocesariensis (AMNH 2542).2507

207. Laterosphenoid, lateral laterosphenoid bridge over cavum epiptericum: absent (0); present (1) (af-2508

ter Lee and Yates, 2018 [122]; Brochu, 1999; Holliday and Witmer, 2009).2509

208. Laterosphenoid, lateral laterosphenoid bridge morphology: short process, which does not suture to2510
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Figure 89: Ventromedial view of the braincase in A, Caiman latirostris (NHMUK 86.10.4.2); B, Gavialis gangeti-
cus (NHMUK uncatalogued). Abbreviations: lt, laterosphenoid. Scale bar in A = 2 cm, B = cm.

the pterygoid ventrally (0); robust process, which sutures to the pterygoid ventrally (1) (adapted2511

from Holliday and Witmer, 2009; Lee and Yates, 2018 [122]).2512

The lateral laterosphenoid bridge is a dorsoventrally orientated strut of bone formed predominantly2513

by a descending process of the laterosphenoid anterior to the foramen ovale (Fig. 90). This bridge2514

encloses the ophthalmic branch of cranial nerve V (Brochu, 1999; Holliday et al., 2013; Iordan-2515

sky, 1973). Where preserved, all extant and most fossil crocodylians possess a lateral laterosphe-2516

noid bridge (207-1) (Fig. 90B–F). By contrast, the bridge is absent (207-0) in Hylaeochampsa2517

vectiana (NHMUK R177), Portugalosuchus azenhae (Mateus et al., 2019, fig.9B), Shamosuchus2518

djadochtaensis (Pol et al., 2009) and several “gavialoids” including Piscogavialis jugaliperfora-2519

tus (Fig. 90A), Eogavialis africanum (NHMUK R3325), and Gryposuchus colombianus (UCMP2520

38358) (Holliday & Witmer, 2009, fig.12A). Brochu and Gingerich (2000) commented that the2521

laterosphenoid bridge of most “crocodylids” is incomplete, such that it does not contact the ptery-2522

goid to fully enclose the ophthalmic branch of CN V. By contrast, the bridge was found to contact2523

the pterygoid in all extant “crocodylids” examined here (208-1), with the exception of Tomistoma2524

schlegelii, in which it forms a small discontinuous process (Fig. 90B) (208-0), similar to that2525

described in the “tomistomines” Paratomistoma courti (Brochu & Gingerich, 2000).2526

209. Laterosphenoid, caudal laterosphenoid bridge over cavum epiptericum: absent (0); present (1)2527

(after Lee and Yates, 2018 [124]; adapted from Holliday and Witmer, 2009).2528

210. Laterosphenoid, caudal laterosphenoid bridge morphology: short ventrally directed strut (0); long2529

ventral process joining with extra process of the quadrate (1); hypertrophied wall, which bisects2530

the foramen ovale (2) (after Lee and Yates, 2018 [124]; adapted from Holliday and Witmer, 2009)2531

(ORDERED).2532

Characters 209 and 210 were derived by reductively coding Character 124 from Lee and Yates2533
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(2018), and by the addition of a character state. The caudal (=posterior) bridge of the laterosphe-2534

noid (sensu Holliday & Witmer, 2009) is a ventral process positioned at the dorsal margin of the2535

foramen ovale, at the level of the laterosphenoid-quadrate suture (Fig. 90). This bridge is absent2536

in most fossil crocodylians in which the braincase is preserved (e.g. Piscogavialis jugaliperfora-2537

tus, Fig. 90A), but occurs in some form in most extant crocodylians. For example, the bridge2538

forms a short, discontinuous strut (210-0) in Tomistoma schlegelii (Fig. 90B) and several species2539

of Crocodylus (e.g. Crocodylus novaeguineae, Fig. 90D). As noted by (Holliday & Witmer, 2009),2540

the bridge is elongate in some extant Crocodylus species, with extra bony processes that form a2541

continuous bridge e.g. Crocodylus siamensis (Fig. 90E). The new character state (210-2) included2542

here is based on observations of Mourasuchus arendsi (Cidade et al., 2019b) (Fig. 90F), and de-2543

scribes a single robust caudal bridge, which is not known in any other eusuchian studied here. The2544

character is also ordered. (Fig. 91)2545

211. Laterosphenoid, ascending process of the pterygoid forming ventral portion of lateral laterosphe-2546

noid bridge: absent (0); present (1) (after Brochu, 1997a [115]).2547

Most crocodylian character lists describe an ascending process of the palatine that contributes to the2548

base of the laterosphenoid bridge, which appears to be an error carried forward from the character2549

list of Brochu (1997a). As described and clearly figured by Brochu (1999, fig.52C), the derived2550

character state refers in fact to an ascending pterygoid process, which forms a robust ventral portion2551

of the lateral laterosphenoid bridge in some crocodylians, e.g. Alligator mississippiensis (Fig. 91B)2552

and Diplocynodon ratelii (Fig. 91A). By contrast, the lateral bridge receives little to no contribution2553

from the pterygoid in most crocodylians, where known (Fig. 91C–F).2554

212. Epipterygoid: present (0); absent (1) (after Lee and Yates, 2018 [121]; adapted from Holliday and2555

Witmer, 2009).2556

213. Epipterygoid, retraction from the cavum epitericum: epipterygoid overhangs cavum epitericum2557

(0); or epipterygoid isolated from cavum epitericum (1) (after Lee and Yates, 2018 [121]; adapted2558

from Holliday and Witmer, 2009).2559

Characters 212 and 213 were derived by reductively coding Character 121 in Lee and Yates (2018).2560

The epipterygoid links the palate with the braincase plesiomorphically in Crocodylomorpha, form-2561

ing the lateral wall of the cavum epitericum (Holliday & Witmer, 2009). The epipterygoid appears2562

to be absent in nearly all crocodylians (212-0), where the laterosphenoid bridge forms an analo-2563

gous structure; however, Holliday and Witmer (2009) identified the epipterygoid in Leidyosuchus2564

canadensis, Eosuchus minor, and Borealosuchus sternbergii (212-1). The morphology of the2565

epipterygoid is variable. For example, in Eosuchus minor the epiterygoid is small and triangu-2566

lar, and does not overhang the cavum epitericum (213-1) (Holliday & Witmer, 2009, fig.11H).2567
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By contrast, the epiterygoid is larger and more ventrally developed in Leidyosuchus and Borealo-2568

suchus sternbergii, such that it overhangs the cavum epitericum (213-0) (Holliday & Witmer, 2009,2569

fig.11D).2570

Figure 90: Left lateral view of the braincase showing variation in morphology of the laterosphenoid in A, Piscogavi-
alis jugaliperforatus (SMNK 1282 PAL); B, Tomistoma schlegelii (USNM 211323); C, Alligator mississippiensis
(NHMUK 1873.2.21.1); D, Crocodylus novaeguineae (NHMUK 1886.5.20.1); E, Crocodylus siamensis (NHMUK
1897.12.31.1); F, Mourasuchus arendsi (UFAC 2515). Abbreviations: clb, caudal laterosphenoid bridge; fov,
foramen ovale; llb, lateral laterosphenoid bridge. All scale bars = 2 cm.

214. Prootic, exposure on external braincase wall: small, little to no exposure dorsal and ventral to2571

the trigeminal foramen (0); large exposure ventral to trigeminal foramen only (1); extensive ex-2572

posure dorsal and ventral to trigeminal foramen (2) (after Norell, 1989 [5]; Brochu, 1997a [74])2573

(ORDERED).2574

The prootic is a poorly exposed bone that is partially visible in the walls of the foramen ovale2575
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in most eusuchians (Fig. 91). As originally formulated, this character was binary, distinguishing2576

between a small or extensive exposure of the prootic. Here, an intermediate state is added and the2577

character is ordered. In previous datasets (e.g. Brochu et al., 2012), the extensive prootic exposure2578

was recognised in Gavialis gangeticus, “tomistomines” (e.g. Tomistoma schlegelli, Paratomistoma2579

courti, Thecachamapsa antiquus), some Borealosuchus (e.g. B. sternbergii, and Diplocynodon2580

species (e.g. Dṫextitratelii and D. hantoniensis). Here, the extensive exposure (214-2) is only con-2581

sidered present in Gavialis gangeticus and Tomistoma schlegelii. The condition in these two taxa2582

is remarkably similar, with prominent, anteroposteriorly narrow dorsal and ventral extension of the2583

prootic on the braincase wall (Fig. 91C, E). By contrast, Diplocynodon ratelii has a modest ventral2584

exposure of the prootic, but it is hidden dorsally in the walls of the foramen ovale (Fig. 91A).2585

This condition is similar to that of a number of additional crocodylians, including Borealosuchus2586

sternbergii (USNM 6533), Paratomistoma courti (Brochu & Gingerich, 2000, fig.3D), Alligator2587

mississippiensis (Fig. 91B) and some Crocodylus species (Fig. 91D). These taxa have been as-2588

signed to a new character state (214-1), which is considered intermediate between the very small2589

prootic exposure of most crocodylians (214-0) (Fig. 91F), and the extensive exposure of Gavialis2590

gangeticus nad Tomistoma schlegelii.2591

215. Quadrate-pterygoid suture, path on lateral braincase wall between basisphenoid exposure and fora-2592

men ovale: ventrally deflected (0); straight (1) (after Brochu, 1997a [127]).2593

In extant alligatorids, the quadrate-pterygoid suture runs diagonally along the lateral braincase2594

wall, from the basisphenoid exposure to the foramen ovale, with a prominent ventral deflec-2595

tion (215-0), e.g. Alligator mississippiensis (Fig. 92A). The same condition occurs in Gavi-2596

alis gangeticus (NHMUK 1935.6.4.1), Tomistoma schlegelii (USNM 211323), and several fossil2597

crocodylians, including Brachychampsa montana (UCMP 133901) and Gryposuchus colombianus2598

(UCMP 38358). By contrast, the quadrate-pterygoid suture is approximately straight in Diplo-2599

cynodon (e.g. D. ratelii, Fig. 92B), and all extant crocodylids. The condition is unknown in the2600

outgroup Bernissartia fagesii, and the only non-crocodylian eusuchian scored for this character2601

(Iharkutosuchus makadii) exhibits the ventrally deflected condition (215-0) (Mateus et al., 2019,2602

fig.S13).2603

Mandible2604

Dentary-Splenial2605

216. Dentary, anteriormost teeth: strongly procumbent, appraoching sub-horizontal (0); project dorsally2606

or steeply anterodorsally (1) (after Brochu, 1997a [53]).2607
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Figure 91: Left lateral view of the braincase showing variation in prootic exposure (red outline). A, Diplocynodon
ratelii (MNHN SG 557); B, Alligator mississippiensis (NHMUK 1873.2.21.1); C, Gavialis gangeticus (NHMUK
uncatalogued); D, Crocodylus intermedius (FMNH 75659); E, Tomistoma schlegelii (USNM 211323); F, Crocody-
lus niloticus (NHMUK 1934.6.3.1). Abbreviations: lt, laterosphenoid, pt, pterygoid. All scale bars = 1 cm.

Strongly procumbent anterior dentary teeth occur in the outgroup Bernissartia fagesii (IRScNB2608

1538) and some paralligatorids, e.g. the ’Glen Rose Form’ (Fig. 93A) and Wannchampsus kirk-2609

pachi (Adams, 2014). Among crocodylians, procumbent dentary teeth also characterise Aram-2610

bourgia gaudryi (MNHN QU17155), and Mekosuchus, e.g. M. inexpectatus (MNHN NCP 06).2611

All other eusuchians exhibit dorsally or steeply anterodorsally-projecting anterior dentary teeth2612

(Fig. 93B).2613

217. Dentary, alveoli 3 and 4: confluent (0); separate (1) (after Brochu, 1997a [52]).2614

Most eusuchians have an enlarged 4th dentary caniniform tooth. Equal enlargement of the 3rd and2615

4th dentary alveoli, such that they are weakly separated and share the same interalveolar wall, oc-2616

curs in Bernissartia fagesii (IRScNB 1538), Diplocynodon (e.g. D. ratelii, Fig. 93C), Leidyosuchus2617

149



Figure 92: Lateral view of the braincase showing variation in the quadrate-pterygoid suture. A, Alligator mississip-
piensis (NHMUK 1873.2.21.1); and B, Diplocynodon ratelii (MNHN SG 557). Abbreviations: bs, basisphenoid;
pt, pterygoid; qd, quadrate. All scale bars = 2 cm.

canadensis (YPM 284), Borealosuchus (e.g. B. sternbergii, USNM 6533), and Eothoracosaurus2618

mississippiensis (Brochu, 2004a). In all other crocodylians, the 3rd and 4th dentary alveoli are2619

separated (Fig. 93D), with the 4th alveolus being notably larger than the third.2620

218. Dentary, dorsoventral height at the level of alveoli 1–4 relative to alveoli 11–12: at the same level2621

or higher (0); lower (1) (adapted from Bona, 2007; Pinheiro et al., 2013 [124]; Cidade et al., 20172622

[183]).2623

In most crocodylians, the dorsal margin of the alveolar walls of dentary alveoli 1–4 are approxi-2624

mately in line with alveoli 11–12 (Fig. 93E). Bona (2007) recognised an alternative condition in2625

Eocaiman, in which the anteriormost dentary alveoli are more ventrally positioned than the poste-2626

rior dentary alveoli (Fig. 93F). Whereas this condition has only been recognised in Eocaiman in2627

previous studies (e.g. Cidade et al., 2017). It also occurs in several non-caimanine alligatoroids,2628

e.g. Alligator mcgrewi (AMNH FAM 8700), Navajosuchus mooki (AMNH 6780), and Allognatho-2629

suchus wartheni (YPM PU 16989).2630

219. Dentary, numerical position of largest alveolus posterior to 4th dentary alveolus: 13 and/or 14 (0);2631

13 and/or 14 and a posterior series (1); 10, 11 and/or 12 (2); no differentiation posterior to 4th
2632

alveolus (3); posterior to 14 (4) (after Brochu, 2004a [167]; Brochu, 2010 [37]; Brochu, 20112633

[51]).2634

Most crocodylians have two areas of enlarged alveoli in the dentary (Brochu, 2004b). Whereas the2635

first consistently occurs at the 4th alveolus, the second is variable and can extend over a series of2636

alveoli. In most eusuchians the second region of enlargement occurs between alveoli 10–12 (219-2637

2), e.g. all extant caimanines (Fig. 94C), extant crocodylids, Diplocynodon, and Borealosuchus.2638

In many alligatorines (including Alligator), this enlargement occurs at the level of alveoli 13 and2639
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Figure 93: Morphology of the anterior dentary toothrow. A, Glen Rose Form (USNM 22039); B, Caiman yacare
(MACN uncatalogued); C, Diplocyndon ratelii (MNHN G 660); D, ‘Crocodylus’ affinis (UCMP 154341); E,
Caiman yacare (MACN uncatalogued); F, Eocaiman palaeocenicus (MPEF PV 1933a). Scale bars in A, B, and D
= 2 cm; C = mm; E, F = cm.

14 (219-0) (Fig. 94A), but other alligatorines show enlargement of the 13th, 14th, and a posterior2640

series of dentary alveoli (219-1) e.g. Allognathosuchus wartheni (Fig. 94B). Several longirostrine2641

crocodylians, e.g. Gavialis gangeticus (Fig. 94D) and Mourasuchus atopus (UCMP 38012), have2642

homodont dentition. In the case of Gavialis, enlargement of the 4th dentary alveolus is not apparent;2643

however, it is dorsally raised compared to all other dentary alveoli (219-3) (Fig. 95A). Character2644

state 4 describes the enlargement of alveoli posterior to the 14th alveolus (Fig. 94E), which occurs2645

in some non-crocodylian eusuchians, e.g. Iharkutosuchus makadii (Mateus et al., 2019, fig.S11).2646
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220. Dentary, shape of dorsal profile between 4th and 10th alveoli in lateral view: linear (0); curved (1);2647

deeply curved (2) (after Brochu, 1997a [68]) (ORDERED).2648

The dentary is broadly curved between alveoli 4 and 10 in Bernissartia fagesii (IRScNB 1538) and2649

most eusuchians (Fig. 95B). As noted by Brochu (1999), the depth of this curvature is notably2650

greater in some Alligator species (e.g. A. mcgrewi, AMNH FAM 8700), as well as some putative2651

alligatorines, e.g. Allognathosuchus (Fig. 95C), Hassicaosuchus haupti (HLMD Me 4415), and2652

Navajosuchus mooki (AMNH 6780). By contrast, the dentary is completely linear in this region in2653

most longirostrine crocodylians, e.g. Gavialis gangeticus (Fig. 95A).2654

Figure 94: Dorsal view of the right mandibular ramus showing variation in alveolar size in: A, Alligator missis-
sippiensis (NHMUK 68.2.12.6); B, Allognathosuchus wartheni (YPM PU 16989); C, Caiman yacare (MACN un-
catalogued); D, Gavialis gangeticus (NHMUK 1974.3009); E, Listrognathosuchus multidentatus (AMNH 5179).
Largest alveoli posterior to the 4th are shaded in red. Scale bars in B and C = 5 cm, all other scale bars = cm.

221. Mandibular symphysis, posterior extent, adjacent to number of full dentary alveoli: <6 (0); 6–82655

(1); 9–12 (2): 13–20 (3); >20 (4) (after Jouve, 2004 [180]; Brochu, 2004a [166]; Salas-Gismondi2656

et al., 2016 [49]) (ORDERED).2657

This character refers to the full length of the mandibular symphysis, i.e. formed by the dentary and2658

splenial (where present) (Fig. 96). In Bernissartia fagesii (IRScNB 1538) and most eusuchians,2659

the dentary symphysis only reaches the level of the 4th dentary tooth (221-0) (Fig. 96A). Most taxa2660

exhibit intraspecific variation by one alveolus at most. For example, in Alligator mississippiensis2661

the symphysis might reach five alveoli lengths (Brochu, 2004b), but never six. The plesiomorphic2662
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Figure 95: Variation in degree of curvature of the dentary toothrow between alveoli 4 and 10 in selected
crocodylians. A, Gavialis gangeticus (NHMUK 1974.3009); B, Caiman yacare (MACN uncatalogued); C, Al-
lognathosuchus sp. (USNM 25807). All scale bars = cm.

character state also occurs in most extant Crocodylus species and Diplocynodon. The symphysis2663

is adjacent to 6–8 alveoli (221-1) in several alligatorines (e.g. Navajosuchus mooki [AMNH 6780]2664

and Allognathosuchus wartheni [YPM PU 16989]), ‘basal’ crocodyloids (e.g. ‘Crocodylus’ affi-2665

nis, UCMP 154341), and some extant longirostrine crocodylids, e.g. Crocodylus johnstoni (QM2666

J45309) and Mecistops cataphractus (Fig. 96B). Fewer taxa are scored for the remaining character2667

states, which are mostly present in longirostrine crocodylians. Whereas the mandibular symphysis2668

reaches 9–12 alveoli (221-2) in some “tomistomines” (e.g. Thecachampsa antiquus [Fig. 96C]2669

and Maroccosuchus zennaroi [MNHN APH 18]), it is longer (221-3) in all Gryposuchus species2670

(e.g. G. colombianus [Fig. 96D]), and longer still (221-4) in Gavialis gangeticus (Fig. 96E) and2671

Piscogavialis jugaliperforatus (SMNK 1282 PAL). Given this continuous spectrum of values, this2672

character is ordered.2673

222. Splenial, participation in symphysis: full participation, dorsal and ventral to Meckelian fossa (0);2674

partial participation by splenial rostral tip (1); no participation (2) (after Clark, 1994 [77]; Brochu,2675

1997a [43]; Jouve, 2016 [43]) (ORDERED).2676

223. Splenial, position of anteriormost tip relative to Meckelian fossa: ventral (0); dorsal (1) (after2677

Clark, 1994 [77]; Brochu, 1997a [43])2678

224. Splenial, anterior extent in dentary symphysis: adjacent to 1 full alveolus (0); 2 to 3 alveoli (1); 42679

to 7 alveoli (2); more than 7 alveoli (3) (after Clark, 1994 [77]; Jouve, 2016 [43]) (ORDERED).2680

225. Splenial, shape of splenial-dentary suture adjacent to dentary toothrow (in dorsal view): con-2681

stricted, laterally concave (narrow ‘V’-shape) (0); straight (wide ‘V’-shape) (1) (after Brochu,2682

1997a [43]).2683

Characters 222–225 were derived by reductively coding Character 43 from Jouve (2016), which2684

was adapted from Brochu (1997b, Character 43). As originally formulated, the character combined2685

descriptions of the splenial length and morphology. For example: “. . . deep splenial symphysis,2686
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Figure 96: Dorsal view of the dentary symphysis in A, Australosuchus clarkae (QM F18151); B, Mecistops
cataphractus (NHMUK 1865.4.6.1); C, Thecachampsa antiquus (AMNH 5662); D, Gryposuchus colombianus
(UCMP 40062); E, Gavialis gangeticus (NHMUK 1974.3009). Scale bars in A and B = 5 cm, all other scale bars
= cm.

participates in the mandibular symphysis over the length of five to seven teeth, and forms wide2687

“V” within symphysis (4); or deep splenial symphysis participates in the mandibular symphysis2688

over the length of five to seven teeth, and splenial constricted within symphysis and forms narrow2689

“V” (5) . . . ” (Jouve, 2016). As noted by Harshman et al. (2003), this precludes the grouping of2690

taxa with an elongate symphysis, such as Tomistoma schlegelii and Gavialis gangeticus. Similarly,2691

character states 1 and 2 in the same character preclude the grouping of taxa that lack a splenial2692

symphysis, based on differences in splenial morphology: “. . . splenial excluded from mandibular2693

symphysis and anterior tip of splenial passes ventral to Meckelian groove (1); splenial excluded2694

from mandibular symphysis and anterior tip of splenial passes dorsal to Meckelian groove (2) . . . ”.2695

Character 222 describes the presence (Fig. 97A–B) or absence (Fig. 97C–D) of a splenial sym-2696

physis, but is augmented by an intermediate character state, describing a ventral contribution to2697

the symphysis observed in ‘Crocodylus’ affinis (Fig. 97E) and Asiatosuchus depressifrons (Fig.2698

97F). This is considered distinct from the condition of some caimanines, in which the splenial2699

approaches the symphysis but does not participate in ti (Fig. 97G–H) (222-2). Character 2232700

describes the morphology of the anterior splenial tip in taxa that lack a splenial symphysis. As2701

recognised by Brochu (1999), the anterior splenial tip is positioned dorsal to the Meckelian fossa2702

in all extant alligatorids (e.g. Melanosuchus niger, Fig. 97D), but ventral in some ‘basal’ alliga-2703

toroids (e.g. Diplocynodon) and all extant crocodylids, e.g. Crocodylus moreletii (Fig. 97C). Taxa2704

with a splenial symphysis must be scored as a “?”. Where present, the splenial symphysis length2705
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is variable. For example, it is adjacent to only one alveolus (224-0) in Asiatosuchus germanicus2706

(Fig. 98A), and Boverisuchus vorax (UCMP 170767). The splenial symphysis reaches 2–3 alveoli2707

(224-1) in Borealosuchus sternbergii (Fig. 98B), Borealosuchus formidabilis (YPM PU 16241),2708

and Maroccosuchus zennaroi (Jouve et al., 2015, fig.4B). In most longirostrine crocodylians, the2709

symphysis is adjacent to 4–7 alveoli (224-2), e.g. Thecachampsa (Fig. 98C), Eosuchus (Fig. 98D),2710

and Tomistoma schlegelii (Fig. 98E). Some “gavialoids” exhibit a highly elongated splenial sym-2711

physis that extends beyond seven alveoli (224-3), e.g. Gavialis gangeticus (Fig. 98F), Eogavialis2712

africanum (YPM 6263), and Ikanogavialis gameroi (Sill, 1970). Character 225 describes the mor-2713

phology of the splenial symphysis strictly in taxa with a long splenial symphysis, i.e. taxa scored2714

for character state 224-2 or 224-3. The constricted condition has traditionally been recognised2715

only in “tomistomines”, e.g. Thecachampsa (Fig. 98C) and Tomistoma schlegelii (Fig. 98E). This2716

contrasts with the unconstricted splenials of most “gavialoids”, e.g. Eosuchus (Fig. 98D) and2717

Gavialis gangeticus (Fig. 98F), but not Gryposuchus colombianus (UCMP 40293), which exhibits2718

the constricted condition (Fig. 98G).2719

226. Dentary symphysis, shape of posterior margin of symphyseal surface in medial view: dorsal lobe2720

extends further posterior than ventral lobe (0); dorsal and ventral lobes subequal in extent, or ventral2721

lobe projects further posterior than dorsal lobe (1) (after Lee and Yates, 2018 [176]).2722

In taxa that lack a splenial symphysis, the posterior margin of the symphyseal surface of the den-2723

tary exhibits a dorsal and ventral lobe that are separated by the Meckelian fossa. In taxa with a full2724

splenial symphysis (222-0), these lobes are poorly delimited, such that this character is considered2725

inapplicable (Fig. 99C). In extant species of Alligator, Crocodylus, Caiman, and Melanosuchus the2726

ventral lobe is anteriorly recessed such that the dorsal lobe clearly extends further posteriorly (Fig.2727

99A). By contrast, the lobes are subequally developed in some mekosuchines (e.g. Baru wick-2728

eni [Fig. 99B] and Australosuchus clarkae [QM F18151]), Asiatosuchus depressifrons (IRScNB2729

R253), and some Diplocynodon species, e.g. D. hantoniensis (NHMUK OR 30394).2730

227. Dentary, orientation of posteriormost alveoli: in a straight line (0); in a laterally curved line (1)2731

(new character, based on personal observations).2732

In Bernissartia fagesii (IRScNB 1538) and most eusuchians, the posteriormost dentary alveoli are2733

arranged in a straight line, e.g. Alligator mississippiensis (Fig. 100A). By contrast, the posteri-2734

ormost dentary alveoli of some crocodylians are arranged in a laterally curved line. This latter2735

condition is most prominent in the putative basal alligatorines, Allognathosuchus (Fig. 100F) and2736

Navajosuchus mooki (Fig. 100E). Indeed, in Allognathosuchus, the whole posterior ramus of the2737

mandible appears to be laterally deflected (Fig. 100F). A posteriorly curved toothrow also occurs2738

in some species of Alligator, e.g. A. mcgrewi (Fig. 100D) and A. prenasalis (Fig. 100C), but not2739
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A. mefferdi (Fig. 100B).2740

228. Dentary, posterior process between angular and splenial on ventral side of the mandible: absent2741

(0); present (1) (after Jouve, 2004 [187]; in Jouve, 2016 [182]).2742

A posterior process of the dentary between the angular and splenial, on the ventral side of the2743

mandible was scored in Gavialis gangeticus by Jouve (2016) (Fig. 101B). A comparable process is2744

present in some fossil specimens (e.g. NHMUK R36727) of this species (Martin, 2019), as well as2745

in Gavialis lewisi (YPM 3226). Given its apparent absence in all other taxa considered, it might be2746

diagnostic of Gavialis. Gavialis browni (AMNH 6279) does not preserve a mandible (Mook, 1932)2747

and, although the mandible is preserved in Gaviali benjawanicus (not studied here), the presence or2748

absence of this feature was not described, nor can it clearly be ascertained from the figures (Martin2749

et al., 2012).2750

229. Splenial, anterior perforation for mandibular ramus of cranial nerve V (i.e. foramen intermandibu-2751

laris oralis): present (0); absent (1) (after Norell, 1988 [15]; Norell, 1989 [8]; Brochu, 1997a [41]).2752

The mandibular branch of cranial nerve V exists the splenial anteriorly through the opening of the2753

Meckelian fossa in crocodylians (Schumacher, 1973, fig.30). In some crocodylians, cranial nerve2754

V also exits through the anteriorly positioned foramen intermandibularis oralis (229-0) (Norell,2755

1989) (Fig. 102B). Among extant crocodylians, this foramen only occurs in Alligator sinensis2756

(Brochu, 1999) and Gavialis gangeticus, where it is obscured from view by the mandibular sym-2757

physis (Norell, 1989, fig.5). Among fossil taxa, the foramen is present in Bernissartia fagesii2758

(IRScNB 1538), Borealosuchus, alligatorines (e.g. Allognathosuchus wartheni, YPM PU 16989),2759

and all species of Alligator, except A. mississippiensis.2760

230. Splenial, posterior perforation(s) for mandibular ramus of cranial nerve V: absent (0); present (1)2761

(after Norell, 1988 [15]; Norell, 1989 [8]; Brochu, 1997a [42]).2762

231. Splenial, number of posterior perforations for mandibular ramus of cranial nerve V: one (0); two2763

(1) (after Norell, 1988 [15]; Norell 1989 [8]; Brochu, 1997a [42]).2764

Characters 230 and 231 were derived by reductively coding character 42 in Brochu (1997a). Cra-2765

nial nerve V always exits the splenial anteriorly through the Meckelian fossa and/or the foramen2766

intermandibularis oralis. Some taxa also have a posterior perforation (Fig. 102A), or two pos-2767

terior perforations (Fig. 102D). The latter condition has traditionally only been recognised in2768

Paleosuchus (e.g. Brochu, 1999), but some Caiman species (e.g. Caiman yacare, Fig. 102D) are2769

polymorphic in terms of the number of posterior perforations.2770
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Figure 97: Medial view of the dentary symphysis in selected crocodylians showing variation in participation of the
splenial (outlined in red). A, Crocodylus moreletti (NHMUK); B, Melanosuchus niger (NHMUK 45.8.25.125);
C, ‘Crocodylus’ affinis (UCMP 154341); D, Asiatosuchus depressifrons (IRSNB R 253); E, Caiman latirostris
(MACN V 1420); F, Caiman yacare (MACN uncatalogued). Scale bars in A, F–H = 2 cm, all other scale bars =
cm.
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Figure 98: Dorsal view of the mandible showing variation in the splenial symphysis (outlined in red). A, Asiato-
suchus germanicus (HLMD Me 5344); B, Borealosuchus sternbergii (USNM V 6533); C, Thecachampsa antiquus
(AMNH 5662); D, Eosuchus lerichei (IRSNB R 49); E, Tomistoma schlegelii (NHMUK 1894.2.21.1); F, Gavialis
gangeticus (NHMUK uncatalogued); G, Gryposuchus colombianus (UCMP 40293). All scale bars = 5 cm.
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Figure 99: Medial view of the dentary symphysis in: A, Crocodylus siamensis (NHMUK 1921.4.1.171); B, Baru
wickeni (QM 31070); C, Maroccosuchus zennaroi (MNHN APH 18). Scale bar in C = 5 cm, all other scale bars =
cm.

232. Splenial, shape of dorsal profile: straight (anterodorsally inclined) (0); concave (abruptly dorsally2771

inclined at posterior end) (1) (after Lee and Yates, 2018 [191]).2772

This character was adapted from Lee and Yates (2018); however, different taxa are scored for the2773

derived character state here, suggesting the anatomical meaning is different between our studies.2774

Character state 1 here captures the distinctive morphology of the mandible in Mekosuchus (Balouet2775

& Buffetaut, 1987) and Iharkutosuchus makadii (Ösi et al., 2007), in which the splenial is abruptly2776

dorsally inclined at its posterior end (Fig. 102E–F). This contrasts with all other eusuchians where2777

known, in which the dorsal margin of the splenial is largely straight and only modestly inclined,2778

with no distinct change of slope posteriorly (Fig. 102C–D).2779

233. Splenial, anterior process within the dentary, medial to the posterior toothrow: absent (0); present2780

(1) (new character, based on personal observations).2781

The derived character state describes an acute inflection of the splenial-dentary suture, lingual to2782

the posteriormost dentary alveoli. Where preserved, this process occurs in all Gavialis species.2783

This comprises G. gangeticus (Fig. 103A), G. lewisi (YPM 3226), and G. benjawanicus (Delfino2784

& De Vos, 2010, fig.3; Martin et al., 2012, fig.4), as well as some indeterminate fossil Gavialis2785
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Figure 100: Dorsal view of the mandible in selected alligatorid taxa. A, Alligator mississippiensis (NHMUK
68.2.12.6); B, Alligator mefferdi (AMNH 7016); C, Alligator prenasalis (YPM-PV-14063); D, Alligator mcgrewi
(AMNH FAM 8700); E, Navajosuchus mooki (AMNH 6780); F, Allognathosuchus sp. (USNM 25807). All scale
bars = 5 cm.

specimens (Fig. 103C) . The condition is unknown in G. browni (AMNH 6279), for which the2786

mandible is not preserved.2787

External mandibular fenestra2788

234. External mandibular fenestra: absent (0); present (1) (Clark, 1994 [75]; Brochu, 1997a [62]).2789

235. External mandibular fenestra, size: narrow slit, no discrete fenestral concavity on angular dorsal2790

margin, foramen intermandibularis caudalis not visible (0); moderate discrete concavity on angular2791

dorsal margin, foramen intermandibularis caudalis not visible (1); large, most of foramen inter-2792

mandibularis caudalis visible (2) (after Norell, 1988 [14]; Brochu, 1999 [62]; Brochu, 2011 [63];2793

Brochu and Storrs, 2012 [63]) (ORDERED).2794

Characters 234 and 235 were derived by reductively coding Character 63 in Brochu and Storrs2795

(2012). The external mandibular fenestra is absent in Bernissartia fagesii (Fig. 104A), and sev-2796

eral non-crocodylian eusuchians, e.g. Theriosuchus pusillus (NHMUK 48304), Iharkutosuchus2797

makadii (Ösi et al., 2007), and Lohuecosuchus megadontos (Narváez et al., 2015). Where present,2798

variation occurs in the size of the fenestra. A small, slit-like fenestra (235-0) occurs in Mekosuchus2799

(Fig. 104B), some Borealosuchus species (e.g. B. threeensis and B. wilsoni [Brochu et al., 2012]),2800

and Portugalosuchus azenhae (Mateus et al., 2019). All other crocodylians exhibit notably larger2801

fenestra, which can be divided into those in which the foramen intermandibularis caudalis (FIC) is2802
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Figure 101: Ventral view of the mandible showing the suture between the dentary, angular and splenial. A, Tomis-
toma schlegelii (NHMUK 1894.2.21.1); B, Gavialis gangeticus (NHMUK 1974.3009). Abbreviations: an, angular;
dt, dentary; sp, splenial. All scale bars = cm.

poorly visible through the fenestra (235-1) (Fig. 104G–I), and those with a largely exposed FIC2803

(235-2) (Fig. 104D–E).2804

236. Surangular-dentary suture, intersection with external mandibular fenestra: anterior to posterodorsal2805

corner (0); at posterodorsal corner (1) (Brochu, 1997a [65]).2806

This character is inapplicable to taxa without an external mandibular fenestra (234-0). In most2807

crocodylians the surangular-dentary suture intersects the external mandibular fenestra at a shallow2808

angle, anterior to the posterodorsal corner, e.g. Alligator mississippiensis (Fig. 104D), Tomis-2809

toma schlegelii (Fig. 104G), Gavialis gangeticus (Fig. 104H) and Crocodylus (Fig. 104J–K). By2810

contrast, the surangular-dentary suture is posterodorsally shifted in some taxa, e.g. Mekosuchus2811

(Fig. 104B), Alligator mcgrewi (Fig. 104C), Caiman latirostris (Fig. 104E), and Procaimanoidea2812

utahensis (USNM 15996).2813

237. Surangular-angular suture, intersection with external mandibular fenestra (at maturity): at pos-2814

terodorsal angle (0); at posterior margin (1); passes broadly along ventral margin (2) (after Norell,2815

1988 [40]; Brochu, 1997a [47]).2816

In most eusuchians with an external mandibular fenestra (EMF), the surangular-angular suture is2817

horizontal up to the point where it intersects the posterior margin of the fenestra (237-1), e.g.2818

Alligator mississippiensis (Fig. 104D), most Crocodylus species (Fig. 104J), and ‘Crocodylus’2819

affinis (Fig. 104L). Less commonly, the suture intersects the EMF at a shallow angle, running2820

down the posterior edge of the fenestra (237-2), e.g. Caiman (Fig. 104E–F), Tomistoma schlegelii2821

(Fig. 104G), and Gavialis gangeticus (Fig. 104H). The plesiomorphic state is newly included to2822

capture an uncommon condition wherein the suture intersects the EMF at its posterodorsal corner.2823
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Figure 102: Medial view of the splenial. A-B, Alligator mefferdi (AMNH 7016); C, Caiman latirostris (MACN
V 1420); D, Caiman yacare (MACN uncatalogued); E, Mekosuchus inexpectatus (MNHN NCP 06) (digitally
reversed); F, Mekosuchus whitehunterensis (QM 31053). Abbreviations: fio, foramen intermandibularis oralis; sp,
splenial. Scale bar in B = 4 cm.

162



Figure 103: Dorsal view of the splenial symphysis in A, Gavialis gangeticus (NHMUK 1974.3009); B, Tomistoma
schlegelii (NHMUK 1848.10.31.19); C, Gavialis gangeticus (NHMUK R 3095); D, Gryposuchus colombianus
(UCMP 40293). All scale bars = cm.

Among taxa included in this study, this condition is only observed in Alligator mcgrewi (Fig.2824

104C), Navajosuchus mooki (AMNH 6780), Mekosuchus (Fig. 104B), and Penghusuchus pani2825

(Shan et al., 2009, fig.4D). As the states do not capture a clearly continuous series, this character2826

is not ordered.2827

238. Dentary, acute posterior process in the angular ventral to the external mandibular fenestra: present2828

(0); absent (1) (after Jouve 2016 [240]).2829

In most eusuchians with an external mandibular fenestra, the dentary-angular suture approaches2830

the ventral margin of the fenestra in a posterodorsal direction, before recurving sharply anteriorly2831

to form an acute process (238-0) (Fig. 104C–G). By contrast, the suture simply intersects the2832

ventral margin of the fenestra (238-1) in Gavialis gangeticus (Fig. 104H), Gavialis lewisi (YPM2833

3226), Mekosuchus (Fig. 104B), and Ultrastenos willisi (Stein et al., 2016, fig.4C). Based on2834

character scores therein, Jouve (2016) considered Gryposuchus colombianus and Toyotamaphimeia2835

machikanensis to also share this latter condition. However, this portion of the mandible is obscured2836

in all specimens of Gryposuchus colombianus examined here (UCMP 40062, UCMP 40293), and2837

albeit small, Toyotamaphimeia appears to possess a ventral process (238-0) (Kobayashi et al., 2006,2838

fig.11B).2839
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Figure 104: Left lateral view of the external mandibular fenestra in selected crocodylians, showing variation
in size and sutural relationships. A, Bernissartia fagesii (IRSNB 1538); B, Mekosuchus whitehunterensis (QM
31053); C, Alligator mcgrewi (AMNH FAM 8700); D, Alligator mississippiensis (NHMUK 68.2.12.6); E, Caiman
latirostris (MACN V 1420); F, Caiman crocodilus chiapasius (FMNH 73701); G, Tomistoma schlegelii (NHMUK
1894.2.21.1); H, Gavialis gangeticus (NHMUK uncatalogued); I, Baru wickeni (QM 31072); J, Crocodylus palus-
tris (NHMUK 1897.12.31.1); K, Crocodylus johnstoni (QM J39230); L, ‘Crocodylus’ affinis (UCMP 154341).
Abbreviations: an, angular; dt, dentary; sa, surangular. All scale bars = 1 cm.
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239. Angular and surangular, margins flush with lateral surface of mandible (0); margins everted form-2840

ing flange (1) (after Lee and Yates, 2018 [199]).2841

The surangular and angular form the dorsal and ventral margins of the posterior mandibular ra-2842

mus, respectively, and are flush with the remainder of the lateral mandibular surface in Bernissar-2843

tia fagesii (IRScNB 1538) and most eusuchians (Fig. 105A). By contrast, some eusuchians ex-2844

hibit prominent ridges in this region, notably Mekosuchus inexpectatus (Fig. 105B), Mekosuchus2845

whitehunterensis (Fig. 105C), and Voay robustus (Fig. 105D). Although less prominent, homolo-2846

gous ridges are considered present in Paleosuchus (AMNH 66391, AMNH 93812), Boverisuchus2847

vorax (USNM 12957), and some paralligatorids, e.g. Theriosuchus pusillus (NHMUK 48304)2848

and Shamosuchus djadochtaensis (Pol et al., 2009). These ridges might serve as sites for mus-2849

cle attachment on the mandible, and could potentially vary ontogenetically; however, they ap-2850

pear to occur at an early stage of ontogeny where known. For example, the material known2851

for Mekosuchus whitehunterensis probabaly represents a juvenile based on its size, and yet this2852

exhibits the dervied state (Fig. 105C). Similar ridges are also present at an early ontogenetic2853

stage in Paleosuchus specimens studied here (e.g. AMNH 66391, AMNH 93812). Finally, these2854

ridges were not observed in the largest extant crocodylian specimens studied here, e.g. Tomistoma2855

schlegelii (NHMUK 1894.2.21.1), Crocodylus palustris (NHMUK 97.12.31.1), and Crocodylus2856

porosus (NHMUK 1864.9.11.1).2857

Figure 105: Posterolateral view of the mandible showing variation in development of a flange on the surangular.
A, Caiman latirostris (NHMUK 1897.12.31.1); B, Mekosuchus inexpectatus (MNHN NCP 06); C, Mekosuchus
whitehunterensis (QM 31053); D, Voay robustus (NHMUK R 36686). All scale bars = 2 cm.
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240. Angular, fossa for M. pterygoideus ventralis visible on posterolateral surface of the mandible (0);2858

not visible on posterolateral surface (1) (new character, based on personal observations).2859

In most eusuchians, the angular is broadly exposed ventral to the retroarticular process, as a smooth2860

and un-pitted surface (240-0). This surface is separated from the remainder of the sculpted lateral2861

mandibular surface by a shallow ‘step’. This boundary might mark the anterior extent of inser-2862

tion for M. pterygoideus ventralis (Bona & Desojo, 2011), and occurs in all extant Crocodylus2863

species (Fig. 106A), Alligator (Fig. 106C), Allognathosuchus (Fig. 106E), Eocaiman palaeoceni-2864

cus (Fig. 106G), and Brachychampsa montana (Fig. 106H). By contrast, the unornamented angular2865

is minimally exposed ventral to the retroarticular process in all extant caimanines (Fig. 106D, F),2866

Diplocynodon hantoniensis (Fig. 106B), and several non-crocodylian taxa including Bernissar-2867

tia fagesii (IRScNB 1538), Theriosuchus pusillus (NHMUK 48304) and Agaresuchus fontisensis2868

(Narváez et al., 2016, fig.4A).2869

Surangular2870

241. Surangular, relative length of the anterior processes: unequal, ventral process <75% anteroposte-2871

rior length of dorsal process (measured from surangular foramen) (0); sub-equal, ventral process2872

≥75% length of dorsal process (1) (after Brochu, 1997a [48]).2873

The presence of sub-equal anterior processes of the surangular (241-1) (Fig. 107C–D) is con-2874

sidered to be an unambiguous synapomorphy of Alligatoroidea (Brochu, 1999), contrasting with2875

the unequal processes of Tomistoma schlegelii (Fig. 107A), Gavialis gangeticus, and all extant2876

crocodylids (Fig. 107B). The qualifier ‘sub-equal’ is necessary, since the surangular processes are2877

seldom equal in length, with the dorsal process extending further anteriorly than the ventral process2878

in most eusuchians. For example, in Alligator mississippiensis (Fig. 107C), the dorsal process is2879

slightly longer than the ventral process; however, the ventral process is consistently greater than2880

75% of the length of the dorsal process (measured from the surangular foramen) in all specimens.2881

This contrasts with most other eusuchians, in which the ventral process is usually less than 50% the2882

anteroposterior length of its dorsal counterpart. However, sub-equal surangular processes are not2883

restricted to Alligatoroidea, occuring in a small number of other taxa, including Eothoracosaurus2884

mississippiensis (Brochu, 2004a) and Borealosuchus formidabilis (Fig. 107D).2885
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Figure 106: Lateral view of the posterior right mandible in selected crocodylians. A, Crocodylus siamen-
sis (NHMUK 1921.4.1.168); B, Diplocynodon hantoniensis (CAMSM TN 904); C, Alligator mississippiensis
(NHMUK 68.2.12.6, digitally reversed); D, Caiman latirostris (MACN V 1420); E, Allognathosuchus sp. (USNM
25807, digitally reversed); F, Melanosuchus niger (NHMUK 45.8.25.125); G, Eocaiman palaeocenicus (MACN
1914, digitally reversed); H, Brachychampsa montana (UCMP 133901, digitally reversed). Abbreviations: an,
angular; emf, external mandibular fenestra; sa, surangular. All scale bars = 2 cm.
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Figure 107: Dorsolateral view of the surangular showing relative lengths of the anterior processes in A, Tomistoma
schlegelii (NHMUK 1894.2.21.1); B, Crocodylus moreletii (NHMUK 1861.4.1.4); C, Alligator sinensis (NHMUK
X184); D, Borealosuchus formidabilis (YPM PU 16241, digitally reversed) E, Caiman latirostris (NHMUK
1897.12.31.1). Abbreviations: dt, dentary, sa, surangular. Scale bars in A, B and E = 2 cm, all other scale bars =
cm.
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242. Surangular, anterodorsal process (spur) lingual to posterior most dentary alveoli, between splenial2886

and dentary: present (0); absent (1) (after Brochu, 1997a [61]).2887

243. Surangular, anterodorsal process (spur), anterior extent: not reaching 1 full alveolus (0); reaching2888

1–2 alveoli (1); reaching 3 or more alveoli (2) (new character, adapted from Brochu, 1997a [61])2889

(ORDERED).2890

The surangular ‘spur’ is an anterodorsal process of the surangular, which projects between the2891

dentary and the splenial, lingual to the posteriormost dentary alveoli (Fig. 108). The original char-2892

acter was binary, describing the presence or absence of a spur adjacent to one alveolus length, as2893

originally formulated by (Brochu, 1997b). In most previous datasets, this spur has been recog-2894

nised in Bernissartia fagesii, “tomistomines”, and “gavialoids” (e.g. Brochu et al., 2012; Iijima &2895

Kobayashi, 2019; Jouve, 2016; Salas-Gismondi et al., 2016); indeed Brochu (1999) noted that very2896

few non-longirostrine crocodylians possess it. Here, this character has been reductively coded, with2897

a new character capturing variation in spur length (Character 243). The surangular spur is recog-2898

nised much more widely than previous studies, including in many non-longirostrine crocodylians.2899

For example, all extant Crocodylus species exhibit a spur, which can extend either less than one2900

alveolus length (243-0) (e.g. C. siamensis [Fig. 108C]), or between 1–2 alveoli (243-1) (e.g. C.2901

palustris [Fig. 108D]). An elongated spur extending the length of 3 alveoli (243-2) is restricted to a2902

few longirostrine crocodylians, including Tomistoma schlegelii (Fig. 108E) and Gavialis gangeti-2903

cus (Fig. 108F). Taxa which lack a spur altogether include all extant alligatorids (Fig. 108A–B), for2904

which Character 243 is inapplicable. The latter character is ordered, given the continuous nature2905

of an increasingly.2906

244. Surangular, ascending process on lateral wall of glenoid fossa: present (0); absent (1) (Brochu,2907

1997a [106]).2908

As originally formulated, the plesiomorphic character state described an ascending process of the2909

surangular that reaches the “dorsal tip of [the] lateral wall of [the] glenoid fossa” (Brochu, 1997b).2910

The character wording has been modified here as, even in taxa with an ascending process, it never2911

fully reaches the tip of the glenoid fossa lateral wall, and a small portion of the articular is al-2912

ways exposed. An ascending process occurs in Bernissartia fagesii (IRScNB 1538), several non-2913

crocodylian eusuchians (e.g. Iharkutosuchus makadii [Ősi et al., 2007] and Theriosuchus pusillus2914

[NHMUK 48304]), and many crocodylians, e.g. Gavialis gangeticus (Fig. 109A), all extant caima-2915

nines (Fig. 109C), Diplocynodon (Fig. 109D), and Borealosuchus, e.g. B. sternbergii (USNM2916

6533).2917
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Figure 108: Dorsal view of the posterior mandibular toothrow showing variation in development of the surangu-
lar spur. A, Alligator mississippiensis (NHMUK 68.2.12.6); B, Melanosuchus niger (NHMUK 45.8.25.125); C,
Crocodylus siamensis (NHMUK 1921.4.1.171); D, Crocodylus palustris (NHMUK 1897.12.31.1); E, Tomistoma
schlegelii (NHMUK 1894.2.21.1); F, Gavialis gangeticus (NHMUK uncatalogued). Abbreviations: dt, dentary;
sa, surangular; sp, splenial. All scale bars = 2 cm.
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245. Surangular, posterior extent on lateral margin of retroarticular process: reaches posterior tip (0);2918

pinches out anterior to posterior tip (1) (after Norell, 1988 [42]; Brochu, 1997a [51]).2919

The anatomical meaning of this character is identical to Brochu (1997b). The surangular extends to2920

the posterior tip of the retroarticular process in Borealosuchus (e.g. B. sternbergii, USNM 6533),2921

Tomistoma schlegelii (NHMUK 1894.2.21.1), all extant caimanines (Fig. 109C), and all extant2922

species of Crocodylus. By contrast, Bernissartia fagesii (IRScNB 1538), Gavialis gangeticus (Fig.2923

109A), Alligator (Fig. 109B), and some Diplocynodon species (Fig. 109D) exhibit a posteriorly2924

truncated surangular.2925

Figure 109: Variation in dorsal and posterior extent of the surangular. A, Gavialis gangeticus (NHMUK uncata-
logued specimen); B, Alligator sinensis (NHMUK X 184); C, Caiman yacare (MACN uncatalogued specimen); D,
Diplocynodon hantoniensis (CAMSM TN 904). Abbreviations: an, angular; at, articular; sa, surangular. All scale
bars = 2 cm.

246. Surangular, sulcus on dorsal margin lateral to glenoid fossa: absent (0); present (1) (after Wang et2926

al. 2016; Lee and Yates, 2018 [204]).2927

Wang et al. (2016) described a pit on the dorsolateral margin of the surangular, adjacent to the2928

glenoid fossa, which they considered diagnostic of Asiatosuchus nanlingensis. Lee and Yates (20182929

[character scores therein]), recognised that this fossa is more common within Crocodylia, occurring2930

in some mekosuchines e.g. Kambara (Fig. 110B). Here, a pit is also recognised in Bernissartia2931
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fagesii (IRScNB 1538), Kentisuchus spenceri (Fig. 110C), some Borealosuchus species (e.g. B.2932

sternbergii [USNM 6533] and B. formidabilis [YPM PU 16241]) and some ‘basal’ crocodyloids,2933

e.g. Asiatosuchus depressifrons (Fig. 110D) and ‘Crocodylus’ affinis (UCMP 154341).2934

Figure 110: Lateral view of the surangular showing variation in development of a pit on the dorsolateral margin.
A, Alligator mississippiensis (NHMUK); B, Kambara molnari (QM F12364); C, Kentisuchus spenceri (NHMUK
38991); D, Asiatosuchus depressifrons (IRScNB IG 9912). Abbreviations: sa, surangular. All scale bars = 1 cm,
scale bar C = cm.

247. Surangular-articular suture, shape in glenoid fossa: straight, oriented anteroposteriorly (0); bowed2935

laterally (1) (after Brochu, 1997a [162]).2936

In Bernissartia fagesii (IRScNB 1538) and most eusuchians, the surangular-articular suture is ori-2937

entated in a straight, anteroposterior line in the floor of the glenoid fossa. This condition occurs2938

in all extant alligatorids (e.g. Alligator mississippiensis [Fig. 111A]), most “gavialoids” (e.g.2939

Gavialis gangeticus), Diplocynodon (e.g. D. hantoniensis [NHMUK OR 25188]), and Borealo-2940

suchus (e.g. B. sternbergii [USNM 6533]). By contrast, all extant crocodylids as well as “tomis-2941

tomines”, exhibit an acute ‘kink’ in the suture (Fig. 111B–C). This condition also occurs in the2942

‘basal’ crocodyloids, Asiatosuchus depressifrons (IRScNB R253) and ‘Crocodylus’ affinis (UCMP2943

154341).2944
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Articular2945

248. Articular, position of foramen aerum: at medial margin of retroarticular process (0); inset from2946

medial margin of retroarticular process (1) (after Norell, 1988 [16]; Brochu, 1997a [49]).2947

The foramen aerum, which is positioned on the transverse ridge of the articular, is inset from the2948

medial edge (248-1) in all extant alligatorids (Fig. 111A), as well as Diplocynodon (Fig. 111B)2949

and Leidyosuchus canadensis. Brochu (1999) noted the potential linkage of this character with2950

that describing the position of the foramen aerum on the quadrate (Character 117 here). Indeed,2951

most taxa with a dorsally positioned quadratic foramen aerum (117-1) also possess a medially inset2952

articular foramen aerum (248-1). Nevertheless, several taxa exhibit different combinations of these2953

characters. For example, in Mekosuchus inexpectatus (MNHN NCP 06), Borealosuchus sternbergii2954

(USNM 6533), and Borealosuchus formidabilis (Erickson, 1976), the quadratic foramen aerum is2955

dorsally positioned (117-1), but the articular foramen aerum is medially positioned (248-0).2956

Figure 111: Dorsal view of the glenoid fossa in A, Alligator sinensis (NHMUK X184); B, Diplocynodon han-
toniensis (CAMSM TN 904, digitally rversed); C, Crocodylus siamensis (NHMUK 1921.4.1.171); D, Crocodylus
porosus (NHMUK 1864.9.11.1). Abbreviations: at, articular; sa, surangular. Scale bar C = 2 cm, all other scale
bars = cm.

249. Articular, lamina extending from posterior edge of foramen aerum: absent (0); present (1) (new2957

character, based on personal observations).2958

In Bernissartia fagesii (IRScNB 1538) and most eusuchians, the articular foramen aerum is a sim-2959

ple perforation, the margins of which are flush with the surface of the articular (Fig. 112A). By2960

contrast, the foramen aerum of some crocodylians is posteriorly bound by a large, anteroposte-2961

riorly orientated lamina, which in some cases overhangs the foramen. This condition is mainly2962
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observed in caimanines, such as Caiman latirostris (Fig. 112B), Mourasuchus atopus (Fig. 112C),2963

and Eocaiman palaeocenicus (Fig XE). A similar condition occurs in Diplocynodon hantoniensis2964

(Fig. 112D), Brachychampsa montana (Fig. 112F), and the “gavialoid” Eosuchus minor (Brochu,2965

2006a, fig.18).2966

Figure 112: Dorsomedial view of the articular showing variation in development of a lamina trailing from the
posterior margin of the foramen aerum. A, Crocodylus siamensis (NHMUK 1921.4.1.171); B, Caiman latirostris
(MACN V 1420); C, Mourasuchus atopus (UCMP 38012); D, Diplocynodon hantoniensis (NHMUK 30397); E,
Eocaiman palaeocenicus (MPEF 1933a); F, Brachychampsa montana (UCMP 133901). Scale bars in A and E = 2
cm, all other scale bars = cm.
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250. Articular, orientation of retroarticular process: projects posteriorly (0); projects posterodorsally (1)2967

(after Benton and Clark, 1988; Norell and Clark, 1990 [7]; Clark, 1994 [71]; Brochu, 1997a [50]).2968

251. Articular, dorsal extent of retroarticular process: at the same level or ventral to posterior edge of2969

articular fossa (0); dorsal to posterior edge of articular fossa (1) (after Jouve, 2004 [190]; Jouve et2970

al., 2008 [190]; Salas-Gismondi et al., 2015 [71]).2971

The retroarticular process is directed posteriorly (250-0) in Bernissartia fagesii (IRScNB 1538)2972

and several non-crocodylian eusuchians, including Theriosuchus pusillus (Fig. 113A), and Shamo-2973

suchus djadochtaensis (Pol et al., 2009). The only crocodylian found to exhibit this condition is2974

Mekosuchus inexpectatus (Fig. 113B). All other crocodylians exhibit a posterodorsally directed2975

retroarticular process (250-1) (Fig. 113C–F). The retroarticular process also varies in its dorsal ex-2976

tent relative to the glenoid fossa of the articular. This would appear to be linked to the orientation of2977

the retroarticular process; indeed, in all taxa with a posteriorly directed retroarticular process (250-2978

0), it does not surpass the glenoid fossa dorsally (251-0) (Fig. 113A–B). However, taxa scored2979

for character state 250-1 can exhibit either a low retroarticular process (251-0) (e.g. Diplocynodon2980

hantoniensis and Caiman latirostris [Fig. 113C–D]) or a dorsally positioned process (251-1) (e.g.2981

Alligator mississippiensis and Gavialis gangeticus [Fig. 113E–F]).2982

252. Articular, sharp longitudinal crest on dorsal surface of retroarticular process: absent (0); present2983

(1) (after Salas-Gismondi et al. 2016 [203]).2984

The dorsal surface of the retroarticular process is slightly convex in all crocodylians, with a low an-2985

teroposterior ridge running along the midline (Fig. 114A). In a few, mostly “gavialoid” crocodylians,2986

a tall crest is present instead, e.g. Gryposuchus colombianus (Fig. 114B) and Argochampsa krebsi2987

(Fig. 114C). The development of this crest does not appear to be ontogenetic. For example, it2988

does not occur in any specimen of Gavialis gangeticus studied here, including the largest individ-2989

uals (e.g. NHMUK 1974.3009, UMZC R5783). Conversely, it does occur in a very small, and2990

potentially juvenile specimen of Argochampsa krebsi (Fig. 114C).2991
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Figure 113: Lateral view of the posterior mandibular ramus showing variation in height and orientation of the
retroarticular process. A, Theriosuchus pusillus (NHMUK 40384) (digitally reversed); B, Mekosuchus inexpectatus
(MNHN NCP 06); C, Diplocynodon hantoniensis (CAM TN 904); D, Caiman latirostris (MACN V 1420) (digitally
reversed); E, Alligator mississippiensis (NHMUK 68.2.12.6); F, Gavialis gangeticus (NHMUK uncatalogued).
Abbreviations: rtp, retroarticular process. Scale bars C and E = cm, all other scale bars = 2 cm.
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Figure 114: Dorsal view of the mandibular retroarticular process showing development of a crest in A, Gavialis
gangeticus (NHMUK uncatalogued, left articular); B, Gryposuchus colombianus (UCMP 40293, left articular); C,
Argochampsa krebsi (NHMUK R36872, right articular). Scale bar in A = 2 cm, all other scale bars = cm.

253. Articular, lingual foramen for articular and alveolar nerve perforates surangular only (0); perforates2992

surangular-articular suture (1) (after Brochu, 1997a [45]; Brochu, 2011 [69]).2993

This character is described and illustrated by Brochu (1999, fig.33). Here it is unmodified, ex-2994

cept for the description of the lingual foramen as perforating the surangular-articular suture, rather2995

than the surangular-angular suture, which appears to be a typographical error. As in earlier stud-2996

ies, a surangular-articular perforation (253-1) is observed in all extant species of Crocodylus (Fig.2997

115G–I) and Alligator (Fig. 115B), in addition to Kambara (e.g. QM F30077), and Mekosuchus2998

(e.g. MNHN NCP 06). The condition also occurs in Diplocynodon (all species, where preserved),2999

although it is polymorphic in D. hantoniensis (Chapter 2). A surangular-only perforation (253-3000

0) occurs in all extant caimanines (Fig. 115D–F), Gavialis gangeticus (Fig. 115C), Tomistoma3001

schlegelii (NHMUK 1894.2.21.1), and some Borealosuchus species, e.g. B. sternbergii (USNM3002

6533).3003

254. Articular, anterior process on posterior wall of adductor chamber: absent (0); present (1) (after3004

Brochu, 1997a [44]; Brochu, 2011 [68]).3005

255. Articular, position of anterior process on posterior wall of adductor chamber: dorsal to lingual3006

foramen (0); ventral to lingual foramen (after Brochu, 1997a [44]; Brochu, 2011 [68]).3007

Characters 254 and 255 were derived by reductively coding Character 68 in Brochu (2011). In3008

Bernissartia fagesii and most eusuchians, the surangular-articular suture forms a straight line in3009

the posterior wall of the mandibular adductor chamber (254-0) (Fig. 115A–C). By contrast, all3010

extant crocodylids, Mleanosuchus, and Caiman exhibit an anterior process of the articular (254-3011

1) (Fig. 115D–I). Whereas in crocodylids this process is dorsal to the lingual foramen (255-0)3012

(Fig. 115G–I), it occurs ventral to the lingual foramen in Melanosuchus and Caiman (255-1) (Fig.3013

115D–F). An additional character state introduced by Brochu (2011) (68-3): “bears laminae (=3014
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processes) above and below foramen”, appears to occur in some species of Thecachampsa, based3015

on character scores in Brochu (2011) and Iijima and Kobayashi (2019). However, the relevant3016

portion of the mandible could not be examined in any specimen of Thecachampsa, nor has it been3017

clearly figured before, and so this state was excluded.3018

256. Surangular-angular suture, lingual intersection with articular in the floor of the adductor chamber:3019

at ventral tip (0); dorsal to ventral tip (1) (after Brochu, 1997a [67]).3020

In postero-medial view of the mandibular adductor chamber, the surangular-angular suture can be3021

seen extending from the external mandibular fenestra to the ventral tip of the articular in most3022

eusuchians (Fig. 115A–C). This suture is more or less straight, but can exhibit a kink (commonly3023

in Crocodylus species [Fig. 115G]). By contrast, the suture intersects the articular dorsal to its3024

ventral tip in all extant caimanines (Fig. 115D–F) (Brochu, 1999). Among fossil crocodylians,3025

this condition occurs in Acresuchus pachytemporalis (UFAC 2507), Diplocynodon hantoniensis3026

(Chapter 2), and Voay robustus (NHMUK R36686). Commonly in taxa exhibiting this condition,3027

the surangular forms a narrow, ’finger’-like descending process on the posterior wall of the adductor3028

chamber, e.g. Melanosuchus niger (Fig. 115D) and Caiman yacare (Fig. 115E); however, this does3029

not occur in Caiman latirostris (Fig. 115F), Caiman crocodilus (FMNH 69812), Voay robustus3030

(NHMUK R36686), or Diplocynodon hantoniensis (CAM TN 904).3031

Angular3032

257. Angular, anterior extent relative to foramen intermandibularis caudalis (FIC) (in medial view):3033

extends anteriorly beyond half the anteroposterior length of the FIC (0); terminates at, or posterior3034

to the anteroposterior mid-length of the FIC (1) (after Brochu, 1997a [66]).3035

The anatomical meaning of this character follows the description and figures in Brochu (1999,3036

fig.47), who noted that all extant caimanines exhibit an angular that does not extend far anteriorly3037

relative to the FIC. Here, the anterior extent of the angular is measured relative to the anteroposte-3038

rior mid-point of the FIC, and the derived condition is recognised in a few additional taxa. Follow-3039

ing (Brochu, 1999), all extant caimanines exhibit the derived condition, and it is newly recognised3040

in Mecistops cataphractus (Fig. 116) and Alligator mcgrewi (Fig. 116C).3041
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Figure 115: Posteromedial view of the mandibular adductor chamber. A, Alligator mcgrewi (AMNH FAM
8700) (digitally reversed); B, Alligator sinensis (NHMUK X184); C, Gavialis gangeticus (NHMUK uncata-
logued); D, Melanosuchus niger (NHMUK 45.8.25.125); E, Caiman yacare (AMNH 97300) (digitally reversed);
F, Caiman latirostris (NHMUK 86.10.4.2); G, Crocodylus porosus (NHMUK 1864.9.11.1); H, Crocodylus sia-
mensis (NHMUK 1921.4.1.171); I, Crocodylus moreletii (NHMUK 1861.4.1.4). Abbreviations: an, angular; at,
articular; lf, lingual foramen; sa, surangular. Scale bar in C = 2 cm, all other scale bars = cm.
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Coronoid3042

258. Splenial, acute posterior process separating angular and coronoid: present (0); absent (1) (after3043

Brochu, 1997a [59]).3044

(Brochu, 1999) recognised the presence of a ‘V’ shaped process of the splenial between the an-3045

gular and coronoid, which is present in extant crocodylids, Gavialis gangeticus, and Tomistoma3046

schlegelii (Fig. 116A–B), but absent in most alligatorines, (e.g. Alligator mississippiensis [Fig.3047

116F] and Alligator mcgrewi [Fig. 116C]), and all extant caimanines, e.g. Caiman latirostris (Fig.3048

116G). Here this process is recognised in a few alligatorines, including Alligator sinensis (USNM3049

292078; Cong et al., 1998: fig.47C) and Alligator prenasalis (YPM PU 14063), which were pre-3050

viously scored as absent and unknown for this feature, respectively. The condition is unknown3051

in the outgroup, but at least one non-crocodylian eusuchian, Agaresuchus fontisensis, appears to3052

exhibit the process (Narváez et al., 2016, fig.4C), suggesting this is the plesiomorphic condition in3053

Crocodylia.3054

259. Foramen intermandibularis medius (FIM), anteroposterior length relative to foramen intermandibu-3055

laris caudalis (FIC): short, less than 25% FIC length (0); long, equal to or greater than 25% FIC3056

length (1) (new character, based on personal observations).3057

In most eusuchians, the FIM is very small, perforating the coronoid or the splenial-coronoid suture3058

(see Character 260). Uniquely in Crocodylus acutus and Crocodylus intermedius, this foramen is3059

highly enlarged, such that it is greater than 25% the anteroposterior length of the FIC (Fig. 116D).3060

The same condition is also present (and scored as such) in Stangerochampsa mccabei, although in3061

this species this appears to be a result of reduction in size of the FIC, rather than enlargement of3062

the FIM (Wu et al., 1996, fig.2B).3063

260. Coronoid, position of foramen intermandibularis medius (FIM) (at maturity): on coronoid-splenial3064

suture (0); entirely within coronoid (1) (after Norell, 1988 [12]; Brochu, 1997a [46]).3065

Where preserved, the FIM is positioned on the anterior sutural contact between the coronoid and3066

splenial in most eusuchians (Fig. 116A–B, D–F). By contrast, this foramen is completely situated3067

within the coronoid in extant Caiman, Melanosuchus (Fig. 116G–H) and Purussaurus neivensis3068

(USNM 10889). Brochu (1999) considered the FIM to be lost at maturity in both Paleosuchus3069

species, which was captured in an additional character state (46-2 therein). Nevertheless, he noted3070

that a foramen does occur on the coronoid, but because its position and form were considered dif-3071

ferent to the FIM, it was tentatively treated as an independent structure. Accordingly, the presence3072

or absence of this foramen was characterised in a separate character (Brochu, 1999: [56]). If the3073

coronoid foramen of Paleosuchus is not the FIM, one would expect to see two foramina at some3074
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point in ontogeny. Hatchling Paleosuchus specimens were not available for study here, but in two3075

juvenile specimens (AMNH 93812, 66391) only one foramen occurs on the coronoid. Furthermore,3076

the position of the foramen in these specimens (and indeed that figured in a more mature specimen3077

by Brochu [1999: fig.59]) does not appear notably different to the FIM of other caimanines (Fig.3078

116I). These observations do not disprove the independence of these foramina; however, this could3079

be tested by comparing a series of Paleosuchus specimens of different ontogenetic stages. Until3080

then, the simplest explanation is that the perforation of the coronoid in Paleosuchus is the FIM at3081

all ontogenetic stages, and it is treated as such here. As a result, we do not include Character 56 of3082

Brochu (1999).3083

261. Coronoid, anterior extent relative to level of anterior margin of foramen intermandibularis caudalis3084

(FIC): anterior (0); at the same level or posterior (1) (after Jouve et al., 2015 [228]; Lee and Yates,3085

2018 [194]).3086

This condition is difficult to assess in most fossil taxa because of poor preservation of the coronoid.3087

The coronoid is positioned posterior to the level of the FIC (261-1) in all extant crocodylids, Voay3088

(NHMUK R36686), Mekosuchus (QM F31053, MNHN NCP 06), and Melanosuchus niger (Fig.3089

116H). By contrast, the coronoid is at the same level or anterior to the FIC in Lohuecosuchus3090

(Narváez et al., 2015, fig.4D), Agaresuchus (Narváez et al., 2016, fig.4D), most extant alligatorids3091

(Fig. 116C, F, G), Gavialis gangeticus (Fig. 116A), Maomingosuchus petrolica (Shan et al., 2017,3092

fig.7C), and Tomistoma schlegelii (Fig. 116B).3093

262. Coronoid, orientation of dorsal profile: inclined anteriorly across entire length (0); horizontal to-3094

wards posterior end (1) (after Brochu, 1997a [54]).3095

The coronoid has two posteriorly directed processes, one dorsal and one ventral (Brochu, 1999).3096

In all eusuchians (where known), the anterodorsal edge of the dorsal process is inclined anteriorly3097

(Fig. 116). However, differences occur in the posterior extent of the dorsal process, as well as3098

its orientation. Commonly, the dorsal process has a long posterior extension, which tends to level3099

off to become horizontal (262-1). In this case, the dorsal process almost reaches the level of the3100

posterior extent of the ventral process. This condition occurs in all extant crocodylids and Alligator3101

(Fig. 116C–F). By contrast, the dorsal process is anteroposteriorly shorter in some caimanines, and3102

the dorsal profile is inclined across its entire length (262-0) (Fig. 116G). Both Gavialis gangeticus3103

and Tomistoma schlegelii have distinct morphologies that do not fit easily into either state. In Gavi-3104

alis gangeticus, the dorsal process is strongly truncated posteriorly, such that it can appear absent3105

altogether (Fig. 116A). In Tomistoma schlegelii there is some truncation of the dorsal process, but3106

it levels off at its posteriormost extent (Fig. 116B) similar to crocodylids. No other taxa in this3107

dataset share these conditions, rendering a new character or character states uninformative. Since3108
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the condition in these taxa is more reminiscent of caimanines, they are provisionally scored with3109

the plesiomorphic condition, following previous authors (e.g. Brochu, 1999).3110
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Figure 116: Medial view of the posterior mandibular ramus. A, Gavialis gangeticus (NHMUK uncatalogued);
B, Tomistoma schlegelii (NHMUK 1894.2.21.1); C, Alligator mcgrewi (AMNH FAM 8700), D, Crocodylus inter-
medius (NHMUK 1851.8.25.29); E, Mecistops cataphractus (62.6.30.8); F, Alligator sinensis (NHMUK X184); G,
Caiman latirostris (MACN V 1420); H, Melanosuchus niger (45.8.25.125); I, Paleosuchus palpebrosus (AMNH
93812). Abbreviations: an, angular; cr, coronoid; FIC, foramen intermandibularis caudalis; FIM, foramen inter-
mandibularis medius; sp, splenial; sa, surangular. Scale bars A, C, H, I = 2 cm, all other scale bars = cm.
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263. Coronoid, prominent medioventral lamina extending over inner (medial) surface of Meckelian3111

fossa: present (0); absent (1) (after Brochu, 1997a [55]).3112

The anatomical meaning of this character follows that described and illustrated by Brochu (1999:3113

fig.47D–F). In most eusuchians (where known), the coronoid has a ventral process that laps over the3114

inner surface of the Meckelian fossa (63-0). Among extant crocodylians, this occurs in crocodylids3115

and Alligator, but not in caimanines (263-1).3116

Axial column3117

Cervical vertebrae3118

264. Proatlas, acute anterior process: present, anterolateral margin of proatlas prominently concave (0);3119

absent, anterior margin of proatlas straight or convex (1) (after Brochu, 1997a [10]).3120

The proatlas is one of the most poorly preserved elements of the skeleton in Eusuchia; indeed, it3121

was not even possible to examine it in all extant crocodylians for this study. Nevertheless, based3122

on the sample of crocodylians examined, inconsistencies were observed in exisitng characters de-3123

limiting the proatlas morphology. Brochu (1999) and all subsequent iterations of this dataset have3124

discretised the morphology of the proatlas into two characters. The first (Brochu, 1997a:[2]) de-3125

scribes the overall morphology as either ’boomerang’-shaped (0), ’strap’-shaped (1), or massive3126

and ’block’-shaped (2). The second (Brochu, 1997a:[10]) described the presence or absence of an3127

anterior process, which was argued as being independent of the first character. The distinction be-3128

tween taxa scored for each of the states of the first of these characters in earlier studies is not always3129

apparent, nor was the proatlas morphology consistent within taxa scored for the same state, as also3130

noted by Sookias (2020). For example, whereas Crocodylus rhombifer (Fig. 117G) and Crocody-3131

lus acutus (Fig. 117H) are scored as having boomerang-shaped proatlases, Crocodylus porosus3132

(Fig. 117D) is scored as having a strap-shaped proatlas (Brochu, 2007). However, these taxa do3133

not appear notably different. By contrast, the proatlases of taxa such as Alligator (Fig. 117B–C)3134

and Diplocynodon (Fig. 117A), which are also scored for the boomerang-shaped condition, appear3135

completely different to those Crocodylus species. This is principally due to a prominent anterior3136

process in these taxa. Furthermore, although the proatlases of Tomistoma schlegelii (Fig. 117E)3137

and Gavialis gangeticus (Fig. 117F) match their description of being “massive and block-shaped”3138

(Brochu, 1997a), the distinction between this and the condition of several Crocodylus species is3139

very subtle. Based on these observations, Character 2 of Brochu (1997b) is exlcuded here, and the3140

morphology of the proatlas is characterised only by the presence or absence of a prominent anterior3141

process. The definition of a process can be subjective, as all proatlases taper anteriorly to a degree.3142
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Here, an anterior process is considered present when the anterolateral margins of the proatlas are3143

concave. This is most prominently expressed in Diplocynodon (Fig. 117A) and Paleosuchus, but3144

it also occurs in Alligator mississippiensis (Fig. 117C). By contrast, Gavialis (Fig. 118F), Tomis-3145

toma (Fig. 117E), and all Crocodylus species (Fig. 117G–H) examined here, are considered to lack3146

this process. Among fossil crocodylians, Borealosuchus formidabilis (Erickson, 1976, fig.14) and3147

Asiatosuchus germanicus (HLMD Me 3092) also lack the anterior process.3148

265. Proatlas, dorsal keel: present (0); absent (1) (after Brochu, 1997a [17]).3149

(Brochu, 1999) noted that the proatlas of most crocodylians exhibit either a low dorsal midline keel,3150

or lack a keel altogether. By contrast, the keel is very prominent in some crocodylians, e.g. Gavi-3151

alis gangeticus (Fig. 117F), Diplocynodon (Fig. 117A), and Brachychampsa (UCMP 133901).3152

(Brochu, 1997b) used a binary state character in which only a prominent keel was considered as3153

’present’. Here, the presence of a midline keel is recognised regardless of size. Consequently, many3154

more taxa are scored for the plesiomorphic state than in the dataset of Brochu (1999), including3155

several Crocodylus species. An examination of later iterations of that dataset (e.g. Brochu, 2007a)3156

reveal a similar basis for character state delimitation was used, with most Crocodylus species scored3157

as possessing a dorsal keel.3158

Figure 117: Morphology of the proatlas. A, Diplocynodon hantoniensis (NHMUK OR 30289); B, Alligator mc-
grewi (AMNH FAM 8700); C, Alligator mississippiensis (AMNH 71621); D, Crocodylus porosus (NHMUK un-
catalogued); E, Tomistoma schlegelii (AMNH 113078); F, Gavialis gangeticus (AMNH 110145); G, Crocodylus
rhombifer (AMNH R154087); H, Crocodylus acutus (AMNH 7121). All scale bars = 1 cm.

266. Atlas intercentrum, shape in lateral view: wedge-shaped (0); plate-shaped (1) (after Clark, 19943159

[89]; Brochu, 1997a [5]).3160

The presence of a flattened, plate-shaped atlantal intercentrum (Fig. 118A–B) has consistently3161

been recovered as an unambiguous synapomorphy of Globidonta (e.g. Brochu, 1999), i.e. crown3162

group Alligatoridae and a few stemward alligatoroid taxa, e.g. Brachychampsa montana (UCMP3163
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133901). By contrast, ‘basal’ alligatoroids such as Diplocynodon (all species, where known)3164

have a distinctive, wedge-shaped atlantal intercentrum (Fig. 118D–E) as is the case in most non-3165

alligatoroid crocodylians. This includes Gavialis gangeticus (Fig. 118E), Tomistoma schlegelii3166

(AMNH 113078), and all extant crocodylids (Fig. 118A). The same condition has been noted in all3167

members of Borealosuchus (Brochu et al. 2012), e.g. B. formidabilis (Erickson, 1976, fig.13B) (Er-3168

ickson, 1976: fig.13B). By contrast, the alligatorid condition is newly recognised in Borealosuchus3169

sternbergii (UCMP 134470, Fig. 118C).3170

267. Atlantal rib, dorsal margin shape: straight, or with modest process (0); with prominent process (1)3171

(Brochu, 1997a [14]).3172

Brochu (1999) identified a prominent dorsal process on the atlantal ribs of most extant alligatorids,3173

Brachychampsa, and Toyotamaphimeia (Fig. 118H), contrasting with Gavialis gangeticus, Tomis-3174

toma schlegelii, most extant crocodylids and Borealosuchus (Fig. 118F). The anatomical meaning3175

and distribution of this feature is consistent with earlier studies (e.g. Brochu, 1999; Brochu et al.,3176

2012).3177

268. Atlantal rib, thin medial lamina at proximal end: absent (0); present (1) (after Brochu, 1997a [16]).3178

269. Atlantal rib, proximal articular facet for opposing atlantal rib: absent (0); present (1) (Brochu,3179

1997a [15]).3180

Characters 268 and 269 describe two similar, but independent processes that occur on the antero-3181

medial end of the atlantal rib. Character 268 describes a medial lamina that serves as the attachment3182

point of the atlantodental ligament, which connects the paired atlantal ribs (Fig. 118H) (Brochu,3183

1999). According to Brochu (1999), and as scored therein, among extant crocodylians this process3184

only occurs in caimanines. Indeed, this process is observed in Caiman (e.g. AMNH 97300), Pa-3185

leosuchus (e.g. AMNH 66391) and Melanosuchus niger (AMNH 97325). Nevertheless, the only3186

caimanine scored for this condition in all subsequent iterations of the dataset of Brochu (1999) is3187

Paleosuchus (e.g. Brochu, 2011; Brochu et al. 2012; Salas-Gismondi et al., 2015; Cidade et al.,3188

2017). This seems likely to be a typographical error that has been carried forward, since the figures3189

in Brochu (1999, fig.28C), clearly show that these medial laminae are present in all extant caima-3190

nines. Scores are further modified here, as this process is also recognised on the atlantal ribs of3191

Alligator mississippiensis (Fig. 118H), Brachychampsa montana (UCMP 133901), and Borealo-3192

suchus sternbergii (UCMP 134470). Character 269 describes the development of anteroposteriorly3193

long atlantal articular facets, a condition exclusively known in Paleosuchus (Brochu, 1999) (Fig.3194

118I).3195

270. Odontoid process: mediolateral width across axial rib facets, relative to mediolateral width across3196
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axial tubercula facets: narrower (0); subequal (1) (after Ijima and Kobayashi, 2019 [244]).3197

Iijima and Kobayashi (2019, fig.S1) illustrated differences in morphology of the odontoid process3198

among crocodylians, noting that the mediolateral width across the ventral facets for the axial rib ca-3199

pitula is notably narrower than that across the dorsal facets for the axial rib tubercula in Bernissartia3200

fagesii and all extant alligatorids (Fig. 118J). By contrast, the facets are subequal in width in all ex-3201

tant crocodylids (except Osteolaemus), Gavialis gangeticus, and Tomistoma schlegelii (Fig. 118K).3202

The plesiomorphic condition is recognised in some additional alligatorids including Alligator mc-3203

grewi and Purussaurus neivensis. By contrast, the ‘basal’ alligatoroid Diplocynodon exhibits the3204

derived condition, e.g. D. hantoniensis, and D. darwini (Ludwig, 1877, plate 3, 13d).3205

271. Axial rib, tuberculum shape: short and broad, equal in size to capitulum (0); long and acute,3206

narrower than capitulum (1) (after Brochu, 1997a [20]).3207

Following Brochu (1997b), two distinctive morphologies of the axial rib tuberculum can be ob-3208

served in crocodylians (Fig. 118L–R); however, the taxa assigned to each state in this study con-3209

trasts with scores in earlier studies (e.g. Brochu, 1999; Brochu et al., 2012; Salas-Gismondi et al.,3210

2015). Whereas the scores herein concur for Gavialis gangeticus, in which the axial rib tuberculum3211

is short and broad, approximately equal in dimensions to the capitulum (Fig. 118M), they differ3212

in that we also regard this condition as characterising Crocodylus (e.g. C. acutus [Fig. 118O],3213

C. rhombifer [Fig. 118L], C. porosus [Fig. 118Q]), Tomistoma schlegelii (AMNH 113078), and3214

Osteolaemus tetraspis (AMNH 69057). In the derived character state, the proximal end of the axial3215

rib forms a broad capitulum and a long, narrower tuberculum. This condition is found in all extant3216

alligatorids (e.g. Alligator mississippiensis [Fig. 118N] and Caiman yacare [Fig. 118P]) as also3217

scored in previous analyses.3218

272. Axial rib, tuberculum, contact with axial diapophysis: absent, or occurs late in ontogeny (0);3219

present early in ontogeny (1) (Brochu, 1997a [21]).3220

The definition and scoring of this character is consistent with earlier studies. As described and illus-3221

trated by Brochu (1999, fig.30), contact between the axial rib tuberculum and the axial diapophysis3222

can be observed in all extant alligatorids at an early ontogenetic stage (Fig. 119C), but is absent3223

in crocodylids, Gavialis gangeticus (AMNH 110145), Tomistoma schlegelii (AMNH 113078), Bo-3224

realosuchus formidabilis (Erickson, 1976) and Brachychampsa montana (Fig. 119B). For a taxon3225

to be scored for the derived character state, a juvenile specimen is ideally required. However, con-3226

tact between the axial rib and diapophysis was observed in (probably) mature specimens of two3227

fossil taxa: Mourasuchus arendsi (Cidade et al., 2018, fig.8A) and Purussaurus neivensis (UCMP3228

39657). These taxa are scored for the derived condition here pending new data on juvenile individ-3229

uals that demonstrates such contact was absent early in ontogeny.3230
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Figure 118: Morphology of the atlas-axis complex. A–E, atlantal intercentrum (all in ventral view except A and
D, which include right lateral views): A, Alligator mississippiensis (AMNH 71621); B, Purussaurus neivensis
(UCMP 39657); C, Borealosuchus sternbergii (UCMP 134470); D, Crocodylus acutus (AMNH 7121); E, Gavialis
gangeticus (UMZC R 5783); F–I, atlantal ribs of: G, Crocodylus acutus (AMNH 7121, dorsal view); G, Gavialis
gangeticus (AMNH 110145, ventral view); H, Alligator mississippiensis (AMNH 71621, dorsal view); I, Pale-
osuchus palpebrosus (AMNH 93812, ventral view); J–K, odontoid process in anterior view: J, Caiman yacare
(AMNH 97300); K, Crocodylus acutus (AMNH 7121); L, atlas-axis complex of Crocodylus rhombifer, left lateral
view highlighting the axial rib (AMNH R154087); M–R, lateral view of the left axial rib: M, Gavialis gangeticus
(UMZC R 5783); N, Alligator mississippiensis (AMNH 71621); O, Crocodylus acutus (AMNH 7121); P, Caiman
yacare (AMNH 97300); Q, Crocodylus porosus (QM J48127, digitally reversed); R, Purussaurus neivensis (UCMP
39657). All scale bars = 1 cm.
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273. Axis, neural spine, anterior half of dorsal margin in lateral view (at maturity): horizontal (0); slopes3231

such that it faces anterodorsally (1) (after Brochu, 1997a [11]).3232

274. Axis, neural spine, posterior half: dorsally inflected to form crest (0); continuous with anterior half,3233

not crested (1) (after Brochu, 1997a [12]).3234

275. Axis, neural spine, shape of distal end: dorsoventrally thick (0); dorsoventrally thin, rod-like (1)3235

(after Brochu, 1997a [3]).3236

Characters 273–275 describe subtle differences across regions of the axial neural spine. These3237

characters are respectively based on characters 11, 12, and 3 in Brochu (1997a), all of which were3238

not considered robust by Sookias (2020). Inconsistencies in the character scores of some taxa were3239

similarly observed here; however, these characters are retained, with modifications to wording and3240

character scores. Character 273 describes the orientation of the anterior half of the dorsal margin3241

of the the axial neural spine. According to Brochu (1999), the anterior half is horizontal early3242

in ontogeny in all extant crocodylians, but becomes anteriorly inclined at maturity in some taxa,3243

e.g. Caiman and Melanosuchus (Fig. 119C). This broadly matches observations made in this3244

study. A sloping anterior half of the neural spine characterises all extant jacareans, Borealosuchus,3245

Boverisuchus vorax, and Alligator mcgrewi (AMNH FAM 8700). This condition contrasts with3246

that exhibited by Diplocynodon (Fig. 119A) and Gavialis gangeticus (Fig. 119F), in which the3247

anterior half of the spine is horizontal. The distinction between anterior and posterior portions of3248

the axial neural spine appears to be significant, as regardless of the orientation of the anterior half,3249

the posterior half can take on a range of morphologies. These are captured in characters 274 and3250

275. Character 274 was originally described in terms of the presence or absence of a posterior3251

‘crest’. Based on character scores in Brochu et al. (2012), a crest occurs in all extant Caiman3252

species, extant crocodylids, Tomistoma schlegelii, and Gavialis gangeticus. The wording of the3253

original character is ambiguous since the posterior tip of the axial neural spine could be considered3254

crest-like in most crocodylians. Herein, the crested condition only applies to taxa with a concavity3255

in the dorsal outline of the neural spine, such that spine is dorsally inflected posteriorly. This3256

condition is exemplified by Purussaurus neivensis (Fig. 119C), Brachychampsa montana (Fig.3257

119B), contrasting with the uncrested neural spines of Diplocynodon hantoniensis (Fig. 119A) and3258

Caiman (contra Brochu, 1999) (Fig. 119C). Character 275 originally described the posterior half of3259

the axial neural spine as either “wide” or “narrow” (Brochu, 1997b, character 3). This wording was3260

considered ambiguous, as it is not clear whether this neural spine dimension should be considered3261

as mediolateral or dorsoventral. Here, the derived character state applies to taxa in which the distal3262

end of the neural spine forms a dorsoventrally narrow, rod-like process. This is distinct from the3263

dorsally inflected (crested) condition described in Character 274. The rod-like condition (275-1)3264

189



is exemplified by Gavialis gangeticus (Fig. 119F), Eosuchus minor (Fig. 119G) and most extant3265

crocodylids, e.g. C. rhombifer (Fig. 118T).3266

276. Axis, lateral process (diapophysis) on neural arch lateral margin: absent (0); present (1) (after3267

Norell, 1989 [7]; Brochu, 1997a [4]).3268

Among extant crocodylians, Gavialis gangeticus is the only species with an axial diapophysis3269

(Baur, 1886; Norell, 1989) (Fig. 119F, J). The co-occurrence of this diapophysis in the non-3270

crocodylian neosuchian, Bernissartia fagesii, was considered as evidence of the sister relationship3271

of Gavialis gangeticus to all other crocodylians (Norell & Clark, 1990; Norell, 1989). Where3272

observed in Gavialis gangeticus, this process tends to be a very low, anteroposteriorly orientated3273

crest, positioned dorsal to the neurocentral suture (Fig. 119J). Among fossil crocodylians, an axial3274

diapophysis has traditionally only been recognised in “gavialoids”, e.g. Eosuchus (Fig. 119K–L)3275

and Thoracosaurus (Brochu et al., 2012, character scores therein). However, the diapophysis is also3276

present in at least two “tomistomines”: Toyotamaphimeia and Penghusuchus (Iijima & Kobayashi,3277

2019).3278

277. Axis, hypapophysis position: located towards centre of centrum (0); toward anterior end of centrum3279

(1) (Brochu, 1997a [6]).3280

In most crocodylians, the axial hypapophysis is located towards the anterior end of the centrum3281

(Fig. 119E). Brochu (1999) recognised a posteriorly shifted hypapophysis exclusively in Diplo-3282

cynodon, such that it occurs around the anteroposterior mid-length of the centrum (Fig. 119A).3283

This is similarly recognised here, but several additional crocodylians exhibit the derived condi-3284

tion, e.g. Caiman yacare (AMNH 97300), Alligator sinensis (USNM 292078), Alligator mcgrewi3285

(AMNH FAM 8700), and Borealosuchus formidabilis (Erickson, 1976, fig.13B).3286

278. Axis, hypapophysis shape: un-forked (0); forked (1) (after Brochu, 1997a [19]).3287

Uniquely among extant crocodylians, Gavialis gangeticus exhibits a forked axial hypapophysis3288

(Fig. 119N), a condition shared by several fossil “gavialoids”, e.g. Thoracosaurus (Brochu,3289

2004a) and Eosochus minor (USNM 181577) (but not Eosuchus lerichei [IRScNB R49]) and some3290

“tomistomines”, e.g. Toyotamaphimeia and Penghusuchus (Iijima & Kobayashi, 2019). By con-3291

trast, Bernissartia fagesii and all other crocodylians exhibit a single, un-forked hypapophysis (Fig.3292

119M).3293
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Figure 119: Morphology of the axis in selected crocodylian taxa. A–H, left lateral view of the axis in: A, Diplocyn-
odon hantoniensis (NHMUK uncatalogued, digitally reversed); B, Brachychampsa montana (UCMP 133901); C,
Caiman yacare (AMNH 97300, digitally reversed); D, Purussaurus neivensis (UCMP 39657, digitally reversed);
E, Crocodylus porosus (QM J48127); F, Gavialis gangeticus (UMZC R 5783); G, Eosuchus lerichei (IRScNB R
1740, digitally reversed); H, Eosuchus minor (USNM 181577, digitally reversed); I–L enlargement of the regions
highlighted in E–H respectively; M, Crocodylus johnstoni, ventral view (QM J58446); N, Gavialis gangeticus,
ventral view (UMZC R 5783). All scale bars = 1 cm.
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279. Prominent cervical hypapophyses: present (0); absent (1) (after Norell, 1989 [12]; Norell and3294

Clark, 1990 [11]; Clark, 1994 [92]; Brochu, 1997a [8]).3295

Norell (1989) noted that Gavialis gangeticus lacks hypapophyses on its cervical vertebrae, un-3296

like all other extant crocodylians, which have prominent cervical hypapophyses. The absence of3297

prominent cervical hypapophyses is recognised in Bernissartia fagesii (Norell & Clark, 1990), Bo-3298

realosuchus (Brochu et al., 2012), some “gavialoids” e.g. (Eosuchus minor [Fig. 120B] and Tho-3299

racosaurus), and also in the “tomistomine” Toyotamaphimeia machikanensis (Iijima & Kobayashi,3300

2019).3301

280. First postaxial vertebra (Cv3), anteroposterior length at the distal end of the neural spine: long,3302

greater than or equal to half the length of the non-condylar centrum (0); short, dorsal tip acute and3303

less than half the length of the non-condylar centrum (1) (after Brochu, 1997a [9]).3304

The neural spine of the first postaxial vertebra (third cervical vertebrae) in Bernissartia fagesii3305

(IRScNB 1538), Borealosuchus, and some caimanines is anteroposteriorly long and often square3306

shaped (280-0) (Fig. 120C). By contrast the neural spine is anteroposteriorly short (280-1) and3307

often acute in most extant crocodylids (Fig. 120A), Gavialis gangeticus (Fig. 120G), and “tomis-3308

tomines” (e.g. Tomistoma schlegelii [AMNH 113078], Toyotamaphimeia, and Penghusuchus [Iijima3309

and Kobayashi, 2019]).3310

281. Cervical centra: amphicoelous (both articular surfaces concave) (0); procoelous (anterior articular3311

surface concave, posterior articular surface convex) (1) (after Norell and Clark, 1990 [8]; Clark,3312

1994 [92]; Brochu, 1997 [18]; Brochu et al., 2012 [21]).3313

As noted by Norell and Clark (1990), the cervical centra are plesiomorphically amphicoelous in3314

neosuchians (Fig. 120D), e.g. Bernissartia fagesii (IRScNB 1538), contrasting with the procoelous3315

cervical centra of eusuchians (Fig. 120C). The morphology of the dorsal and caudal centra is dis-3316

cretised separately (Characters 285 and 292) as both can vary independently of that of the cervical3317

vertebrae.3318

282. Posterior cervical vertebrae (C7–C9), anterior extent of hypapophyses (C7–C9): level with, or3319

anterior to the level of anterior margin of the prezygapophyses (0); posterior to the level of anterior3320

margin of prezygapophyses (1) (after Iijima and Kobayashi, 2019 [246]).3321

Iijima and Kobayashi (2019, character 246) note that the posterior cervical hypapophyses of all ex-3322

tant alligatorids project anteroventrally “well beyond” the level of the centrum (Fig. 120F). In all3323

eusuchians examined here, the posterior cervical hypapophyses are anteriorly hooked to a degree,3324

and can still extend towards and slightly beyond the centrum margin, e.g. Crocodylus acutus (Fig.3325

120E), Gavialis gangeticus (Fig. 120G); nevertheless, they never reach the same anterior extent3326
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as in alligatorids. To capture this difference, here the anterior hypapophyseal extent is measured3327

relative to the anterior extent of the prezygapophyseal facets. These provide a more anteriorly3328

positioned landmark for measuring hypapophyseal extent, removing the need for subjective termi-3329

nology such as “well-beyond”. In addition to extant alligatorids, strongly anteroventrally directed3330

hypapophyses are newly recognised in Alligator mcgrewi (Fig. 120H) and Purussaurus neivensis3331

(UCMP 39657).3332

283. Cervical rib 8, length in proportion to cervical rib 9: long, greater than half the length of cervical3333

rib 9 (0); short, equal to or less than half the length of cervical rib 9 (1) (after Iijima and Kobayashi,3334

2019 [247]).3335

Mook (1921) noted that the 8th cervical rib of extant Crocodylus and Tomistoma schlegelii is elon-3336

gate, being similar in morphology to the 9th cervical rib (described as the first dorsal rib therein)3337

(Fig. 121A–B). By contrast, he noted that the 8th cervical rib is shorter in Alligator (Fig. 121E)3338

and Caiman (Fig. 121F). As later demonstrated by Iijima and Kobayashi (2019, fig.S2), Gavialis3339

gangeticus also exhibits an elongated 8th cervical rib, like crocodylids (Fig. 121C), whereas all3340

extant alligatorids exhibit a shortened rib. This character does not necessarily require the preser-3341

vation of the 9th rib as, in both plesiomorphic and derived conditions, the morphology of the 8th
3342

rib is distinct from any other rib. The shortened 8th cervical rib of alligatorids can be distinguished3343

from any of the preceding cervical ribs, in that the capitular and tubercular processes are parallel to3344

the shaft of the rib (rather than perpendicular). Furthermore, the shaft is only slightly longer than3345

the proximal articular processes, unlike any subsequent presacral ribs. Isolated 8th cervical ribs3346

in crocodylids, Tomistoma and Gavialis are very similar in appearance to the 9th and subsequent3347

dorsal ribs, yet they lack the prominent medial curvature of the shaft. The morphology of the 8th
3348

cervical rib is poorly known in fossil crocodylians. For example Iijima and Kobayashi (2019) could3349

only score this character in Borealosuchus formidabilis and Toyotamaphimeia (283-0 in both). The3350

derived, short condition is additionally recognised in several fossil alligatoroids including Alligator3351

mcgrewi (Fig. 121H), Purussaurus neivensis (Fig. 121I), and Diplocynodon darwini (Fig. 121J).3352

By contrast, Borealosuchus sternbergii (UCMP 134470) and ‘Crocodylus’ affinis (Fig. 121D) ex-3353

hibit an elongate rib.3354

284. Hypapophyseal keels, posterior retention: until tenth postatlantal vertebra (Dv2) (0); eleventh3355

postatlantal vertebra (Dv3) (1); twelfth postatlantal vertebra (Dv4) (2) (after Brochu, 1997a [7])3356

(ORDERED).3357

This character requires the consecutive preservation of the anteriormost dorsal vertebrae, and so is3358

poorly known in fossil crocodylians. In Bernissartia fagesii (IRScNB 1538) (and no other taxon in3359

this dataset), hypapophyses occur up to and including the 10th postatlantal vertebra (dorsal verte-3360
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bra 2) (284-0). In most extant crocodylians, hypapophyses occur up to the 11th postatlantal verte-3361

bra (dorsal vertebra 3) (284-1), e.g. Alligator mississippiensis (AMNH 71621), Jacarea, Gavialis3362

gangeticus (UCMZ R5783), and Tomistoma schlegelii (AMNH 113078). In fewer taxa, the hypa-3363

pophyses occur further posteriorly, up to the 12th postatlantal vertebra (284-2), e.g. Paleosuchus3364

(AMNH 97326), Alligator sinensis (USNM 292078) and Diplocynodon hantoniensis (Rio et al.,3365

2020). Character states are re-organised relative to earlier studies as the character is newly ordered.3366

Dorsal vertebrae3367

285. Dorsal centra: amphicoelous (0); procoelous (1) (after Norell and Clark, 1990 [10]; Clark, 19943368

[93]).3369

Where preserved procoelous dorsal centra occur in all taxa in this dataset, except Bernissartia3370

fagesii (IRScNB 1538) and Theriosuchus pusillus (e.g. NHMUK 48216; see also Tennant et al.,3371

2016:p.914), which exhibit amphicoelous dorsal centra.3372

286. Dorsal vertebrae, maximum mediolateral width across both transverse processes at vertebrae 7-3373

–10: equal to or greater than twice the equivalent width on DV1 (0); less than twice the equivalent3374

width on DV1 (1) (after Iijima and Kobayashi, 2019 [248]).3375

287. Dorsal vertebrae, fusion of the diapophysis and parapophysis, occurrence: anterior to or on the3376

12th dorsal vertebra (0); on the 13th dorsal vertebra (1) (after Iijima and Kobayashi, 2019 [249]).3377

Characters 286–287 were based on the observations of Iijima and Kubo (2019b) who recognised3378

two currently autapomorphic features of Gavialis gangeticus. The first is that the maximum width3379

across the transverse processes (usually around dorsal vertebrae 7–10) is approximately twice the3380

width of that of the first dorsal vertebrae, contrasting with all other extant crocodylians (286-0).3381

This requires serial measurements of dorsal vertebrae 1–10. Secondly, whereas the fusion of the3382

parapophysis and diapophysis occurs anterior to or on the 12th dorsal vertebra in most crocodylians,3383

it occurs at the 13th dorsal vertebra in Gavialis gangeticus. Given ongoing work revising Gavialis3384

and closely related forms (e.g. Martin, 2019), these characters have been included here to aid3385

future studies that might be able to incorporate more Gavialis OTUs, and that might demonstrate3386

their wider distribution within the genus.3387

288. Presacral vertebrae, maximum mediolateral width across prezygapophyses: sub-equal throughout3388

(0); increases posteriorly throughout presacral vertebrae (1) (after Iijima and Kobayashi, 20193389

[250]).3390

This character requires measurements of width across the prezygapophyses in all presacral verte-3391

brae, and character scores were based on the observations of Iijima and Kobayashi (2019, fig.3b)3392

194



and Iijima and Kubo (2019b). The width across the prezygapophyses appears very consistent3393

across presacral vertebrae in Gavialis gangeticus and Toyotamaphimeia. By contrast, in all other3394

extant crocodylians, as well as Penghusuchus pani, the width across the prezygapophyses increases3395

posteriorly along the presacral vertebrae.3396

Sacral vertebrae3397

289. Sacral vertebra 1, anterior extent of sacral rib capitulum: anterior to tuberculum (visible in dorsal3398

view) (0); at the same level as tuberculum (obscured in dorsal view) (after Brochu, 1997a [13]).3399

In dorsal view, the anterior surface of the first sacral rib is visible in Gavialis gangeticus (Fig.3400

122C) and all extant alligatorids, e.g. Alligator mississippiensis (Fig. 122A) (289-0). This re-3401

sults from the more anterior position of the capitulum relative to the tuberculum. By contrast,3402

the capitulum is obscured in dorsal view by the tuberculum in all extant crocodylids (289-1) (Fig.3403

122B). Tomistoma schlegelii was scored with the ‘crocodylid’ condition in most earlier datasets3404

(e.g. Brochu et al., 2012; Narváez et al., 2016) but, as noted by Sookias (2020), it exhibits a dor-3405

sally exposed capitulum (Fig. 122D). Other “tomistomines” show variation in this feature. For3406

example, whereas the sacral rib capitulum is dorsally exposed in Penghusuchus (Shan et al., 2009,3407

fig.10a), it is concealed in Toyotamaphimeia (Kobayashi et al., 2006, fig.43B).3408

290. Sacral vertebra 2, posterior extent of ribs: extend beyond level of posterior extent of postzy-3409

gapophyses (0); terminate level with or anterior to level of postzygapophyses (after Iijima and3410

Kobayashi, 2019 [251]).3411

Where known, in most eusuchians, the posterolateral tip of the second sacral rib extends posteriorly3412

beyond the level of the postzygapophyses (Fig. 122A, B, D). By contrast, in Gavialis gangeticus3413

(Fig. 122C) and Bernissartia fagesii (IRScNB 1538), the second sacral rib terminates notably3414

further anteriorly, such that it does not exceed the posterior extent of the postzygapophyses. This3415

character was modified from Iijima and Kobayashi (2019, character 251), who used the posterior3416

end of the centrum as a marker point for the posterior extent of the sacral ribs; however, the sacral3417

ribs extend beyond the posterior end of the centrum in all taxa in this dataset.3418

Caudal vertebrae3419

291. Caudal vertebra 1, centrum: opisthocoelous or procoelous (0); biconvex (1) (after Salisbury et al.,3420

2006 [171]; Norell and Clark, 1990 [9]; Clark, 1994 [94]).3421

In Bernissartia fagesii (IRScNB 1538) and most eusuchians, the centrum of the first caudal verte-3422

bra is biconvex. This contrasts with Isisfordia duncanii, which exhibits a procoelous first caudal3423
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Figure 120: Morphology of the cervical vertebrae. A–C, 3rd cervical vertebra (i.e. 1st postaxial vertebra) in: A,
Crocodylus porosus (QM J48127); B, Eosuchus minor (USNM 181577); C, Caiman yacare (AMNH 97300); D,
Champsosaurus lemoinei (IRScNB 1582); E–H, posteriormost cervical vertebrae (7–9) of E, Crocodylus acutus
(AMNH 7121); F, Caiman yacare (AMNH 97300); G, Gavialis gangeticus (UMCZ R5783); H, Alligator mcgrewi
(AMNH FAM 8700). Numbers indicate position in cervical series. All scale bars = 1 cm.

centrum (Salisbury et al., 2006), and Theriosuchus pusillus (NHMUK 48216), in which the anteri-3424

ormost caudal centra are opisthocoelous.3425
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Figure 121: Morphology of the cervical and dorsal ribs in selected crocodylians. All left ribs in anterior view except
J–right rib. A, Crocodylus acutus (AMNH 7121); B, Tomistoma schlegelii (USNM 52972); C, Gavialis gangeti-
cus (AMNH 110145); D, ‘Crocodylus’ affinis (USNM 18171); E, Alligator mississippiensis (AMNH 71621); F,
Caiman yacare (AMNH 97300); G, Melanosuchus niger (AMNH 97325); H, Alligator mcgrewi (AMNH FAM
8700, D1 and D2 digitally reversed); I, Purussaurus neivensis (UCMP 39657); J, Diplocynodon darwini (Ludwig,
1877: Plate12, fig.1). All scale bars = 2 cm.
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292. Caudal centra, posterior to first caudal vertebra: procoelous (0); amphicoelous or opisthocoelous3426

(1) (after Norell and Clark, 1990 [9]; Clark, 1994 [94]; Salisbury et al., 2006 [171]; Pol et al., 20093427

[94]).3428

In Bernissartia fagesii (IRScNB 1538) and most eusuchians, the caudal centra posterior to the first3429

caudal vertebra are procoelous. By contrast, in Shamosuchus djadochtaensis (Pol et al., 2009) and3430

Theriosuchus pusillus (NHMUK 48216), they are amphicoelous.3431

Figure 122: Dorsal view of the sacral vertebrae 1 (top) and 2 (bottom). A, Alligator mississippiensis (AMNH
71621); B, Crocodylus acutus (AMNH 7121); C, Gavialis gangeticus (AMNH 110145); D, Tomistoma schlegelii
(AMNH 113078). All scale bars = 2 cm.

293. Caudal vertebrae, number with transverse processes: first 15 or fewer (0); 16 to 20 (1); 21 or more3432

(2) (after Iijima and Kobayashi, 2019 [253]) (ORDERED).3433

In all extant crocodylians, the width across the vertebral transverse processes increases posteriorly3434

through the vertebral column, reaching a maximum around dorsal vertebrae 7–9 (Iijima & Kubo,3435

2019b, fig.4). The width across the transverse processes then decreases through the remaining3436

dorsal vertebrae, continuing through the anteriormost caudal vertebrae, until becoming lost in the3437

posteriormost caudal vertebrae. Iijima and Kobayashi (2019) noted differences in the number of3438

caudal vertebrae with transverse processes in extant crocodylians. In general, the transverse pro-3439

cesses extend further posteriorly in extant alligatorids (293-1, 293-2) than in crocodylids, Gavialis3440

gangeticus, and Tomistoma schlegelii (293-0). Three exceptionally preserved fossil taxa are newly3441
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scored in this dataset: Bernissartia fagesii (IRScNB 1538), Diplocynodon darwini (HLMD Me3442

10262), and Asiatosuchus germanicus (SMNK 1801), all of which exhibit transverse processes on3443

15 or fewer caudal vertebrae (293-0). The character is also ordered.3444

294. Caudal vertebrae, articular surfaces of chevrons posterior to the first: open, or partially fused (0);3445

completely fused (1) (after Iijima and Kobayashi, 2019 [254]).3446

This character was illustrated by Iijima and Kobayashi (2019, fig.S5), which shows that the artic-3447

ular surfaces of the haemal arches (connecting the chevrons with the ventral surface of the caudal3448

vertebrae) are fused (294-1) in all extant alligatorids, with the exception of Alligator mississippi-3449

ensis. By contrast, in all extant crocodylids, Gavialis gangeticus, and Tomistoma schlegelii the3450

articular surfaces are incipiently or completely fused (294-1). Among fossil crocodylians, Bore-3451

alosuchus (Erickson, 1976, fig.20) and Piscogavialis jugaliperforatus (SMNK 1282 PAL) exhibit3452

incipiently or unfused chevrons, whereas Diplocynodon darwini (SMF Me 1137) exhibits the fully3453

fused condition, like most extant alligatorids. The first chevron is excluded from the character, as3454

its articular surfaces are always fused.3455

Hyoid and interclavicle3456

295. Hyoid, shape of dorsal projection (cornu): plate-shaped (0); rod-shaped (1) (after Brochu, 1997a3457

[57]).3458

296. Hyoid, flare of dorsal projection (cornu): absent (0); present (1) (after Brochu, 1997a [58]).3459

Characters 295 and 296 describe two independent features in the morphology of the proximal end3460

of the hyoid (cornu), as outlined by Brochu (1999, fig.56). The hyoids flare anteriorly in all extant3461

caimanines (Wermuth, 1953, fig.11a), as well as Gavialis gangeticus (Fig. 123A) and Borealo-3462

suchus formidabilis (Erickson, 1976, fig.12). This contrasts with the parallel-sided proximal end3463

of the hyoid in all extant crocodylids, Tomistoma schlegelii, andAlligator. The hyoid of extant3464

crocodylids can be distinguished further from all other crocodylians by the presence of a cylindri-3465

cal, rod-shaped proximal end (295-1). This contrasts with the mediolaterally narrow, plate-shaped3466

proximal end of the hyoid in all other crocodylians (where known). Sookias (2020) did not consider3467

the character describing the presence or absence of hyoid flare to be robust, stating that Tomistoma3468

and Gavialis share the same flared condition. However, the observations in this study re-affirm3469

earlier character scores (Fig. 123).3470

297. Interclavicle flexure: minimal dorsoventral flexure, minimum angle between anterior and posterior3471

ends <15◦ (0); moderate dorsoventral flexure, minimum angle 15–25◦ (1); severe dorsoventral3472

flexure, minimum angle > 25◦ (2) (after Brochu, 1997a [30]) (ORDERED).3473
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Figure 123: Variation in hyoid morphology (all left hyoids in lateral view except B, which is in anterior view). A,
Gavialis gangeticus (AMNH 110145), B–C, Crocodylus porosus (AMNH 7115); D, Tomistoma schlegelii (AMNH
113078). All scale bars = 1 cm.

The interclavicle is an ossified median process that projects from the anterior end of the sternum.3474

Brochu (1999) described variation in the dorsoventral curvature (flexure) of the interclavicle, which3475

was discretised into three, subjectively-defined character states describing increasing degrees of3476

flexure. Sookias (2020) recognised inconsistencies between character scores in earlier datasets3477

and observations of actual specimens, as is also found here. As described by Brochu (1999), and3478

later scored by Brochu et al. (2012), Paleosuchus exhibits the most extreme dorsoventral flexure3479

(297-2), which is also shared by Osteolaemus (AMNH 69057). This condition is newly recognised3480

in Alligator mcgrewi (Fig. 124D). By contrast with Brochu et al. (2012), severe flexure of the3481

interclavicle was not observed in any Crocodylus species, which instead show little to no flexure,3482

e.g. Crocodylus johnstoni (Fig. 124B). Minimal dorsoventral flexure (297-0) was also observed3483

in extant Caiman and Melanosuchus, as well as extant Alligator and Brachychampsa montana3484

(Fig. 124A). An intermediate degree of flexure (297-1) is exemplified by Gavialis gangeticus3485

(Fig. 124C) and Tomistoma schlegelii (AMNH 113078). This character is ordered given the clear,3486

continuous nature of increasing flexure.3487

298. Interclavicle, shape of anterior end (at maturity): plate-shaped (0); rod-shaped (1) (after Brochu,3488

1997a [31]).3489

A rod-like anterior tip of the interclavicle (298-1) has been recovered as an unambiguous autapo-3490

morphy of Paleosuchus (Brochu, 1999). Furthermore, in all datasets examined here, Paleosuchus3491

is the only taxon to exhibit this condition (e.g. Brochu et al., 2012; Cidade et al., 2017; Narváez3492

et al., 2016). Sookias (2020) noted that there was no marked difference between the condition3493

of the interclavicle in Paleosuchus and other crocodylians. However, based on specimens pho-3494

tographed in his supplementary material, this could be a result of the study of juvenile specimens.3495

Indeed, Brochu (1999) stated that ’mature’ Paleosuchus specimens exhibit this condition, implying3496

that it is absent in juveniles. Accordingly, larger Paleosuchus interclavicles studied here do exhibit3497

a rod-like condition (Fig. 124F), which is distinct from the plate-shaped condition of all other3498

crocodylians (Fig. 124E).3499
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Figure 124: Morphology of the interclavicle. A–C, left lateral view of the interclavicle in A, Brachychampsa
montana (UCMP 133901); B, Crocodylus johnstoni (QM J58446) C, Gavialis gangeticus (USNM 576261, digitally
reversed); D–E, Alligator mcgrewi (AMNH FAM 8700) in left lateral (D) and dorsal views (E); F, Paleosuchus
palpebrosus (AMNH 97326, dorsal view attached to sternum). All scale bars = 2 cm.

Appendicular skeleton3500

Scapulo-coracoid3501

299. Scapula, deltoid crest shape: thin, with sharp margin (0); wide, with broad margin (1) (after Brochu,3502

1997a [23]).3503

The deltoid crest (acromion process) of the scapula serves as the point of origin of M. coraco-3504

brachialis brevis dorsalis and M. deltoideus clavicularis (Meers, 2003). The derived character3505

state applies principally to species of Alligator, e.g. A. mississippiensis, and A. sinensis, which3506

at maturity exhibit a broad crest (Brochu, 1999, fig.51) (Fig. 125A). One might expect that this3507

character will be influenced by ontogeny, i.e. juvenile individuals of a species will exhibit a narrow3508

crest (299-0), which broadens with maturity (299-1). However, at maturity, the scapulae of taxa3509

with the derived character state, e.g. A. mississippiensis, consistently exhibit a broader deltoid crest3510

than those of equally sized or even large crocodylians (Fig. 125B, D, F).3511

300. Scapulocoracoid synchondrosis: closes very late in ontogeny (0); closes early in ontogeny (1) (after3512

Brochu, 1997a [24]).3513

In all extant caimanines, the scapulocoracoid synchondrosis closes relatively early in ontogeny3514

(300-0), before that of the neurocentral sutures (Brochu, 1995) (Fig. 125H). By contrast, the suture3515

remains open in all but the most mature individuals of other extant crocodylians (300-1) (Brochu,3516

201



1999) (Fig. 125G). In this study, all crocodylians known from mature individuals, with disarticu-3517

lated scapulocoracoids, are scored with the plesiomorphic character state, given that had the scapu-3518

locoracoid been fused early in ontogeny, these elements should presumably still be in articulation.3519

Very few fossil crocodylians are scored for character state (1). The material known for Necrosuchus3520

represents an immature individual, since the dorsal and sacral neurocentral sutures are still visible3521

(Brochu, 1996). Based on this, and the incipient closure of the scapulocoracoid synchondrosis, it3522

can be scored for the derived character state. A specimen of Mourasuchus arendsi preserving the3523

scapulocoracoid (Cidade et al., 2018) was close to maturity, based on partial closure of the cervical3524

neruocentral sutures. Since it exhibits incipient closure of the scapulocoracoid synchondrosis, it3525

too can be scored for the derived condition.3526

301. Scapulocoracoid facet, shape anterior to glenoid fossa (at maturity): uniformly narrow (0); broad3527

immediately anterior to glenoid fossa, tapering anteriorly (1) (after Brochu, 1997a [25]).3528

The morphology of the scapulocoracoid facet can be determined by viewing either the scapula3529

or coracoid in proximal view (Fig. 125I–M). Brochu (1999) noted that the facet is tear-drop-3530

shaped in all species, but some (mostly ‘brevirsotrine’) crocodylians exhibit a prominent difference3531

in facet width between the anterior and posterior ends, which is accentuated at maturity (301-3532

1). Sookias (2020) rejected this character as it was unobservable in the sample of crocodylians3533

in his study. However, this sample appears to be entirely juvenile, and all the relevant images3534

are in lateral view, from which point the morphology cannot be determined. The observations3535

of Brochu (1999) are supported here, albeit with some character score changes. A uniformly3536

narrow facet is exhibited in Bernissartia fagesii (IRScNB 1538), some Borealosuchus species (e.g.3537

B. sternbergii), Brachychampsa montana (Fig. 125M), and some “gavialoids” e.g. Eogavialis3538

africanum (Fig. 125K) and Eosuchus minor (USNM 355967). However, the condition in Gavialis3539

gangeticus (Fig. 125L) is considered closer to that of extant crocodylids (Fig. 125I), Tomistoma3540

schlegelii, alligatorids, and the gavialoid Piscogavialis jugaliperforatus (Fig. 125J).3541
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Figure 125: Morphology of the scapulacoracoid. A–F, lateral view of the left scapula in: A, Alligator mississip-
piensis (AMNH 71621); B, Brachychampsa montana (UCMP 133901); C, Caiman yacare (AMNH 97300); D,
Asiatosuchus germanicus (SMF Me 1801); E, Voay robustus (NHMUK R 36661); F, Gavialis gangeticus (UMZC
R 5783); G–H, medial view of the left scapula coracoid in: G, Alligator sinensis (USNM 292078, digitally re-
versed) and H, Caiman crocodilus (FMNH 13062); I–K, proximal view of the articular facet of the left coracoid
in: I, Crocodylus acutus (AMNH 7121); J, Piscogavialis jugaliperforatus (SMNK 1282 PAL); K, Eogavialis
africanum (SMNS 11225, digitally reversed); L–M, proximal view of the articular facet of the right scapula in L,
Gavialis gangeticus (UMZC R 5783); M, Brachychampsa montana (UCMP 133901, digitally reversed). All scale
bars = 2 cm.
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Forelimb3542

302. Humerus, proximal margin of deltopectoral crest: straight, emerging smoothly from proximal end3543

of the humerus (0); concave, emerging abruptly from proximal end of humerus (1) (after Brochu,3544

1997a [26]).3545

The morphology of the deltopectoral crest of the humerus appears to vary continuously in eusuchi-3546

ans. For example, in Gavialis gangeticus (Fig. 126A), the crest is very low, lacking a prominent3547

apex. This condition is broadly similar to several Borealosuchus species (Fig. 126B), Leidyosuchus3548

canadensis (Fig. 126C), and the outgroup, Bernissartia fagesii (IRScNB 1538). By contrast, the3549

deltopectoral crest is more prominent in extant crocodylids, Alligator (Fig. 126F) and Diplocyn-3550

odon (Fig. 126D). In extant caimanines and some fossil representatives, the apex of the crest3551

appears even sharper (Fig. 126G–H). It was not considered practical to characterise this morphol-3552

ogy as a continuous character. As such, following earlier studies, the morphology is discretised as a3553

binary character describing either a low, smoothly emerging crest (302-0), or an abruptly emerging3554

crest (302-1).3555

303. Humerus, axial rotation of the proximal epiphysis relative to the distal epiphysis: small, ventral3556

surface of the proximal epiphysis not visible in medial view (0); large, ventral surface exposed in3557

medial view (1) (new character, after Stein et al., 2012).3558

This character describes the degree of torsion between the proximal and distal ends of the humerus.3559

Uniquely among extant crocodylians, the proximal epiphysis of the humerus is highly rotated rela-3560

tive to the distal epiphysis in Gavialis gangeticus (Fig. 126A). Consequently, when viewed medi-3561

ally, the ventral surface of the proximal epiphysis is visible. This can also be described in terms of3562

the orientation of the long axes of the distal and proximal epiphyses, which are offset in Gavialis.3563

By contrast, other extant crocodylians exhibit a minimal degree of torsion, such that the long axes3564

of the epiphyses are aligned, and the ventral surface of the proximal epiphysis is not visible e.g.3565

Alligator mississippiensis (Fig. 126F). Other than Gavialis gangeticus, the derived condition is3566

only tentatively found in the “tomistomine” Penghusuchus pani (Shan et al., 2009, fig.14).3567

304. Humerus, scarring on proximodorsal surface for M. teres major and M. dorsalis scapulae (at ma-3568

turity): two muscle scars (0); single muscle scar (M. teres major and M. dorsalis scapulae insert3569

on common tendon) (1) (after Brochu, 1997a [29]).3570

This character was introduced by Brochu (1997b), and has never been illustrated and only briefly3571

described (Brochu, 1997a). According to earlier datasets (Brochu et al., 2012), Bernissartia fage-3572

sii, and some “gavialoids”, (e.g. Gavialis gangeticus, Eosuchus minor, and Thoracosaurus) exhibit3573

two muscle scars on the dorsal surface of the humerus (304-0), approximately level with the loca-3574
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tion of the deltopectoral crest on the ventral surface. By contrast, all other eusuchians (e.g. Fig.3575

126J) exhibit one prominent scar (304-1), which serves as the insertion point for M. teres major3576

and M. latissimus dorsi (Meers, 2003). The latter was commonly found in most crocodylians in this3577

dataset (Fig. 126J). Two scars matching the description of the plesomorphic character state were3578

observed in a mature specimen of G. gangeticus (UMZC R 5783) (Fig. 126K); however, these3579

are not apparent in slightly smaller specimens, which appeared to have only one prominent scar3580

(AMNH 110145, USNM 576261). As such the character must be scored in mature specimens. Two3581

scars are also present in Eosuchus minor (USNM 355967 Brochu, 2006b), and Thoracosaurus. The3582

condition in the latter is based on character scores in a previous dataset (Brochu et al., 2012), since3583

appendicular remains of Thoracosaurus were not studied herein.3584

305. Ulna, shape of olecranon process: narrow and sub-angular (0); wide and rounded (1) (after Brochu,3585

1997a [27]).3586

The olecranon process is narrow (mediolaterally compressed) in Bernissartia fagesii and all species3587

of Borealosuchus (Fig. 127A). This contrasts with the broadly rounded olecranon process of all3588

other crocodylians (Fig. 127B), were known.3589

306. Ulna, proximal diaphysis curved (0); straight (1) (new character, based on personal observations).3590

In most eusuchians, the ulna is almost entirely straight and robust, with a slight dorsal curvature3591

at its proximal end (Fig. 127B). By contrast, in Bernissartia fagesii (IRScNB 1538), Isisfordia3592

duncani (QM F36211), and at least two Borealosuchus species (B. sternbergii [Fig. 127A] and B.3593

formidabilis [Erickson, 1976, fig.26]), the ulna is slender, and prominently curved at its proximal3594

end.3595

Pelvic girdle3596

307. Ilium, preacetabular process shape: acute, pointed anteriorly (0); broad, rounded anteriorly (1)3597

(after Benton and Clark, 1988; Clark, 1994 [84]; Brochu, 1997a [34]).3598

All earlier studies characterised the preacetabular process of the ilium as either “prominent” or3599

“virtually absent” (Brochu, 1997b; Brochu et al., 2012). However, examination of a large sample3600

of crocodylian ilia reveals a significant amount of variation in the development of this process3601

(Fig. 128). A convexity on the anterodorsal margin of the ilium, which could be interpreted as a3602

preacetabular process, occurs in most eusuchians, but differs in its size. Although, this justifies the3603

use of the terms “prominent” or “virtually absent”, it introduces subjectivity. Here, a distinction is3604

made between the morphology of the preacetabular process, from those with an acute tip (307-0)3605

to those with a rounded tip (307-1). As a result, the plesiomorphic condition is more widespread.3606
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Whereas Bernissartia fagesii (IRScNB 1538), Borealosuchus (Fig. 128A), and Gavialis gangeticus3607

(Fig. 128D) exhibit a prominent, acute preacetabular process (307-0), all extant alligatorids and3608

most crocodylids exhibit a smaller, rounded process (307-1). By contrast to earlier studies (e.g.3609

Brochu et al., 2012), the morphology of the preacetabular process in Diplocynodon darwini (Fig.3610

128C), Crocodylus acutus (Fig. 128H), and Alligator prenasalis (Fig. 128Q), is scored with the3611

plesiomorphic condition, whereas that of Eogavialis africanum (Fig. 128E) more closely resembles3612

the derived state.3613

308. Ilium, dorsal outline of postacetabular process: convex, no dorsal indentation (0); broadly concave3614

with a small indentation (1);strongly concave, with an acute indentation (“wasp-waisted”) (2) (after3615

Brochu, 1997a [28]) (ORDERED).3616

309. Ilium, posterior margin of the postacetabular process: deep, anteroposterior length to dorsoventral3617

height ratio <1 (0); shallow, length to height ≥1 (1) (after Brochu, 1997a [28]; Groh et al., 20193618

[523]).3619

Characters 308 and 309 were derived by reductively coding character 28 in Brochu (1997b), which3620

originally combined descriptions of the dorsoventral height (Character 309) and dorsal outline3621

(Character 308) of the postacetabular process. Under the original format, some combinations3622

of morphological features could not be accounted for in several crocodylians. For example, all3623

Diplocynodon species were described as exhibiting a postacetabular process that was deep, lack-3624

ing a dorsal indentation (Brochu, 1997b, character 28-4). Although this applies to D. hantoniensis3625

(NHMUK OR 30362) and D. darwini (Fig. 128C), D. ratelii exhibits a deep postacetabular process3626

(309-0) with an acute indentation (308-2) (Fig. 128B).3627

310. Ilium, postacetabular process: projects posteriorly (0); posterodorsally (1) (after Wu and Suez,3628

1996 [41]; Pol and Norell, 2004 [110]; Groh et al., 2020 [530]).3629

This character is not usually applied to datasets consisting primarily of crocodylian taxa (e.g.3630

Brochu, 1999; Brochu et al., 2012; Jouve et al., 2015; Lee & Yates, 2018); however, a posterodor-3631

sally directed postacetabular process is present in Borealosuchus formidabilis (Fig. 128A) and3632

Borealosuchus wilsoni (FMNH PR 1674) in this dataset. In Bernissartia, and all other eusuchians3633

(Fig. 128B–R), the process is primarily posteriorly directed.3634
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Figure 126: Variation in humeral morphology in Crocodylia. A–H, medial view of the left humerus in: A, Gavialis
gangeticus (AMNH 110145); B, Borealosuchus sternbergii (USNM 6533); C, Leidyosuchus canadensis (UCMP
131696, digitally reversed); D, Diplocynodon hantoniensis (NHMUK OR 30206, digitally reversed); E, Brachy-
champsa montana (UCMP 133901); F, Alligator mississippiensis (AMNH 71621); G, Caiman yacare (AMNH
97300); H, Mourasuchus atopus (UCMP 38012). I–J, dorsal view of the humerus in I, Gavialis gangeticus
(UMZC R 5783); J Crocodylus acutus (AMNH 7121); K–L, enlargement of muscle attachments highlighted in
I and J respectively. Scale bars in A–J = 2 cm, scale bars in K–L = 1 cm.
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Figure 127: Medial view of the right ulna and radius of A, Borealosuchus sternbergii (UCMP 134430); B, Gavialis
gangeticus (AMNH 110145, digitally reversed). All scale bars = cm.

Soft tissue3635

311. Cerebrum, posterodorsal outline anterior to optic lobe: flat (0); with sharp step (1) (new character,3636

after Serrano-Martinez et al., 2019b).3637

In extant alligatorids (where known), there is a pronounced step on the dorsal margin of the cere-3638

brum, anterior to the region of the optic lobes (311-1) (Serrano-Martı́nez et al., 2019b). This condi-3639

tion also appears in some extant crocodylids, e.g. Osteolaemus tetraspis and Crocodylus niloticus,3640

but not Crocodylus johnstoni, which has a broadly rounded posterodorsal outline (311-0) (Serrano-3641

Martı́nez et al., 2019b). The broadly rounded condition also characterises the non-crocodylian3642

eusuchian Lohuecosuchus megadontos (Serrano-Martı́nez et al., 2019a), ‘basal’ alligatoroids (e.g.3643

Diplocynodon tormis and Leidyosuchus canadensis), Tomistoma schlegelii, Gavialis gangeticus,3644

and Gryposuchus neogaeus) (Bona et al., 2017; Serrano-Martı́nez et al., 2019b; Storrs et al., 1983).3645

312. Medial pharyngeal sinus, ratio of ventral length (measured from ventral tip to junction with ba-3646

sisphenoid diverticulum) to dorsal length (measured from basisphenoid diverticulum to dorsal tip):3647

≥2 (0); < 2 (1) (new character, after Serrano-Martinez et al. 2019b).3648

Serrano-Martı́nez et al. (2019b) described differences in length of the medial pharyngeal sinus in3649
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Crocodylia. In their sample of extant crocodylids (Osteolaemus tetraspis, Crocodylus johnstoni,3650

and Crocodylus niloticus), the length of the ventral portion of the medial pharyngeal sinus (i.e.3651

below the intersection with the basisphenoid diverticulum) is twice the length of the dorsal por-3652

tion (312-0) (Serrano-Martı́nez et al., 2019b, fig.5). This condition is otherwise only known in3653

Lohuecosuchus megadontos (Serrano-Martı́nez et al., 2019a). By contrast, the ventral portion of3654

the medial pharyngeal sinus is shorter (312-1) in alligatoroids (Alligator mississippiensis, Caiman3655

crocodilus, Diplocynodon tormis, and Mourasuchus arendsi), Tomistoma schlegelii, and Gavialis3656

gangeticus) (Bona et al., 2013a; Serrano-Martı́nez et al., 2019b).3657

313. Keratinised buccal cavity: present (0); absent (1) (after Brochu, 1997a [159], adapted from Taplin3658

and Grigg, 1989).3659

Taplin and Grigg (1989) noted that all extant crocodylids, as well as Tomistoma schlegelii and3660

Gavialis gangeticus, share a similar morphology of the tongue and buccal cavity, which has a yel-3661

low/ orange tint, and is keratinised (Grigg & Kirshner, 2015, fig.11.23). This keratinisation reduces3662

the permeability of the buccal cavity, which is interpreted as an adaptation for inhabiting saltwater3663

environments (Taplin & Grigg, 1989). By contrast, all extant alligatorids lack keratinisation of the3664

tongue and buccal cavity, in which it is smooth, with a glutinous sheen (Grigg & Kirshner, 2015,3665

fig.11.30).3666

314. Integumentary sensory organs, distribution on body: cranial only (0); cranial and postcranial (1)3667

(after Lee and Yates, 2018 [275], adapted from Grigg and Kirshner, 2015).3668

Integumentary sense organs (ISOs) (Brazaitis, 1987) are small, millimetre-sized black pits that3669

occur on the cranial scales of all extant crocodylians (Fig. 129A). These serve a diverse number3670

functions, including the detection of water-borne disturbances (Grigg & Kirshner, 2015). Whereas3671

in extant alligatorids ISOs are restricted to the skull and mandible, they occur all over the body and3672

limbs of extant crocodylids, Tomistoma schlegelii, and Gavialis gangeticus (Fig. 129C) (Grigg and3673

Kirshner, 2015).3674

315. Ventral scales, follicle gland pore: present (0); absent (1) (after Poe, 1996 [113]; Brochu, 1997a3675

[155]; adapted from Brazaitis, 1973).3676

Brazaitis (1973) described the presence of ‘follicle gland pores’ on the ventral scales of all extant3677

crocodylids, Tomistoma schlegelii and Gavialis gangeticus, whereas these are absent in extant al-3678

ligatorids (Brazaitis, 1973, fig.2C). The difference in structure between these pores and ISOs has3679

not been explored, but they are tentatively treated independently pending examination of additional3680

crocodylian skins.3681
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Figure 128: Variation in morphology of the ilium in Crocodylia (right ilium, lateral view). A, Borealosuchus
formidabilis (Erickson, 1976: fig.27A, digitally reversed); B, Diplocynodon ratelii (MNHN uncatalogued, dig-
itally reversed); C, Diplocynodon darwini (SMF Me-3784); D, Gavialis gangeticus (AMNH 110145, digitally
reversed); E, Eogavialis africanum (NHMUK R 6199); F, Tomistoma schlegelii (AMNH 113078, digitally re-
versed); G, Crocodylus porosus (AMNH 7115); H, Crocodylus acutus (AMNH 7121); I, Crocodylus johnstoni
(QM J 58446, digitally reversed); J, Asiatosuchus germanicus (SMF Me-1801); K, ‘Crocodylus’ affinis (USNM
18171); L, Asiatosuchus depressifrons (IRSNB 9912); M, Mourasuchus atopus (UCMP 38012); N, Necrosuchus
ionensis (AMNH 3219); O, Caiman yacare (AMNH 97300); P, Alligator olseni (MCZ 4719, digitally reversed);
Q, Alligator prenasalis (AMNH 4994, digitally reversed); R, Alligator mississippiensis (AMNH 71621). All scale
bars = 1 cm.

210



Figure 129: Variation in distribution of integumentary sensory organs in crocodylian skin. A, lateral view of the
skull in Crocodylus niloticus (USNM 63592); B, Alligator mississippiensis (USNM 25148); C, Crocodylus porosus
(USNM 72730). All scale bars = 2 cm.

316. Ventral collar scales: not enlarged relative to other ventral scales (0); in 1–2 enlarged rows (1)3682

(after Poe, 1996 [115]; Brochu, 1997a [156]; adapted from Brazaitis, 1973 and Fuchs, 2006 [13]).3683

‘Ventral collar scales’ refer to ventral scales at the level of the forelimbs (Fuchs, 2006, fig.4).3684

Brazaitis (1973) described different degrees of enlargement of the ventral collar scales in extant3685

crocodylians, which were later discretised into three character states by Poe (1997, character 115):3686

not enlarged (0); one enlarged row (1); or two enlarged rows (2). According to earlier datasets3687

(e.g. Brochu, 1997b; Brochu et al., 2012), all extant crocodylids, Tomistoma schlegelii, and Gavi-3688

alis gangeticus lack enlargement of the ventral collar scales, most alligatorids exhibit two enlarged3689

rows, and Paleosuchus exhibits one enlarged row. However, these scores do not match the de-3690

scriptions and illustrations in Fuchs (2006), which provides the most comprehensive account of3691

crocodylian skins. For example, some Crocodylus species e.g. (C. palustris, C. rhombifer, and C.3692

novaeguineae), Osteolaemus tetraspis, and Tomistoma schlegelli exhibit 1–2 enlarged rows (Fuchs,3693

2006). Additionally, although Paleosuchus exhibits one single enlarged row, so does Caiman3694

crocodilus (Fuchs, 2006, fig.37). Furthermore, the distinction between 1 or 2 enlarged rows is3695
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challenging, as scale size varies gradationally in this region. Based on these observations, the char-3696

acter has been simplified to distinguish between taxa that lack enlargement of the ventral collar3697

scales (316-0) (Gavialis gangeticus and some Crocodylus species), from those with any degree of3698

enlargement in this region (316-1) (all alligatorids, Tomistoma schlegelii, and most crocodylids).3699

3700

317. Tail dorsal scalation, number of transverse scale rows from the level of the cloacal vent to the point3701

of convergence of paired mid-dorsal crests into a single longitudinal crest: >13 (0); ≤13 (1) (after3702

Wermuth, 1953; Poe, 1996 [116]; Brochu, 1997a [157]; Fuchs, 2006 [17]).3703

In all extant crocodylians, the dorsal scutes of the tail form paired longitudinal crests, which be-3704

come more prominent posteriorly. These occur as two parallel rows on the lateral edges of the3705

tail and converge posteriorly (Fig. 130). The point at which they converge into a single, midline3706

longitudinal crest varies between species (Wermuth, 1953, fig.4). The number of transverse rows3707

between the level of the cloacal vent and the point of convergence of the paired midline osteoderms,3708

was counted in all extant crocodylians based on data in Fuchs (2006). There is a discontinuity in3709

the data at 13 transverse rows, and thus this was used to define the character states. In general, the3710

crests converge further anteriorly in caimanines (Fig. 130B) and Osteolaemus (317-1) than in all3711

other extant crocodylians (317-0) (Fig. 130A).3712

Osteoderms3713

318. Palpebral, number of ossifications: one (0); two or more (1) (after Norell, 1988 [8]; Clark, 19943714

[65]; Brochu, 1997a [96]).3715

319. Palpebral, size in relation to orbit: small, covering no more than half the area of the orbit (0); large,3716

covering more than half the orbit (usually completely concealing it) (1) (new character, based on3717

personal observations).3718

The crocodylian palpebral is essentially an orbital osteoderm (Vickaryous & Hall, 2008). In most3719

extant crocodylians, this is a small, anteromedially positioned element comprising one ossifica-3720

tion (318-0, 319-0) (Nesbitt et al., 2012). This is the case in Alligator (Fig. 131A), Jacarea3721

(Fig. 131B), Crocodylus, Mecistops, Tomistoma schlegelii, and Gavialis gangeticus (Nesbitt et3722

al., 2012). By contrast, the palpebral is composed of multiple ossifications in Osteolaemus (two3723

ossifications) and Paleosuchus (three ossifications) (Fig. 131E) (318-1) (Brochu, 1999). Among3724

extant crocodylians, Paleosuchus exhibits the largest palpebral, which almost entirely conceals the3725

orbit (319-1), a condition also found in the ‘Glen Rose Form’ (MCZ 4384) and Theriosuchus pusil-3726
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lus (NHMUK 48270). Although enlarged in Osteolaemus, the palpebral does not conceal the orbit3727

(319-0).3728

Figure 130: Dorsal view of the tail showing variation in scale crests between: A, Crocodylus acutus (USNM
52491); B, Caiman crocodilus (USNM 54094). Numbers refer to counts of the transverse scale row beginning
from the level of the cloaca. All scale bars = 5 cm.
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320. Tongue, lingual osmoregulatory pores: large, 1–2 mm (0); small, < 1 mm (1) (after Brochu, 1997a3729

[158]; adapted from Taplin and Grigg, 1989).3730

As is the case in extant crocodylids and Tomistoma schlegelii, Gavialis gangeticus exhibits some3731

specialisations for saltwater tolerance, e.g. a keritanised buccal cavity. Tomistoma schlegelii and3732

all extant crocodylids also exhibit large osmoregulatory pores on the tongue, which secrete excess3733

sodium chloride (Grigg & Kirshner, 2015, fig.11.23). While Gavialis gangeticus exhibits these3734

pores, they are highly reduced, similar to the condition in all extant alligatorids that principally3735

inhabit freshwater environments (320-0) (Taplin & Grigg, 1989).3736

Figure 131: Variation in the morphology of the palpebral in A, Alligator mississippiensis (AMNH 71621); B,
Caiman crocodilus apaporiensis (FMNH 69812); C, Osteolaemus tetraspis (AMNH 117801); D, Paleosuchus
palpebrosus (AMNH 93812), E, enlargement of the palpebral in D in ventral view showing multiple ossifications.
Scale bars A–D = 5 cm, E = 1 cm.

321. Postoccipital osteoderms, number of rows: two or more (0); one (1) (after Brochu and Storrs, 20123737

[183]).3738

Postoccipital osteoderms are the small, anteriormost osteoderms of the nape (Fig. 132). As with the3739

arrangement of the nuchal osteoderms (discussed below), their precise arrangement, number, and3740

size is considerably variable in extant crocodylians (Ross & Mayer, 1983). Nevertheless, broad3741

differences are discernible. In extant Crocodylus, Gavialis gangeticus, and Paleosuchus palpe-3742

brosus, there is one enlarged, transverse row of postoccipital osteoderms (321-1) (Fig. 132D–E).3743

This differs from most caimanines, Alligator, Tomistoma schlegelii (contra Brochu & Storrs, 2012)3744

and osteolaemines, which exhibit multiple rows of tightly packed osteoderms in this region (Fig.3745

132F–H). This character cannot be scored for any fossil crocodylian in this dataset.3746

322. Nuchal osteoderms, grade continuously into dorsal shield (0); differentiated from dorsal shield (1)3747

(after Brochu, 1997a [38]).3748
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323. Number of nuchal osteoderms: four (0); six (1); eight or more (2) (after Brochu, 1997a [38])3749

(ORDERED).3750

Characters 322 and 323 were derived by reductively coding character 38 in Brochu (1997b). As3751

originally formatted, the character does not allow the consideration of the number of nuchal os-3752

teoderms in taxa with a continuous nuchal-dorsal transition (322-0), e.g. Mecistops cataphractus3753

(USNM 60578), Gavialis gangeticus (Fig. 132I), and Tomistoma schlegelii (Fig. 132F). This might3754

be considered a reasonable distinction, as determining at which point the nuchal osteoderms ‘end’3755

and the dorsal osteoderms ‘start’ is challenging in taxa with a continuous nuchal-dorsal transition.3756

However, this can be achieved given that there is a one-to-one relationship between transverse os-3757

teoderm rows and vertebrae (Ross & Mayer, 1983). Following the illustrations in Ross and Mayer3758

(1983), nuchal osteoderms were considered to be those in between the postoccipital osteoderms,3759

and the 18th precaudal row of osteoderms (measured from the sacro-caudal junction). Accord-3760

ingly, Tomistoma schlegelii and Gavialis gangeticus share the same number of osteoderms (323-3761

2), in common with all extant caimanines (Fig. 132G–H) and Brachychampsa montana (UCMP3762

133901). All extant Crocodylus species, Mecistops, and Alligator, exhibit 6 nuchal osteoderms3763

(323-1) (Fig. 132B–E), whereas Osteolaemus exhibits only 4 (323-0) (Fig. 132A).3764

324. Dorsal osteoderms, maximum number in the middle transverse row (at maturity): two (0); four (1);3765

six (2); eight (3); ten (4) (after Norell and Clark, 1990 [12]; Clark, 1994 [97]; Brochu, 1997a [37]3766

(ORDERED).3767

This character has been modified by the addition of a character state (324-0), which is observed in3768

Theriosuchus pusillus (Fig. 133A), and by ordering the character. The wording is also modified3769

such that the number of osteoderms is counted in the transverse row with the most osteoderms3770

(usually at the anteroposterior mid-point). This difference accounts for the fact that the number3771

of osteoderms per row decreases towards the anterior and posterior ends of the dorsal shield. For3772

example, whereas there are ten osteoderms in the middle transverse row in Brachychampsa mon-3773

tana (324-4) (Fig. 133E), there are only four in the anteriormost row. A maximum of four dorsal3774

osteoderms per row (324-1) occurs in Bernissartia fagesii (Fig. 133D), and some “gavialoids”3775

(e.g. Gavialis gangeticus [Fig. 132I] and Eosuchus minor [USNM 321933]), as well as the “tomis-3776

tomine” Maomingosuchus petrolica (ZMNH uncatalogued specimens on display). Most commonly3777

there are six (324-2), as found in most extant Crocodylus, osteolaemines, Alligator, Paleosuchus,3778

Tomistoma schlegelii (Ross & Mayer, 1983) and the ‘basal’ alligatoroid Diplocynodon darwini3779

(Fig. 133B). Extant Caiman, Melanosuchus, and Hassiacosuchus haupti exhibit eight osteoderms3780

(324-3) (Fig. 133C).3781
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Figure 132: Morphological variation of the postoccipital and nuchal osteoderms in extant crocodylians. A, Oste-
olaemus tetraspis (USNM 233978); B, Alligator mississippiensis (USNM 25148); C, Alligator sinensis (USNM
67712); D, Crocodylus niloticus (USNM 63592); E, Crocodylus acutus (USNM 243433); F, Tomistoma schlegelii
(FMNH uncatalogued); G, Caiman latirostris (USNM 98780); H, Caiman crocodilus (USNM 142089); I, Gavialis
gangeticus (NHMUK). Scale bars in F and I = 5 cm, all other scale bars = cm.
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325. Dorsal osteoderms, longitudinal midline keel: absent (0); present (1) (after Buscalioni et al., 19923782

[22]; Brochu, 1997a [35]).3783

The anatomical meaning of this character follows that outlined by Buscalioni et al. (1992). A3784

sagittal keel occurs on the dorsal osteoderms of Bernissartia fagesii (IRScNB 1538) and most3785

eusuchians in this dataset (325-1) (Fig. 134I). By contrast, the keel is absent entirely in Bore-3786

alosuchus and most longirostrine crocodylians, including “gavialoids” (e.g. Eogavialis africanum3787

[Fig. 134], Eosuchus lerichei [IRScNB R 49]) and “tomistomines”, e.g. Toyotamaphimeia (Iijima3788

& Kobayashi, 2019).3789

Figure 133: Variation in number of contiguous osteoderm rows. (All specimens in dorsal view except A, which
is in ventral view). A, Theriosuchus pusillus (NHMUK 48216); B, Diplocynodon darwini (HLMD Me-10262);
C, Hassiacosuchus haupti (HLMD Be-137); D, Bernissartia fagesii (IRSNB 1538); E, Brachychampsa montana
(UCMP 133901). All scale bars = 5 cm.

326. Dorsal midline osteoderm shape: rectangular, width to length ratio > 1 (0); approximately square,3790
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width to length ratio ≤ 1 (1) (after Norell and Clark, 1990 [16]; Clark, 1994 [95]; Brochu, 1997a3791

[36]).3792

327. Dorsal midline osteoderms, anterolateral process: present (0); absent (1) (after Norell and Clark,3793

1990 [31]; Clark, 1994 [96]; Brochu, 1997a [40]).3794

Characters 326 and 327 refer to the morphology of dorsal osteoderms in the first paravertebral3795

(longitudinal) row, i.e. either side of the sagittal plane. This is a salient point as the shape of the3796

osteoderms can vary along a single transverse row. These osteoderms are notably wider than long3797

in Bernissartia (IRScNB 1538), Borealosuchus (Erickson, 1976, fig.30), and most longirostrine3798

crocodylians, including Gavialis gangeticus and Tomistoma schlegelii. The decision was made not3799

to treat this character continuously since osteoderm shape varies across transverse rows of the same3800

individual, and there is uncertainty in the position of isolated fossil osteoderms.3801

Where present the anterolateral process of the dorsal midline osteoderms varies in morphology3802

between taxa. In Theriosuchus pusillus (NHMUK 48216), this process is extremely acute, forming3803

a peg-like process. A homologous rounded swelling at the anterolateral margin of the osteoderm3804

also occurs in Bernissartia (IRScNB 1538), Borealosuchus (e.g. B. sternbergii [UCMP 134470]),3805

“gavialoids” (e.g. Eogavialis africanum [NHMUK R 3343]), and some Diplocynodon species (Fig.3806

134D). This condition differs to the approximately straight anterior margin of the osteoderm in all3807

other eusuchians where known (Fig. 134F–H).3808

328. Ventral osteoderms: absent (or poorly developed) (0); present, single ossification (1); present,3809

paired ossification (2) (after Buscalioni et al., 1992 [21]; Brochu, 1997a [39]).3810

Uniquely among extant crocodylians, caimanines exhibit paired (bipartite) ventral osteoderms.3811

These typically comprise a short anterior element, with an unornamented gliding surface at its3812

anterior end, and a sutural margin on it posterior end for a larger posterior element (Fig. 134C,3813

J). Paired ventral osteoderms occur in a few fossil crocodylians, including all Diplocynodon (Fig.3814

134E) and Borealosuchus species where known (Brochu, 1997a; Brochu et al., 2012). By con-3815

trast, Bernissartia fagesii (IRScNB 1538) exhibits single, well-formed osteoderms, as is the case3816

in the ‘basal’ alligatoroids Leidyosuchus (Brochu, 1997a) and Brachychampsa montana (UCMP3817

133901), as well as Alligator sinensis (Fig. 134B) and Crocodylus johnstoni (Grigg & Kirshner,3818

2015, fig.3.15) among extant crocodylians. The remaining extant crocodylids (all further species of3819

Crocodylus and Mecistops), Tomistoma schlegelii, and Gavialis gangeticus, exhibit poorly formed3820

ventral osteoderms, or they are absent altogether. The poorly formed condition (328-0) is distin-3821

guished from 328-1 by the small, irregular shape of the osteoderms, e.g. (Fig. 134A).3822

329. Tail armour: partial covering (usually ≤ 10 transverse rows of contiguous osteoderms posteriorly3823

218



Figure 134: Morphology of the dorsal and ventral osteoderms. A–B, ventral view of the skin showing ventral os-
teoderms in A, Mecistops cataphractus (USNM 60578); B, Alligator sinensis (USNM 52557); C, ventral view of
the ventral osteoderms in Paleosuchus trigonatus (USNM 302052); D, dorsal midline osteoderm of Diplocynodon
hantoniensis (NHMUK uncatalogued); E, paired ventral osteoderm in Diplocynodon hantoniensis (NHMUK un-
catalogued); F–H, dorsal midline osteoderms of Brachychampsa montana (UCMP 133901); I, dorsal osteoderms
of Crocodylus niloticus (USNM 63592); J, enlargement of paired ventral osteoderms in C. All scale bars = 1 cm.

from the level of caudal vertebra one) (0); tail completely encased in osteoderms (1) (new character,3824

adapted from Frey et al. 1987).3825

330. Limb armour: forelimbs and hindlimbs lack osteoderms, or weakly armoured with patches of3826

poorly developed osteoderms (0); densely covered in well-formed osteoderms (1) (new character,3827

adapted from Frey et al. 1987).3828

Frey et al. (1987) compared the distribution of osteoderms in Diplocynodon (‘Baryphracta’) de-3829

poniae with Diplocynodon darwini, noting differences in osteoderm extent on the tail (Character3830
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329) and limbs (Character 330). In particular, Diplocynodon deponiae exhibits a tail that is com-3831

pletely encased in osteoderms (329-1) (Fig. 135C). This condition is found in a few other taxa in3832

this dataset, including extant caimanines (e.g. Paleosuchus [Fig. 135B]), Hassiacosuchus haupti3833

(Fig. 135D), Tsoabichi greenriverensis (FMNH PR 1793), and Theriosuchus pusillus (NHMUK3834

48216). By contrast, multiple specimens of the exceptionally preserved species Diplocynodon dar-3835

wini, consistently lack an osteoderm-encased tail. Indeed, most specimens of this species exhibit3836

less than ten transverse rows of contiguous osteoderms on the tail (beginning from the first caudal3837

vertebra). Osteoderms on the remainder of the tail of this species comprise two linear arrays of pin-3838

shaped ossifications on the dorsolateral edges (329-0) (Fig. 135A). All other extant crocodylians3839

similarly lack a tail encased in osteoderms, along with Bernissartia fagesii (IRScNB 1538), Alli-3840

gator prenasalis (YPM 13799), and Borealosuchus wilsoni (FMNH PR 1674).3841

The distribution of osteoderms on the limbs follows a very similar pattern to that described for the3842

tail. Indeed, almost all taxa with an osteoderm-encased tail (329-1) also exhibit a dense covering3843

of osteoderms on the limbs (330-1). Diplocynodon darwini proves the exception to this rule, since3844

it lacks an osteoderm encased tail (329-0) (Fig. 135A), but exhibits a dense covering of osteoderms3845

on the fore- and hindlimbs (330-1) (Fig. 136C–D), as in Diplocynodon deponiae (Fig. 136E–G).3846

Figure 135: Variation in osteoderm arrangement in the tail of selected crocodylians: A, Diplocynodon darwini
(HLMD Me-10262); B, Paleosuchus trigonatus (USNM 302052); C, Diplocynodon deponiae (SMF Me-899); D,
Hassiacosuchus haupti (HLMD-Me-9119). Scale bars in A and C = 5 cm.
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Figure 136: Variation in osteoderm cover on the hindlimb (left) and forelimb (right) (all right hand side): A–B,
Alligator prenasalis, dorsal view (YPM 13799, digitally reversed in B); C–D, Diplocynodon darwini, dorsal view
(HLMD Me-236); E–F, Diplocynodon deponiae, dorsal view (HLMD-Be-147); G, Diplocynodon deponiae, ven-
tral view (IRScNB R261). Scale bars A–F = cm, G = 5cm.
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Physique, Chimie, Sciences de l’univers, Sciences de la Terre, 304(14), 853–856.3863

Barrios, F. (2011). Nuevos restos de Alligatoridae Cuvier, 1807 (Eusuchia, Crocodylia) del Neógeno del3864
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Duméril, C. (1806). Zoologie analytique, ou Méthode naturelle de classification des animaux: rendue4003
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