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Mosasaurs were large aquatic lizards that lived during the Late Cretaceous. Their fossils
are found across the globe, but despite a multitude of specimens of varying maturity, a
detailed growth series has not been proposed for any mosasaur taxon. Four taxa –
Tylosaurus proriger, T. kansasensis/nepaeolicus, Tethysaurus nopcsai, and Mosasaurus
hoffmannii – have robust fossil records with specimens spanning a wide range of sizes and
are thus ideal for studying mosasaur ontogeny. Furthermore, an analysis of growth
provides an opportunity to test the synonymy of T. kansasensis with T. nepaeolicus, sexual
dimorphism, anagenesis, heterochrony, and, by sampling several mosasaur taxa,
identification of ancestral patterns of mosasaur growth. Fifty-nine hypothetical growth
characters were identified, including size-dependent, size-independent, and phylogenetic
characters, and quantitative cladistic analysis was used to recover growth series for the
four taxa. The results supported the synonymy of T. kansasensis with T. nepaeolicus and
that T. kansasensis represent juveniles of T. nepaeolicus. A Spearman rank-order
correlation test resulted in a significant correlation between two measures of size (total
skull length and quadrate height) and maturity for all taxa except M. hoffmannii, which is
likely due to the small sample size and limited data available for the taxon. A novel
hypothesis of anagenesis in Western Interior Seaway Tylosaurus species, driven by
peramorphy, is proposed here. Finally, 17 growth changes – seven of which involve the
quadrate – were shared across two or more taxa and none of the ontogram topologies
showed evidence of skeletal sexual dimorphism.
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14 Abstract

15 Mosasaurs were large aquatic lizards that lived during the Late Cretaceous. Their fossils are 
16 found across the globe, but despite a multitude of specimens of varying maturity, a detailed 
17 growth series has not been proposed for any mosasaur taxon. Four taxa – Tylosaurus proriger, T. 

18 kansasensis/nepaeolicus, Tethysaurus nopcsai, and Mosasaurus hoffmannii – have robust fossil 
19 records with specimens spanning a wide range of sizes and are thus ideal for studying mosasaur 
20 ontogeny. Furthermore, an analysis of growth provides an opportunity to test the synonymy of T. 

21 kansasensis with T. nepaeolicus, sexual dimorphism, anagenesis, heterochrony, and, by sampling 
22 several mosasaur taxa, identification of ancestral patterns of mosasaur growth. Fifty-nine 
23 hypothetical growth characters were identified, including size-dependent, size-independent, and 
24 phylogenetic characters, and quantitative cladistic analysis was used to recover growth series for 
25 the four taxa. The results supported the synonymy of T. kansasensis with T. nepaeolicus and that 
26 T. kansasensis represent juveniles of T. nepaeolicus. A Spearman rank-order correlation test 
27 resulted in a significant correlation between two measures of size (total skull length and quadrate 
28 height) and maturity for all taxa except M. hoffmannii, which is likely due to the small sample 
29 size and limited data available for the taxon. A novel hypothesis of anagenesis in Western 
30 Interior Seaway Tylosaurus species, driven by peramorphy, is proposed here. Finally, 17 growth 
31 changes – seven of which involve the quadrate – were shared across two or more taxa and none 
32 of the ontogram topologies showed evidence of skeletal sexual dimorphism.
33

34

35 Introduction

36 Literature Review

37 Mosasaur ontogeny. The first published study of growth in mosasaurs was done by Caldwell 
38 (1996), which sought to determine the patterns of ossification in the autopodial skeleton across 
39 mosasaurs and to test the congruence between these growth processes and mosasaur phylogeny 
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40 (Caldwell, 1996). The main result found that few ossified carpals is the ancestral condition, 
41 whereas more derived species have progressively more ossified carpals (Caldwell, 1996). Also, a 
42 low number of carpals is characteristic of juveniles (Caldwell, 1996).
43 In 2007, Caldwell published on the growth and replacement of mosasaur teeth. Rather 
44 than focusing on a specific taxon, he provided a clade level eight stage model of tooth 
45 replacement in mosasaurs based on data from several taxa and proposed that the rooted teeth of 
46 mosasaurs arose independently of other thecodont animals (Caldwell, 2007). However, the study 
47 makes no mention of growth-related differences in mosasaur dentition.
48 Also in 2007, Pellegrini published the first study of osteohistology in mosasaur limb 
49 bones. By counting lines of arrested growth, he found that mosasaur growth was initially fast, 
50 and then slowed when they reached five to seven years old; he noted that the rate of growth is 
51 faster overall than extant terrestrial squamates (Pellegrini, 2007). The decrease in growth rate is 
52 interpreted as the onset of sexual maturity, given that five to seven years is also the onset of 
53 sexual maturity in large extant varanid lizards (Pellegrini, 2007). However, no proxies for 
54 maturity beyond chronological age were explicitly given.
55 In 2012, Houssaye and Tafforeau examined vertebral microanatomy to test the hypothesis 
56 that juvenile mosasaurs inhabited shallower environments than adults; in other marine reptiles, 
57 an ontogenetic shift from shallow habitats to deeper ones was inferred through progressive loss 
58 of bone mass (Wiffen et al., 1995). The authors acknowledged that the assessment of maturity is 
59 based on size alone, given that skeletochronology is not reliable in mosasaur vertebrae due to a 
60 high amount of inner bone resorption (Houssaye and Tafforeau, 2012). They found that vertebral 
61 microstructure is similar between juveniles and adults, which implies that juveniles were as agile 
62 swimmers as adults and, therefore, the authors reject the hypothesis that juvenile mosasaurs were 
63 restricted to shallow, sheltered nurseries (Houssaye and Tafforeau, 2012). They also note that, 
64 relative to other squamates, mosasaur vertebrae seem to be paedomorphic in that there is a 
65 general inhibition of bone remodeling (Houssaye and Tafforeau, 2012). 
66 In 2017, Carpenter described the vertebral morphology of several specimens of 
67 Tylosaurus proriger, including a purported juvenile, RMM 5610. The goal was to deduce the 
68 method of swimming of this species by analyzing the degree of vertebral mobility (Carpenter, 
69 2017). In addition to providing evidence that adult T. proriger were carangiform swimmers 
70 (propulsion generated by movement of the hips and tail), differences were seen in the vertebral 
71 mobility of RMM 5610, suggesting a faster, tail-driven method of swimming in juveniles 
72 (Carpenter, 2017). 
73 In 2018, Green published a growth series of four specimens of Clidastes sp. that was 
74 based on histological data. The author concluded that the growth rate in Clidastes was rapid 
75 during its first year of life, moderate between the second and sixth years, and slow from the 
76 seventh year onward; based on growth rates, it was hypothesized that mosasaurs were 
77 ectothermic (Green, 2018). These results are similar to those of Pellegrini (2007); however, like 
78 the earlier study, these results are limited by a small sample size (number of specimens) and he 
79 did not provide any estimates of maturity beyond size and chronological age.
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80

81 Tylosaurus proriger. T. proriger was a particularly large mosasaur – the largest individual, 
82 the “Bunker” specimen (KUVP 5033), has an estimated total skull length (TSL) of 1.7 m (Table 
83 1) – that lived in the Western Interior Seaway (WIS) during the upper Santonian to the middle 
84 Campanian, between 84 and 78 million years ago (Ma) (Jiménez-Huidobro and Caldwell, 2019). 
85 The type specimen of T. proriger (MCZ 4374) was described by Cope in 1869 and includes a 
86 partial snout, cranial fragments, and thirteen vertebrae (Russell, 1967). Cope originally named 
87 the species Macrosaurus proriger. The genus was changed by Leidy to Tylosaurus in 1873, of 
88 which T. proriger is the type species (Leidy, 1873; Everhart, 2017). 
89 T. proriger is an unquestionably valid taxon diagnosed by the following cranial 
90 characters: (1) premaxilla-maxilla suture ends posterior to the fourth maxillary tooth; (2) 
91 quadrate suprastapedial process reaches half the length of the complete bone; (3) quadrate 
92 infrastapedial process is moderately developed; (4) quadrate tympanic ala is thin; (5) medial 
93 crest of the frontal is well-developed; (6) prefrontal overlaps the postorbitofrontal; (7) dorsal, 
94 medial, and lateral invasion of the parietal by frontal alae; and (8) teeth that lack flutes (Russell, 
95 1967; Jiménez-Huidobro and Caldwell, 2019). 
96 A description of the smallest known Tylosaurus specimen (FHSM VP 14845) was 
97 published by Konishi, Jiménez-Huidobro, and Caldwell (2018). Although it is not identifiable to 
98 species, it shares many features with Tylosaurus generally, especially with the juvenile T. 

99 proriger specimen, RMM 5610 (Konishi, Jiménez-Huidobro, and Caldwell, 2018). The authors 
100 determined that the specimen is most likely a neonate (newborn) using an estimated total body 
101 length and neonate-to-maternal body length proportion data from extant varanid lizards (Konishi, 
102 Jiménez-Huidobro, and Caldwell, 2018). Also, the authors rejected the possibility that the length 
103 of the premaxillary predental rostrum is sexually dimorphic due to its presence in this extremely 
104 young individual, but they did note that it is much shorter than what is seen in adult specimens 
105 (Konishi, Jiménez-Huidobro, and Caldwell, 2018). 
106 Also in 2018, Stewart and Mallon described two purported subadult specimens of T. 

107 proriger and hypothesized the growth pattern of various skull structures. The study revealed a 
108 significant correlation of all individual bone measurements with TSL, as well as isometric 
109 growth for all characters except quadrate height, which was found to be positively allometric, 
110 and premaxillary predental rostrum length, which was found to be negatively allometric (Stewart 
111 and Mallon, 2018). 
112

113 Tylosaurus kansasensis and Tylosaurus nepaeolicus. T. kansasensis and T. 

114 nepaeolicus are both known from the WIS during the upper Coniacian to the lower Santonian, 
115 from 88 to 85 Ma (Everhart, 2017; Jiménez-Huidobro and Caldwell, 2019). The type specimen 
116 of T. nepaeolicus (AMNH FARB 1565) was described by Cope in 1874 and includes a quadrate, 
117 jaw fragments, rib fragment, and single dorsal vertebra (Russell, 1967; Jiménez-Huidobro, 
118 Simões, and Caldwell, 2016). The type specimen of T. kansasensis (FHSM VP 2295) was 
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119 described by Everhart in 2005 and consists of an articulated skull and six associated cervical 
120 vertebrae.
121 T. nepaeolicus is diagnosed by the following cranial characters: (1) premaxilla-maxilla 
122 suture ends posteriorly above midpoint between third and fourth maxillary teeth; (2) prefrontal 
123 overlaps the postorbitofrontal; (3) frontal with dorsal midline crest poorly developed or absent in 
124 adult; (4) lateral borders of parietal table slightly convex; (5) ectopterygoid does not contact the 
125 maxilla; (6) infrastapedial process of quadrate poorly developed or absent; (7) suprastapedial 
126 process of quadrate reaches half the length of the complete bone; (8) tympanic ala thick; (9) 
127 mandibular condyle of the quadrate mediolaterally broad; and (10) lateral crest of tympanic ala 
128 ends posteriorly near mandibular condyle (Jiménez-Huidobro and Caldwell, 2019). 
129 T. kansasensis is diagnosed by the following cranial characters: (1) premaxilla rostral 
130 foramina large; (2) infrastapedial process of quadrate poorly developed or absent; (3) medial 
131 ridge of quadrate diverges ventrally; (4) frontal with dorsal midline crest that is high, thin, and 
132 well-developed; (5) medial sutural flanges of frontal large, extend long distance onto parietal; (6) 
133 parietal foramen adjacent to or invading frontal-parietal suture; (7) dorsal postorbitofrontal with 
134 low rounded transverse edge; (8) posteroventral angle of jugal is 90 degrees; (9) ectopterygoid 
135 does not contact maxilla; (10) quadrate suprastapedial process without constriction; (11) 
136 quadrate ala thick; (12) alar concavity of quadrate shallow (Everhart, 2005).  
137 In 2016, Jiménez-Huidobro, Simões, and Caldwell proposed that specimens of T. 

138 kansasensis (Everhart, 2005) represent juveniles of T. nepaeolicus. They identified several 
139 characters in T. kansasensis that purportedly show the juvenile conditions seen in T. proriger and 
140 concluded that there are “no differences between the two nominal species that cannot be 
141 attributed to size, and thus ontogenetic stage” (Jiménez-Huidobro, Simões, and Caldwell, 
142 2016:80), and that T. kansasensis are therefore juveniles of T. nepaeolicus. Also, the authors 
143 suggested that T. proriger may be paedomorphic relative to T. nepaeolicus due to the presence of 
144 a dorsal midline crest on the frontal, a feature purportedly seen in T. kansasensis, but not T. 

145 nepaeolicus (Jiménez-Huidobro, Simões, and Caldwell, 2016). The authors provided no 
146 justification (or references to one) for identifying one T. proriger specimen, RMM 5610, as a 
147 juvenile, and all others (e.g., AMNH FARB 4909) as adults. The following characters were 
148 proposed to be ontogenetically variable: definition of the parietal nuchal fossa; medial curvature 
149 of the quadrate suprastapedial process; thickness of the quadrate suprastapedial process; 
150 thickness of the frontal posterolateral processes; and presence of the frontal dorsal midline crest 
151 (Jiménez-Huidobro, Simões, and Caldwell, 2016). Despite identifying these characters, the 
152 authors do not propose a growth series.
153 In 2018, Stewart and Mallon rejected the hypothesis of Jiménez-Huidobro, Simões, and 
154 Caldwell (2016) that T. kansasensis represent juveniles of T. nepaeolicus, stating that the growth 
155 trends between T. kansasensis and T. nepaeolicus do not match what is seen in T. proriger, and 
156 that there is not enough evidence to support the proposed ontogenetic characters (Jiménez-
157 Huidobro, Simões, and Caldwell, 2016; Stewart and Mallon, 2018).
158
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159 Tethysaurus nopcsai. Te. nopcsai is a small, basal russelosaurine (the lineage that includes 
160 Tylosaurus; see Fig. 1) from Morocco that lived during the Turonian, from 94 to 90 Ma during a 
161 transgression of the Atlantic Ocean (Bardet, Suberbiola, and Jalil, 2003; Simões et al., 2017). 
162 The type specimen (MNHN GOU 1) was described by Bardet, Suberbiola, and Jalil in 2003 and 
163 is represented by a nearly complete skull.
164 Te. nopcsai is diagnosed by the following cranial characters: (1) prefrontal strongly 
165 vaulted in anterior view; (2) parietal with triangular table ending posteriorly in two pointed pegs 
166 overlying the supraoccipital; (3) jugal with a large and wide ascending ramus; (4) medullar floor 
167 of the basioccipital pierced by three foramina; (5) splenial with a large notched dorsomedial 
168 process; (6) surangular exposed medially ventral to the coronoid; (7) 19 to 20 maxillary teeth; (8) 
169 15 to 19 pterygoid teeth; and (9) at least 19 dentary teeth (Bardet, Suberbiola, and Jalil, 2003). 
170 Ten years after the taxon was named, Houssaye and Bardet (2013) described two juvenile 
171 specimens of Te. nopcsai (MNHN GOU 4 and MNHN GOU 5) that were found in the same site 
172 as the type specimen. The specimens are considered juveniles (but not embryos) based on their 
173 small size, poor ossification of articular surfaces, and histological data. The authors estimate the 
174 skull length of MNHN GOU 4 to have been less than 100 mm, and the total body length to have 
175 been less than 3 m. 
176

177 Mosasaurus hoffmannii. M. hoffmannii lived in the Maastrichtian, from 72 to 66 Ma, and it 
178 is known from the WIS and several locations bordering the Atlantic Ocean, including the eastern 
179 coast of the United States, western Africa, many localities across Europe, and western Russia 
180 (Street and Caldwell, 2017). This taxon was especially large; the smallest individual in this 
181 project, IRSNB R 12, has a TSL of 880 mm, which is bigger than the largest T. nepaeolicus, and 
182 the largest specimen, PRM 2546/CCMGE 10/2469 (M. hoffmannii), rivals the largest T. proriger 
183 – it too has an estimated TSL of 1.7 m (Grigoriev, 2014; Table 1). M. hoffmannii was named in 
184 1829 by Mantell, but the type specimen of M. hoffmannii and Mosasaurus (MNHN AC 9648) 
185 had already been described by Cuvier in 1808 and consists of a nearly complete skull (Lingham-
186 Soliar, 1995; Street and Caldwell, 2017).  
187 M. hoffmannii is diagnosed by the following cranial characters: (1) quadrate tympanic 
188 rim with additional anteroventral corner; (2) 13 maxillary teeth; (3) 14 dentary teeth; and (4) 8 
189 pterygoid teeth (Street and Caldwell, 2017). 
190 Very little work has been done on growth in M. hoffmannii. For example, although 
191 Lingham-Soliar (1995) described the morphology and functional anatomy of M. hoffmannii in 
192 great detail, the paper makes no mention of ontogenetic variation. M. hoffmannii was included in 
193 the studies of autopodial skeleton ossification and tooth replacement by Caldwell in 1996 and 
194 2007, respectively, but those studies focused on mosasaurs as a group rather than any particular 
195 taxon. In 1999, Mulder proposed that M. maximus – found along the east coast of the United 
196 States – and M. hoffmannii – found in western Africa, Russia, and across Europe – are a single, 
197 transatlantic taxon based on many morphological similarities; ontogenetic variation is mentioned 
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198 with respect to the shape and robustness of the premaxillary rostrum, but it is not explicitly used 
199 to support synonymy of M. maximus with M. hoffmannii. 
200 In 2015, Harrell and Martin described an M. hoffmannii specimen (TLAM 
201 NH.HR.2009.032.0001) found in South Dakota, which significantly extended the geographic 
202 range of the taxon farther north in the WIS. In addition to a description of the skull, the authors 
203 found evidence to support the synonymy of M. hoffmannii and M. maximus that was first 
204 proposed by Mulder (1999). They also identified several ontogenetically variable characters, 
205 including the shape of the frontal in dorsal view, dentary depth, and the shape of a notch on the 
206 anterolateral flange of the coronoid; the abstract mentions that the shape of the supratemporal 
207 fenestrae also varies with maturity, but this is not mentioned anywhere else in the article. The 
208 authors provided growth series that showed the growth changes associated with frontal shape and 
209 the anterolateral notch of the coronoid, but they are limited to three and four specimens, 
210 respectively (Harrell and Martin, 2015). Although variation in the quadrate is noted, they did not 
211 consider it to be ontogenetic. 
212

213 Assessment. Overall, there is a deficit of literature devoted to growth in any individual 
214 mosasaur taxon, and despite the several papers that do address growth in mosasaurs, the topic 
215 remains poorly understood. Little to no justification beyond size or histological data is given for 
216 determining the relative maturity of specimens, and growth stages are limited to the vague 
217 categories of ‘juvenile,’ ‘subadult,’ and ‘adult.’ No study has attempted to combine all types of 
218 data – size, proportional, and size-independent – using an objective, quantifiable, and replicable 
219 method to recover a growth series for mosasaurid species. In addition to enhancing our 
220 understanding of mosasaur ontogeny, such an analysis could prove particularly useful in 
221 resolving the validity of certain species (in this case, T. kansasensis) and the presence or absence 
222 of sexual dimorphism.
223

224 Project Goals

225 The goals of this project were to use quantitative cladistic analysis to (1) recover the growth 
226 series of T. proriger, T. kansasensis/nepaeolicus, Te. nopcsai, and M. hoffmannii; (2) test 
227 whether total skull length (TSL) or quadrate height (QH) are appropriate proxies for relative 
228 maturity in these taxa; (3) test for sexual dimorphism in these taxa; (4) test the hypothesis that T. 

229 kansasensis represent juveniles of T. nepaeolicus (Jiménez-Huidobro, Simões, and Caldwell, 
230 2016); (5) test the hypothesis the presence of a frontal midline crest in T. proriger is 
231 paedomorphic relative to T. nepaeolicus (Jiménez-Huidobro, Simões, and Caldwell, 2016); (6) 
232 test for anagenesis in Tylosaurus species that inhabited the WIS; (7) provide revised cranial 
233 diagnoses of T. proriger and T. nepaeolicus/kansasensis within an ontogenetic context (Bhullar, 
234 2012); and (8) identify conserved patterns of growth in mosasaurs.
235

236

237 Materials & Methods
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238 Quantitative Cladistic Analysis

239 Size-independent assessment of maturity. In fossil taxa, it can be difficult to discern whether 
240 morphologically similar, but differently sized, individuals are different species or different 
241 growth stages of a single species (Rozhdestvensky, 1965; Brinkman, 1988; Carr, 1999). In 1988, 
242 Brinkman suggested the identification of size-independent ontogenetically variable characters to 
243 resolve this problem. This does not mean that size is completely uninformative, just that size 
244 alone is not enough to accurately assess the relative maturities of individuals because it is 
245 possible for individuals of different maturities to be the same size and for individuals of the same 
246 maturity to be different sizes (Brinkman, 1988; Carr, 1999).
247

248 Cladistic analysis of growth. Ontogeny, like evolution, consists of a hierarchical 
249 accumulation of changes over time (Brochu, 1996). Thus, in the same way that the evolutionary 
250 relationships between taxa are recovered, cladistic analysis can be used to identify the relative 
251 maturity of specimens drawn from a sample of a single species (Brochu, 1996). This method 
252 allows size and size-independent data to be combined to recover a high-resolution growth series 
253 that is more precise than simply grouping multiple individuals into imprecise sets such as 
254 ‘juveniles,’ ‘subadults,’ and ‘adults’ (Fig. 2). 
255 Separate character matrices were compiled for each taxon (except T. 

256 kansasensis/nepaeolicus; Data S1, S2, S3, S4). FHSM VP 14845, which is only identifiable to 
257 Tylosaurus sp., was included in both Tylosaurus datasets given it was found between the two 
258 species stratigraphically and could be referable to either taxon (Konishi, Jiménez-Huidobro, and 
259 Caldwell, 2018). Character states with the juvenile condition were coded with zeroes and 
260 increasingly mature states were coded with progressively higher numbers. Multistate characters 
261 were coded for characters that are not binary (three or more states), and all characters were run 
262 unordered. A hypothetical embryo, coded with all zeroes, was added as the analogue of the 
263 outgroup in each dataset to polarize the characters, since an embryo expresses the least mature 
264 condition of all character states (Brochu, 1996; Carr and Williamson, 2004; Frederickson and 
265 Tumarkin-Deratzian, 2014). Following the method of Carr and Williamson (2004) and 
266 Frederickson and Tumarkin-Deratzian (2014), an artificial adult was added a posteriori to 
267 identify the most mature specimen of each taxon; should the analysis with the artificial adult fail 
268 to recover a single most mature specimen, the individual specimen with the most growth changes 
269 – i.e., with the greatest number of unambiguously optimized synontomorphies (shared growth 
270 characters) – was considered the most mature (Fig. 3).
271

272 Compilation and analysis of the data matrices. Hypothetical growth characters were 
273 identified and coded using literature descriptions and measurements, as well as first-hand 
274 observation of fossils at the Field Museum of Natural History (Chicago, IL), Fryxell Geology 
275 Museum (Rock Island, IL), American Museum of Natural History (New York, NY), Sternberg 
276 Museum of Natural History (Hays, KS), and Kansas University (Lawrence, KS). Character 
277 sources are summarized in Table S1 and measurements and tooth counts are listed in Tables 1 
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278 and 2, respectively. Across all taxa, a total of fifty-nine characters were identified, which 
279 includes two measures of size (TSL and QH), seven proportional characters, 19 size-independent 
280 characters, and 30 phylogenetic characters (Data S5; see Fig. S1 for exemplars of select 
281 morphological characters and their states). Of the phylogenetic characters, 11 could not be 
282 identified with certainty by the author (A. R. Z.) in any taxon (noted in Data S5), and so while 
283 they are included in the data matrices and the character list, they were excluded from all of the 
284 analyses; codes for those characters are from the literature. 
285 Size characters, including proportional character calculations, were rounded to the nearest 
286 whole number. Most phylogenetic character states were numbered as they are in Bell (1997), and 
287 ontogenetic characters were numbered according to literature descriptions or naïvely according 
288 to patterns uncovered in this project (i.e., the state seen in mostly small individuals was coded as 
289 the less developed state and the state seen in mostly larger individuals was coded as the more 
290 developed state). Data matrices were compiled in Mesquite (Maddison and Maddison, 2018) and 
291 analyzed in TNT (Goloboff and Catalano, 2016) using new technology and traditional searches, 
292 and in PAUP (Swofford, 2003) using exhaustive (Te. nopcsai and M. hoffmannii) and branch-
293 and-bound (T. proriger, T. kansasensis/nepaeolicus, all three Tylosaurus taxa) searches, 
294 respectively; exhaustive searches in PAUP could not be used for the Tylosaurus matrices 
295 because of the large (greater than 12) number of specimens. 
296 This project makes use of data drawn from 106 specimens housed in several North 
297 American institutions, as well as one in Japan, five in Europe, and two in Russia (Table 3 and 
298 Table S1); of those, 47 were studied first-hand; all others were coded from descriptions and 
299 measurements in the literature, and photographs online or in the primary literature (sources for 
300 coding specimens are listed in Table S1). The total numbers of specimens coded for each taxon 
301 are as follows: 5 Tylosaurus sp.; 39 T. proriger; 21 T. kansasensis; 14 T. nepaeolicus; 5 Te. 

302 nopcsai; and 22 M. hoffmannii. Several specimens of each taxon were removed from the final 
303 analyses due to incomplete or redundant coding (Table 3), and any characters that were not 
304 coded for more than a single specimen were excluded from the analyses. 
305

306 Testing Congruence Between Size and Maturity

307 Size alone is often not a reliable indicator of relative maturity (Rozhdestvensky, 1965; 
308 Brinkman, 1988; Brochu, 1996; Carr, 1999). To test this hypothesis in mosasaurs, once the 
309 growth series were recovered, the congruence between size and maturity in each taxon was 
310 tested using the method of Frederickson and Tumarkin-Deratzian (2014), where the growth 
311 stages and TSL measurements for each specimen were converted into ranks (Tables 4, 5, 6, 7, 8) 
312 and then analyzed in SPSS (IBM Corp., 2019) using a Spearman rank-order correlation test. If 
313 size and maturity are congruent, the correlation will be positive and statistically significant (p < 
314 0.05). Because mosasaur skulls are not always complete enough for an accurate measurement or 
315 estimate of TSL, the same method was used to test the congruence between QH and maturity. 
316 The normality of the growth ranks, size ranks, and measurement data were tested using a 
317 Shapiro-Wilk test.
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318

319 Testing Sexual Dimorphism and Taxon Validity

320 The ontogram recovered by a cladistic analysis can be used to test for the presence of sexual 
321 dimorphism (Frederickson and Tumarkin-Deratzian, 2014). If no evidence for sexual 
322 dimorphism is recovered, the ontogram will be linear (Fig. 4A). If, however, sexual dimorphism 
323 is present, the ontogram will bifurcate (i.e., a single node will have two groups of multiple 
324 specimens) into two groups of specimens, corresponding to each sex, after one or more juvenile 
325 stages (Fig. 4B, C). It is also possible that the ontogram is linear and sexual dimorphism is 
326 instead recovered as two homologous sets of individual variations (Fig. 4D). 
327 The growth series will also be used to test the validity of specimens assigned to each 
328 taxon. If specimens assigned to the taxon actually represent two or more different species, the 
329 ontogram will bifurcate into two or more groups (Fig. 4B, C) or it will be linear and recover two 
330 or more groups defined by shared sets of individual variations (Fig. 4D).
331

332 Test of synonymy between T. kansasensis and T. nepaeolicus. To test the hypothesis 
333 that T. kansasensis are juveniles of T. nepaeolicus, a single matrix including specimens of both 
334 taxa was constructed. This is not the first study that has used quantitative cladistic analysis to test 
335 a hypothesis regarding synonymy; Longrich and Field (2012) used the same approach to test, and 
336 reject, the hypothesis that specimens of the genus Torosaurus represent adults of another genus 
337 of North American horned dinosaur, Triceratops. Summaries of potential results are shown in 
338 Figure 5. 
339

340 Test of Heterochrony in Tylosaurus

341 The hypothesis that the frontal dorsal midline crest of T. proriger is paedomorphic 
342 relative to T. nepaeolicus was tested by comparing the growth patterns for that trait across all 
343 four taxa in this project. If the presence of the frontal dorsal midline crest in T. proriger is 
344 paedomorphic relative to T. nepaeolicus, then it will be present in all T. proriger specimens, 
345 present in juvenile T. nepaeolicus, Te. nopcsai, and M. hoffmannii, and absent in mature T. 

346 nepaeolicus, Te. nopcsai, and M. hoffmannii. 
347

348 Test of Anagenesis in Tylosaurus

349 Anagenesis – evolution within a single lineage (i.e., without branching into multiple new clades) 
350 over time – has been studied in several nonavian dinosaur taxa as a mechanism for producing 
351 species diversity, particularly in ceratopsians and tyrannosaurs (Horner, Varricchio, and 
352 Goodwin, 1992; Scanella et al., 2014; Carr et al., 2017; Wilson, Ryan, and Evans, 2020). In 
353 order for anagenesis to be defensible, the taxa in question must meet the following criteria: (1) 
354 they do not overlap stratigraphically; (2) they have a close phylogenetic relationship; (3) some 
355 specimens have intermediate morphology; and (4) they inhabited the same location (Carr et al., 
356 2017; Wilson, Ryan, and Evans, 2020). 
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357 No previous study has proposed anagenesis as a mechanism of speciation in mosasaurs. 
358 Because of the large sample size and potential for high-resolution growth series, they are an ideal 
359 taxon for testing hypotheses of evolutionary processes, particularly anagenesis (Carr et al., 
360 2017). In this project, the novel hypothesis that the Tylosaurus of the WIS are a single, 
361 anagenetic lineage will be tested. The three Tylosaurus species meet each criterion for 
362 anagenesis outlined above: (1) T. kansasensis/nepaeolicus and T. proriger do not overlap 
363 stratigraphically; (2) they are sister taxa (Jiménez-Huidobro and Caldwell, 2019); (3) some 
364 specimens have intermediate morphology (e.g., the quadrate infrastapedial process is absent or 
365 weak in T. kansasensis and T. nepaeolicus, and it is always present and well-developed in T. 

366 proriger); and (4) they all lived in the WIS. 
367 If the cladistic analysis of growth based on the dataset including specimens of T. 

368 kansasensis and T. nepaeolicus supports their synonymy, then a single data matrix including 
369 specimens of all three taxa (i.e., T. kansasensis/nepaeolicus and T. proriger) will be compiled 
370 and analyzed; one the other hand, if the growth series of T. kansasensis and T. nepaeolicus 
371 suggests that they are two distinct species, then two matrices – one with T. kansasensis and T. 

372 proriger, and the other with T. nepaeolicus and T. proriger – will be constructed. If the 
373 hypothesis of anagenesis is supported, and speciation in WIS Tylosaurus was driven by 
374 peramorphy (extension or acceleration of growth), then the ontogram will show a progression 
375 from T. kansasensis/nepaeolicus to T. proriger, and if speciation was driven by paedomorphy 
376 (truncation or deceleration of growth), the ontogram will either show a progression from T. 

377 proriger to T. nepaeolicus or a progression from T. kansasensis/nepaeolicus to T. proriger that 
378 includes many character reversals; if anagenesis is not supported, specimens of both taxa will be 
379 interspersed with one another on the ontogram or the ontogram will bifurcate basally.
380 Furthermore, testing for anagenesis using ontogenetic data allows for another hypothesis 
381 to be tested: heterochrony as a driver of evolution in mosasaurs. Heterochrony is differences in 
382 the timing of developmental events (i.e., the developmental consequences of a truncation, 
383 extension, acceleration, or deceleration of growth in one taxon relative to another) (Reilly, 
384 Wiley, and Meinhardt, 1997) that produce the morphological differences between a descendent 
385 taxon from its ancestor. If heterochrony is an evolutionary mechanism in Tylosaurus, and the 
386 Tylosaurus species of the WIS are a single anagenetic lineage, then a cladistic analysis of growth 
387 will recover the specific developmental changes that produced T. proriger – the descendent – 
388 from T. kansasensis/nepaeolicus – the ancestor.
389

390

391 Results

392 Growth Series of T. proriger

393 A branch-and-bound search recovered one ontogram with a length of 83 steps, consistency index 
394 (CI) of 0.65, homoplasy index (HI) of 0.35, retention index (RI) of 0.76, and rescaled 
395 consistency index (RC) of 0.49 (Fig. 6). The topology was tested using a Bremer decay index 
396 approach, and resolution was lost after the addition of one step. A total of 17 growth stages were 
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397 identified; the analysis with the artificial adult and all 23 specimens did not recover a single most 
398 mature specimen, but a second analysis with the artificial adult which only included the eight 
399 most mature specimens (i.e., those with the most growth changes: KUVP 50090, KUVP 1032, 
400 ROM 7906, GSM 1, AMNH FARB 221, FMNH P15144, FHSM VP 3, and AMNH FARB 
401 1555) identified FHSM VP 3 as the most mature individual. Character states that were 
402 unambiguously optimized as individual variation are listed in Table S2. The following growth 
403 stages are recovered:
404

405 Stage 1. This stage is not unambiguously defined by any character states (exemplar: Tylosaurus 

406 sp. neonate FHSM VP 14845).
407

408 Stage 2. The QH is between 50 and 99 mm and the mandibular condyle of the quadrate is 
409 completely ossified (exemplar: CMN 51258-51263).
410

411 Stage 3. The quadrate tympanic ala is thick (exemplar: AMNH FARB 1592).
412

413 Stage 4. The quadrate alar concavity is shallow (exemplar: FMNH UR902).
414

415 Stage 5. The occipital condyle is completely ossified (exemplar: AMNH FARB 2160). 
416

417 Stage 6. The foramina on the premaxillary rostrum are small (exemplar: RMM 5610).
418

419 Stage 7. The premaxilla-maxilla suture is m-shaped and the mandibular condyle of the quadrate 
420 is rounded (exemplar: KUVP 66129).
421

422 Stage 8. The infrastapedial process of the quadrate is rounded (exemplar: CMN 8162). 
423

424 Stage 9. The QH is greater than or equal to 13% TSL and the dentary is deep (exemplars: 
425 AMNH FARB 4909, KUVP 28705, KUVP 1033, and TMP 1982.050.0010). At this stage, the 
426 exemplar specimens share a distance between the first and sixth dentary teeth that is less than or 
427 equal to 23% TSL and less than or equal to 35% dentary length; KUVP 28705, KUVP 1033, and 
428 TMP 1982.050.0010 share a reversal to foramina on the premaxillary rostrum that are large and 
429 frontal medial suture flanges that are large; and KUVP 1033 and TMP 1982.050.0010 share a 
430 TSL that is between 800 – 999 mm. 
431

432 Stage 10. The frontal posterolateral processes are thick and the dorsal ridge on the predental 
433 process of the dentary is present (exemplars: USNM 6086 and USNM 8898).
434
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435 Stage 11. This stage is diagnosed by a TSL that is between 1000 – 1499 mm, a QH that is 
436 between 150 – 199 mm, and a dentary length that is less than or equal to 55% lower jaw length 
437 (exemplar: FFHM 1997-10).
438

439 Stage 12. The premaxillary rostrum is distinctly knobbed (exemplar: KUVP 50090).
440

441 Stage 13. The distance between the first and sixth dentary teeth that is less than or equal to 23% 
442 TSL (exemplar: KUVP 1032).
443

444 Stage 14. The quadrate suprastapedial process is thick (exemplars: ROM 7906, GSM 1, and 
445 AMNH FARB 221). At the stage, the exemplar specimens share a distance between the first and 
446 sixth maxillary teeth that is greater than or equal to 25% TSL and a reversal to a QH between 
447 100 – 149 mm.
448

449 Stage 15. The distance between the first and sixth dentary teeth that is less than or equal to 35% 
450 dentary length, dentary length is between 60 – 56% lower jaw length, and the coronoid 
451 posteroventral process is present and fan-like (exemplar: FMNH P15144).
452

453 Stage 16. This stage is not unambiguously defined by any character states (exemplar: AMNH 
454 FARB 1555).
455

456 Stage 17 This stage is diagnosed by a reversal to a quadrate alar concavity that is deep 
457 (exemplar: FHSM VP 3).
458

459 Growth Series of T. kansasensis and T. nepaeolicus

460 A branch-and-bound search recovered one ontogram with a length of 90 steps, a CI of 0.59, an 
461 HI of 0.41, an RI of 0.62, and an RC of 0.36 (Fig. 7). The tree topology was tested using a 
462 Bremer decay index approach; resolution was lost after the addition of one step. A total of 12 
463 growth stages were identified; the analysis with the artificial adult and all 19 specimens 
464 recovered YPM 3970 and FHSM VP 2209 as the most mature individuals. Notably, although the 
465 holotype of T. nepaeolicus is recovered as more mature (stage 9) than the holotype of T. 

466 kansasensis (stage 8), there are no unambiguously optimized synontomorphies that distinguish 
467 them (Fig. 7). Character states that were unambiguously optimized as individual variation are 
468 listed in Table S2. The following growth stages are recovered:
469

470 Stage 1. This stage is not unambiguously defined by any character states (exemplar: Tylosaurus 

471 sp. neonate FHSM VP 14845).
472

473 Stage 2. This stage is not unambiguously defined by any character states (exemplar: T. 

474 kansasensis FHSM VP 17206).
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475

476 Stage 3. The premaxilla-maxilla suture is u-shaped (exemplars: T. kansasensis FHSM VP 9350 
477 and T. kansasensis FHSM VP 2495). At this stage, the exemplar specimens share a deep dentary.
478

479 Stage 4. The foramina on the premaxillary rostrum are small and the quadrate mandibular 
480 condyle is rounded (exemplar: T. kansasensis FHSM VP 78).
481

482 Stage 5. The QH is greater than or equal to 13% TSL, the quadrate ala rim is defined, and the 
483 dorsal ridge on the predental process of the dentary is present (exemplar: T. kansasensis FHSM 
484 VP 15632).
485

486 Stage 6. The QH is between 50 – 99 mm, the quadrate mandibular condyle is completely 
487 ossified, and the basioccipital is reniform (exemplar: T. kansasensis FHSM VP 3366, T. 

488 kansasensis FHSM VP 18520, and T. nepaeolicus FHSM VP 7262). At this stage, the exemplar 
489 specimens share a decrease in dentary teeth (from 13 to 12).
490

491 Stage 7. The foramina on the premaxillary rostrum reverse from small to large (exemplar: T. 

492 kansasensis FHSM VP 15631).
493

494 Stage 8. The posteroventral angle of the jugal is obtuse and the coronoid posteroventral process 
495 is present as a bump (exemplar: T. kansasensis holotype FHSM VP 2295). 
496

497 Stage 9. This stage is not unambiguously defined by any character states (exemplar: T. 

498 nepaeolicus holotype AMNH FARB 1565).  
499

500 Stage 10. The quadrate suprastapedial process is thick and the coronoid anterolateral notch is 
501 present and shallow (exemplars: T. kansasensis FMNH PR2103, T. kansasensis FGM V 43, and 
502 T. nepaeolicus AMNH FARB 2167). At this stage, the exemplar specimens share a quadrate 
503 suprastapedial process that is not curved medially, and FGM V 43 and AMNH FARB 2167 share 
504 a quadrate suprastapedial process that is long.
505

506 Stage 11. The premaxillary rostrum is distinctly knobbed, the frontal posterolateral processes 
507 are thick, and there is an increase in dentary teeth (from 13 to 14) (exemplar: T. nepaeolicus 
508 YPM 3974 and T. nepaeolicus AMNH FARB 124/134). At this stage, the exemplar specimens 
509 share an absence of the parietal nuchal fossa and a distance between the first and sixth dentary 
510 teeth that is greater than 35% dentary length. 
511

512 Stage 12. This stage is diagnosed by a QH that is between 100 – 149 mm (exemplars: T. 

513 nepaeolicus YPM 3970 and T. nepaeolicus FHSM VP 2209).
514
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515 Analysis Including T. kansasensis, T. nepaeolicus, and T. proriger

516 Because the synonymy of T. kansasensis and T. nepaeolicus is supported, a data matrix including 
517 all three Tylosaurus taxa was analyzed (Data S6). A branch-and-bound search recovered 18 most 
518 parsimonious trees each with a length of 148 steps, a CI of 0.41, an HI of 0.59, an RI of 0.60, and 
519 an RC of 0.24 (Fig. 8). The tree topology was tested using a Bremer decay index approach; 
520 resolution was lost after the addition of one step. The analysis with the artificial adult and all 30 
521 specimens did not recover a single most mature individual, but it did identify the group of adult 
522 T. proriger as more mature than the group of T. nepaeolicus; a second analysis, which only 
523 included the five most mature individuals (as recovered by the individual analysis of T. proriger; 
524 FMNH P15144, ROM 7906, AMNH FARB 221, FHSM VP 3, and KUVP 5033) identified 
525 KUVP 5033 as the most mature individual.
526 Most of the specimens recovered by this analysis as relatively immature (stages 1 through 
527 8) are T. proriger and are individuals that were also recovered as juveniles and subadults (i.e., in 
528 the lower half of the ontogram) in the individual analysis (Fig. 6). All but one T. kansasensis are 
529 recovered at growth stages 8 and 9, and all specimens referred to T. nepaeolicus are recovered at 
530 stage 10. Finally, the most mature individuals (stages 11 through 13) are all large (i.e., TSL 
531 greater than 1000 mm and QH greater than 150 mm) T. proriger that were recovered as adults 
532 (i.e., in the upper half of the ontogram) in the individual analysis (Fig. 6). The following 13 
533 growth stages are recovered:
534

535 Stage 1. This stage is not unambiguously defined by any character states (exemplar: Tylosaurus 

536 sp. neonate FHSM VP 14845).
537

538 Stage 2. The second stage is diagnosed by a quadrate tympanic ala that is thick (exemplar: T. 

539 kansasensis FHSM VP 9350).
540

541 Stage 3. The QH is between 50 – 99 mm, the quadrate infrastapedial process is present, the 
542 quadrate ala rim is defined, and the quadrate mandibular condyle is completely ossified 
543 (exemplars: T. proriger FMNH UR902 and T. proriger AMNH FARB 1592). 
544

545 Stage 4. The quadrate suprastapedial process that is intermediate in length (exemplars: T. 

546 nepaeolicus holotype AMNH FARB 1565 and T. proriger RMM 5610). 
547

548 Stage 5. The quadrate mandibular condyle is rounded (exemplars: T. proriger KUVP 66129). 
549

550 Stage 6. The premaxillary rostrum is greater than or equal to 5% TSL, the quadrate 
551 infrastapedial process is rounded, QH is greater than or equal to 13% TSL, the parietal nuchal 
552 fossa is present, and the distance between the first and sixth dentary teeth is less than or equal to 
553 23% TSL (exemplar: T. proriger AMNH FARB 4909). 

554
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555 Stage 7. The foramina on the premaxillary rostrum are small, the frontal-parietal suture flanges 
556 are small, the jugal posteroventral process is present, and the dentary length is between 60 and 
557 56% lower jaw length (exemplar: T. proriger KUVP 1033). 

558

559 Stage 8. The parietal posterior pegs are present and small and the pterygoid ectopterygoid 
560 process is thick (exemplars: T. proriger KUVP 28705, T. kansasensis FGM V 43, T. kansasensis 
561 holotype FHSM VP 2295, T. kansasensis FHSM VP 15632, and T. kansasensis FHSM VP 78). 
562 At this stage, all four T. kansasensis share a reversal to a premaxillary rostrum that is less than 
563 5% TSL and FHSM VP 2295, FHSM VP 15632, and FHSM VP 78 share a reversal to a quadrate 
564 infrastapedial process that is absent. 

565

566 Stage 9. This stage is diagnosed by a reversal to frontal-parietal suture flanges that are large 
567 and a dentary length that is less than or equal to 55% lower jaw length (exemplars: T. 

568 kansasensis FHSM VP 15631 and T. kansasensis FHSM VP 2495). 

569

570 Stage 10. The premaxillary rostrum is distinctly knobbed, the frontal posterolateral processes 
571 are thick, there is a reversal to parietal posterior pegs that are absent, and the coronoid 
572 anterolateral notch is present and shallow (exemplars: T. nepaeolicus YPM 3974, T. nepaeolicus 

573 AMNH FARB 124/134, T. nepaeolicus FHSM VP 2209, T. nepaeolicus FHSM VP 7262, and T. 

574 kansasensis FMNH PR2103). At this stage, the exemplar specimens share a quadrate 
575 infrastapedial process that is subtle and pointed, parietal lateral borders that are convex, and 14 
576 dentary teeth. 

577

578 Stage 11. The TSL is between 1000 – 1499 mm and the QH is between 150 – 199 mm 
579 (exemplars: T. proriger KUVP 1032, T. proriger KUVP 50090, T. proriger USNM 8898, T. 

580 proriger FFHM 1997-10, T. proriger FMNH P15144, T. proriger ROM 7906, and T. proriger 
581 AMNH FARB 221). At this stage, the exemplar specimens share a premaxilla-maxilla suture that 
582 is m-shaped, and the relatively mature individuals (as recovered by the individual analysis (Fig. 
583 6); FMNH P15144, ROM 7906, and AMNH FARB 221) share a reversal to a slender dentary.

584

585 Stage 12. The quadrate alar concavity is deep and the coronoid posteroventral process is 
586 present and fan-like (exemplar: T. proriger FHSM VP 3). 

587

588 Stage 13. This stage is diagnosed by a TSL that is greater than or equal to 1500 mm and a QH 
589 that is greater than or equal to 200 mm (exemplar: T. proriger KUVP 5033).

590

591 Growth Series of Te. nopcsai

592 An exhaustive search recovered one ontogram with a length of 13 steps, a CI of 1.00, an HI of 
593 0.00, an RI of 1.00, and an RC of 1.00 (Fig. 9). Under a Bremer decay test, resolution was lost 
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594 after the addition of one step. A total of three growth stages were identified; the analysis with an 
595 artificial adult did not recover a single most mature specimen, but a comparison of the total 
596 number of growth changes from the root of the ontogram recovered MNHN GOU 2 as the most 
597 mature individual. Character states that were unambiguously optimized as individual variation 
598 are listed in Table S2. The following growth stages are recovered:
599

600 Stage 1. This stage is not unambiguously defined by any character states (exemplars: MNHN 
601 GOU 4 and MNHN GOU 5). At this stage, the exemplar specimens share 14 or less pterygoid 
602 teeth.
603

604 Stage 2. The second stage is diagnosed by the presence of the quadrate infrastapedial process, a 
605 quadrate stapedial pit that is defined, and a quadrate mandibular condyle that is completely 
606 ossified (the holotype MNHN GOU 1).
607

608 Stage 3. This stage is diagnosed by the presence of an anteroventral corner on the quadrate ala 
609 (exemplar: MNHN GOU 2). 
610

611 Growth Series of M. hoffmannii 

612 An exhaustive search recovered one ontogram with a length of 42 steps, a CI of 0.93, an HI of 
613 0.07, an RI of 0.73, and an RC of 0.68 (Fig. 10). Bremer decay analysis lost resolution after the 
614 addition of one step. A total of seven growth stages were identified; the analysis with an artificial 
615 adult did not recover a single most mature specimen, but comparison of the number of growth 
616 changes from the root of the ontogram recovered PRM 2546/CCMGE 10/2469 as the most 
617 mature individual. Character states that were unambiguously optimized as individual variation 
618 are listed in Table S2. The following growth stages are recovered:
619

620 Stage 1. This stage is not unambiguously defined by any character states (exemplars: IRSNB R 
621 26).
622

623 Stage 2. The distance between the first and sixth dentary teeth is less than or equal to 25% TSL, 
624 the distance between the first and sixth dentary teeth is less than or equal to 35% dentary length, 
625 and the dentary bears 13 teeth (exemplar: TMM 313-1). 
626

627 Stage 3. This stage is diagnosed by the presence of an anteroventral corner on the quadratic ala 
628 (exemplar: IRSNB R 27).
629

630 Stage 4. The QH is between 150 and 199 mm, the quadrate infrastapedial process is broad and 
631 pointed, and the dentary is deep (exemplars: NHMM 006696, ALMNH PV 1988.0018, and 
632 NJSM 11053). At this stage, the exemplar specimens share a QH that is greater than or equal to 
633 13% TSL.

PeerJ reviewing PDF | (2020:05:49148:0:1:NEW 2 Jun 2020)

Manuscript to be reviewed



634

635 Stage 5. The ectopterygoid process of the pterygoid is thick (exemplar: TLAM 
636 NH.HR.2009.032.0001).
637

638 Stage 6. There is a reversal to a slender dentary (exemplar: M. hoffmannii holotype MNHN AC 
639 9648).
640

641 Stage 7. This stage is diagnosed by a TSL greater than or equal to 1500 mm and a dentary 
642 length that is less than or equal to 65% lower jaw length (exemplar: PRM 2546/CCMGE 
643 10/2469). 
644

645 Congruence Between Size and Maturity

646 Scatterplots of size rank (TSL and QH) and growth rank data (Tables 4, 5, 6, 7, 8) that were used 
647 in the Spearman rank-order correlation tests are shown in Figures 11 through 15. A Shapiro-Wilk 
648 test was used to determine if there was sampling bias (i.e., skewed left or right) and revealed that 
649 all the growth rank data, size rank data, and measurement data, except for QH growth rank data 
650 for T. nepaeolicus, are normally distributed (Figs. 11, 12, 13, 14, 15). The Spearman rank-order 
651 test found a significant correlation between growth stage and both measures of size in T. proriger 
652 and T. nepaeolicus, both in the individual analyses and the analysis used to test for anagenesis 
653 (Figs. 11, 12, 13). Although a significant correlation between both measures of size and growth 
654 stage was also found for Te. nopcsai (Fig. 14), only two specimens could be included, and thus 
655 these results are tentative. The test did not find a significant correlation between TSL or QH and 
656 growth stage in M. hoffmannii (Fig. 15). All correlations between size and maturity are positive. 
657 Therefore, both TSL and QH and maturity usually covary in mosasaurs.
658

659

660 Discussion

661 Growth Series of T. proriger

662 The growth series of T. proriger has two bifurcations, at stages nine and 14 (Fig. 6). Following 
663 the reasoning of Frederickson and Tumarkin-Deratzian (2014), if either of these bifurcations 
664 represent sexual dimorphism, each sex should (1) independently develop a shared sequence of 
665 growth changes, since they are the same taxon, in addition to (2) developing unique 
666 morphological features that are hypothetically used for sexual display. The bifurcation at stage 
667 14, in which three specimens share a distance between the first and sixth maxillary teeth that is 
668 greater than or equal to 25% TSL and a reversal to a QH between 100 – 149 mm, does not meet 
669 either of these criteria. The group of specimens at stage nine share a distance between the first 
670 and sixth dentary teeth that is less than or equal to 23% TSL and less than or equal to 35% 
671 dentary length, which develop independently at stages 13 and 15, respectively; however, none of 
672 the growth characters separating the specimens at stage nine from those at stages ten through 17 
673 are obviously correlated with any kind of sexual display (e.g., thickening of the quadrate 
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674 suprastapedial and frontal posterolateral processes, presence of dentary predental dorsal ridge 
675 and knobbed premaxillary rostrum). If, however, these characters are correlated with being 
676 larger, it is possible that T. proriger was sexually dimorphic with respect to size – the TSL of the 
677 specimens at stage nine range from 610 mm to 813 mm (average: 712 mm), whereas the TSL of 
678 specimens from stage ten to stage 17 are generally larger, ranging from 585 mm to 1300 mm 
679 (average: 1032 mm). This hypothesis of size-based sexual dimorphism in T. proriger, as well as 
680 other mosasaurs, must be tested with the addition of more characters known to be dimorphic in 
681 extant squamates, such as growth rate (Frynta et al., 2010) and number of presacral vertebrae 
682 (Aplin, Fitch, and King, 2006). 
683 The major growth changes of T. proriger are: development of processes on the 
684 premaxilla, frontal, jugal, pterygoid, quadrate, coronoid, and dentary; decrease in premaxillary 
685 foramina size; change in shape of the premaxilla-maxilla suture; ossification of the quadrate and 
686 basioccipital; enlargement of teeth relative to skull size; and a progressive deepening and 
687 enlargement of the skull (Fig. 6). The identification of RMM 5610 as a young individual in 
688 previous work is supported, but the identification (e.g., Jiménez-Huidobro, Simões, and 
689 Caldwell, 2016; Stewart and Mallon, 2018; Jiménez-Huidobro and Caldwell, 2019) of AMNH 
690 FARB 4909 as an adult is not (Fig. 6). The hypothesis of growth in T. proriger proposed here 
691 can be tested by adding more characters, particularly from the postcranial skeleton given there is 
692 evidence for ontogenetic variability in both axial and appendicular structures (Caldwell, 1996; 
693 Bell, 1997; Carpenter, 2017). 
694 The Spearman rank-order test revealed a significant correlation between size rank and 
695 growth stage rank for both TSL (rS(0.05, 18) = 0.824 p < 0.001) and QH (rS(0.05, 17) = 0.897, p < 
696 0.001), suggesting that both measures are reliable proxies for maturity in T. proriger (Fig. 11). 
697 This result is unexpected, given the oversampling of adults and subadults: apart from the 
698 Tylosaurus sp. neonate (FHSM VP 14845), this analysis only includes large (TSL greater than 
699 500 mm) individuals. The correlation between size and maturity can be tested with the addition 
700 of significantly smaller, presumably juvenile, specimens. 
701

702 Growth Series of T. kansasensis and T. nepaeolicus

703 The ontogram does not bifurcate and so it does not show evidence for sexual dimorphism, 
704 whereas the synonymy of T. kansasensis with T. nepaeolicus is supported (Figs. 4, 5); therefore, 
705 both taxa will be referred to as T. nepaeolicus henceforth. The major growth trends in T. 

706 nepaeolicus include: enlargement of processes on the premaxilla, frontal, quadrate, coronoid, and 
707 dentary; change in shape of the quadrate, parietal, and occipital condyle; changes in size of the 
708 premaxillary foramina; change in shape of the premaxilla-maxilla suture; ossification of the 
709 quadrate; enlargement of teeth relative to skull size; and an increase in the number of dentary 
710 teeth (Fig. 7). Like T. proriger, the growth series proposed here can be tested and expanded by 
711 adding more characters, particularly from the postcranial skeleton (Caldwell, 1996; Bell, 1997; 
712 Carpenter, 2017).
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713 The Spearman rank-order test revealed a significant correlation between size rank and 
714 growth stage rank for TSL (rS(0.05, 8) = 0.874, p = 0.05) and QH (rS(0.05, 15) = 0.719 p = 0.03), 
715 suggesting that both are reliable proxies for maturity in this taxon (Fig. 12). Unlike T. proriger, 
716 multiple specimens in this dataset are rather small (TSL less than 500 mm, QH less than 50 mm), 
717 indicating a better representation of juveniles, in contrast to the large taxa (T. proriger and M. 

718 hoffmannii).
719

720 Validity of T. kansasensis. The ontogram does not bifurcate and therefore supports the 
721 synonymy of T. kansasensis with T. nepaeolicus (Figs. 5 and 7; Jiménez-Huidobro, Simões, and 
722 Caldwell, 2016). It does not unambiguously support previous hypotheses of growth patterns in 
723 the taxon given that T. nepaeolicus specimens are interspersed among those of T. kansasensis at 
724 the terminus of the ontogram; furthermore, although the holotype of T. nepaeolicus (stage 9) is 
725 recovered as more mature than the holotype of T. kansasensis (stage 8), there is no unambiguous 
726 support for this separation (Fig. 7). Most significantly, many of the diagnostic characters for T. 

727 kansasensis (Everhart, 2005) that could be identified (premaxilla foramina size, quadrate 
728 infrastapedial process, frontal midline crest, jugal posteroventral angle, quadrate ala thickness, 
729 quadrate alar concavity depth) were found to be juvenile characters and were also present in both 
730 T. nepaeolicus and T. proriger. First-hand observation and addition of specimens assigned to T. 

731 nepaeolicus is necessary to test this hypothesis, given that the current growth series includes 
732 nearly twice as many T. kansasensis as T. nepaeolicus. 
733

734 Evidence for paedomorphy in T. proriger. Paedomorphy is the truncation of development 
735 in a descendent taxon relative to an ancestral taxon (Reilly, Wiley, and Meinhardt, 1997); 
736 therefore, the results of this project do not support the hypothesis that presence of the frontal 
737 dorsal midline crest in T. proriger is paedomorphic relative to T. nepaeolicus (Jiménez-
738 Huidobro, Simões, and Caldwell, 2016). Absence of the crest in T. nepaeolicus is peramorphic – 
739 that is, an extension of development in a descendant taxon relative to an ancestral taxon (Reilly, 
740 Wiley, and Meinhardt, 1997) – relative to other mosasaurs, including T. proriger, because it is 
741 present in all specimens of Te. nopcsai (a basal russelosaurine; see Fig. 1) and M. hoffmannii (a 
742 derived mosasaurine; see Fig. 1) regardless of growth stage. 
743 Although absence of the crest was not unambiguously optimized on the ontogram of T. 

744 nepaeolicus, the two specimens in which the crest is absent (AMNH FARB 124/134 and YPM 
745 3974; Data S2) are recovered as relatively mature individuals (stage 11; Fig. 7). Because of the 
746 low number (seven) of T. nepaeolicus included in the ontogram, more data are necessary to test 
747 this hypothesis, given the crest is only absent in two T. nepaeolicus specimens out of the 35 that 
748 were coded. If the addition of more characters and specimens of T. nepaeolicus recovers absence 
749 of the crest as a mature character, then the addition of basal mosasaurs, such as the mosasauroid 
750 Aigialosaurus (Fig. 1), as well as other derived taxa (e.g. Platecarpus, Prognathodon) can help 
751 to trace the evolution of frontal crest development across the clade and for a more rigorous test 
752 of the hypothesis of paedomorphy of this character in T. proriger.
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753

754 Anagenesis in T. nepaeolicus and T. proriger

755 The ontogram recovered by the analysis of all three Tylosaurus taxa supports the hypothesis of 
756 anagenesis in the clade (Fig. 8). The least mature individuals in the ontogram are nearly all 
757 juvenile and subadult T. proriger, the specimens of intermediate maturity are subadult and adult 
758 T. nepaeolicus, and the most mature individuals are large adult T. proriger. Furthermore, the 
759 placement of all T. kansasensis as less mature than T. nepaeolicus and among juvenile T. 

760 proriger is consistent with the hypothesis that T. kansasensis are juvenile T. nepaeolicus. 
761 Several growth changes recovered in this analysis were also recovered in the individual 
762 analyses: thickening of the quadrate ala, quadrate mandibular condyle ossifies and becomes 
763 rounded, QH increases relative to TSL, premaxilla rostrum foramina size changes, frontal 
764 posterolateral processes thicken, and the knobbed premaxillary rostrum after which the genus is 
765 named grows in. 
766 Anagenesis in WIS Tylosaurus was driven by peramorphosis (acceleration and extension 
767 of growth) in the following characters: skull size (TSL) and depth (QH) (Fig. 13), premaxillary 
768 rostrum length (greater than 5% TSL does not occur until relatively late in ontogeny in T. 

769 nepaeolicus, whereas it is present in subadult T. proriger), overall quadrate shape (Fig. 16; the 
770 quadrates of the most mature T. nepaeolicus, e.g. AMNH FARB 124/134, are morphologically 
771 most similar to juvenile T. proriger, e.g. FMNH UR902), quadrate suprastapedial process 
772 thickness, and coronoid posteroventral process shape (from single bump to fan-like). The 
773 hypothesis of anagenesis in North American Tylosaurus can be further tested by recovering 
774 growth series for T. saskatchewanensis and T. pembinensis, which lived after T. proriger during 
775 the late Campanian (Jiménez-Huidobro and Caldwell, 2019). 

776

777 Revised diagnoses of T. nepaeolicus and T. proriger. Based on the growth patterns 
778 uncovered by this work (Figs. 6, 7, 8, 16), the following revisions to the diagnoses of T. 

779 nepaeolicus by Jiménez-Huidobro and Caldwell (2019) are made: (1) frontal dorsal midline crest 
780 generally present except in some relatively mature individuals; (2) lateral borders of parietal 
781 table slightly convex in adults; (3) the overall shape of the quadrate is semicircular and hook-like 
782 in juveniles and subadults, and relatively more dorsoventrally elongate in adults; (4) quadrate 
783 infrastapedial process absent in juveniles and poorly developed in adults; (5) 12 to 13 maxillary 
784 teeth; (6) ten to 15 dentary teeth; and (7) eight to ten pterygoid teeth in adults, possibly 11 or 
785 more in juveniles.
786 Based on the growth patterns uncovered by this work (Figs. 6, 7, 8, 16), the following 
787 revisions to the diagnoses of T. proriger by Jiménez-Huidobro and Caldwell (2019) are made: 
788 (1) the overall shape of the quadrate is columnar and distinctly taller than wide throughout 
789 growth; (2) quadrate infrastapedial process is well-developed and is subtle and pointed in 
790 juveniles and distinct, broad, and semicircular in adults; (3) quadrate tympanic ala is thin, wide, 
791 and flat throughout growth and the alar concavity is deep in adults; (4) 13 maxillary teeth; (5) 13 
792 dentary teeth; and (6) ten pterygoid teeth.
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793

794 Growth Series of Te. nopcsai

795 As in both species of Tylosaurus, the major growth changes in Te. nopcsai involve the 
796 ossification and development of the quadrate (Fig. 9). More specimens and characters are needed 
797 to identify other growth patterns in Te. nopcsai. 
798 The Spearman rank-order test revealed a significant correlation between size rank and 
799 growth stage rank for both TSL (rS(0.05, 2) = 1.000 p < 0.001) and QH (rS(0.05, 2) = 1.000, p < 0.001), 
800 suggesting that both measures are reliable proxies for maturity in Te. nopcsai (Fig. 14). 
801 However, only two specimens had size data available for the test, and therefore the results must 
802 be tested further once additional specimens are discovered. 
803

804 Growth Series of M. hoffmannii

805 The growth series of M. hoffmannii bifurcates at stage four, but it does not meet the criteria for 
806 sexual dimorphism outlined by Frederickson and Tumarkin-Deratzian (2014). The growth 
807 changes recovered in M. hoffmannii include: increase in TSL and QH; growth of quadrate 
808 processes; and deepening of the dentary (Fig. 10). More data from first-hand observation are 
809 needed to identify additional growth changes and resolve the polytomy of immature individuals. 
810 The Spearman rank-order did not recover a significant correlation between size rank and 
811 growth stage rank for TSL (rS(0.05, 6) = 0.603 p = 0.205) or QH (rS(0.05, 7) = 0.187, p = 0.688), 
812 suggesting that neither TSL nor QH is a reliable proxy for maturity in M. hoffmannii (Fig. 15). 
813 This result was expected because of the small sample size and because of the large size of the 
814 specimens included – the smallest TSL in this project (IRSNB R 12) is 880 mm and the smallest 
815 QH (IRSNB R 26) is 125 mm (Table 1). Therefore, more specimens, especially true juveniles, 
816 are necessary to adequately test the congruence between size and maturity and clarify the pattern 
817 of M. hoffmannii TSL and QH throughout growth.
818

819 Sexual Dimorphism

820 The growth series did not recover evidence of skeletal sexual dimorphism in any of the four 
821 mosasaur taxa. This does not necessarily mean that mosasaurs were not sexually dimorphic, only 
822 that the characters in this analysis are not dimorphic. The hypothesis that the premaxillary 
823 predental rostrum is an ontogenetic, but not sexual, characteristic in Tylosaurus (Konishi, 
824 Jiménez-Huidobro, and Caldwell, 2018) is supported. These results are consistent with the 
825 absence of evidence for sexual dimorphism in any mosasaur, which itself is somewhat surprising 
826 given the frequency of sexual dimorphism in extant squamates (Schwarzkopf, 2005; Aplin, 
827 Fitch, and King, 2006; Openshaw and Keogh, 2014), including ocean-going species such as sea 
828 snakes and marine iguanas (Wikelski and Trillmich, 1997; Shine et al., 2002); excluding size, 
829 examples of sexually dimorphic characters in extant squamates include head width, trunk length 
830 (i.e., number of presacral vertebrae), and limb length (Schwarzkopf, 2005). The absence of 
831 morphological sexual dimorphism in mosasaurs will be tested further with the addition of more 
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832 growth characters – especially from the postcranial skeleton – as well as more specimens and 
833 taxa. 
834 It is also possible that sexual dimorphism in mosasaurs could be present in histological 
835 data. In 2010, Frynta et al. found that adult male monitor lizards (Varanus indicus) are larger 
836 than females because the period of rapid growth is extended; if this is also the case in mosasaurs, 
837 these differences in growth rates are seen in histological analyses of limb bones (Houssaye and 
838 Tafforeau, 2012; Green, 2018). Another instance of sexual dimorphism in extant monitor lizards 
839 is bone density: in males, density tends to increase over time, whereas in females it decreases (de 
840 Buffrénil and Francillon-Vieillot, 2001). However, because this decrease in females is caused by 
841 skeletal calcium being used to produce eggshells (de Buffrénil and Francillon-Vieillot, 2001), 
842 this is unlikely to be seen in mosasaurs, which gave live birth (Caldwell and Lee, 2001; Field et 
843 al., 2015). 
844

845 Cladistic Analysis of Growth as a Method to Test Taxon Validity

846 Besides traditional comparison of morphological characters, no thorough, objective tests of taxon 
847 validity using growth data have been attempted for any mosasaur taxon. By recovering growth 
848 changes and identifying instances of individual variation in multiple taxa, cladistic analysis of 
849 growth provides a robust test of taxon validity and the characters which purportedly diagnose 
850 them (see Figs. 4, 5). Taxon validity is a major problem in mosasaurs for multiple reasons, 
851 including insufficient descriptions and later loss or destruction of type specimens, paraphyly of 
852 genera, poor stratigraphic data, and past researchers’ desire to name as many species as possible 
853 (Lively, 2019). This problem is only made worse by a lack of growth studies that include 
854 morphological data, which could be contributing to purported differences between taxa, and a 
855 general deficiency of recent hypothesis-driven work. 
856 Mosasaurus is a particularly problematic group with respect to taxonomy and for which 
857 this approach could prove very useful in determining which species are valid and which are not. 
858 The results of this project do not conflict with the hypothesis of synonymy between M. maximus 
859 and M. hoffmannii; two specimens (TMM 313-1 and NJSM 11053) that were originally 
860 identified as M. maximus were included in the ontogram (Fig. 10), which does not bifurcate, and 
861 their positions (TMM 313-1 as one of the least mature individuals and NJSM 11053 as the most 
862 mature) do not support a taxon separate from M. hoffmannii (see Figs. 4, 5). 
863 In addition to M. maximus, two other Mosasaurus taxa – M. lemonnieri and M. conodon 
864 – have been proposed to be synonymous with M. hoffmannii (Russell, 1967; Lingham-Soliar, 
865 1995; Lingham-Soliar, 2000; Ikejiri and Lucas, 2015; Street and Caldwell, 2017); specimens of 
866 M. lemonnieri in particular have the potential to represent juveniles of M. hoffmannii, given the 
867 only major difference between them is that the skull of M. lemonnieri is generally smaller 
868 (around 500 mm – a size currently underrepresented in M. hoffmannii) and more slender than 
869 that of M. hoffmannii (Lingham-Soliar, 2000). By using a single cladistic analysis of growth 
870 including specimens of all Mosasaurus species for which synonymy has been proposed, as was 
871 done in this project for T. kansasensis and T. nepaeolicus, these hypotheses can be tested, 
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872 refining our understanding of mosasaur growth as well as their actual diversity in the Late 
873 Cretaceous.
874

875 Conserved Patterns of Growth in Mosasaurs

876 This project identified 17 growth characters shared by two or more taxa; these characters are: (1) 
877 increase in TSL (T. proriger, M. hoffmannii); (2) premaxilla rostrum becomes robust (T. 

878 proriger, T. nepaeolicus, M. hoffmannii); (3) change in premaxillary rostrum foramina size (T. 

879 proriger, T. nepaeolicus); (4) change in premaxilla-maxilla suture shape (T. proriger, T. 

880 nepaeolicus); (5) increase in QH (T. proriger, T. nepaeolicus, M. hoffmannii); (6) thickening of 
881 quadrate suprastapedial process (T. proriger, T. nepaeolicus); (7) change in quadrate 
882 infrastapedial process shape (T. proriger, M. hoffmannii); (8) increase in QH relative to TSL (T. 

883 proriger, T. nepaeolicus); (9) presence of an anteroventral corner of the quadrate tympanic ala 
884 (Te. nopcsai, M. hoffmannii); (10) ossification of the quadrate mandibular condyle (T. proriger, 
885 T. nepaeolicus, Te. nopcsai); (11) mandibular condyle of the quadrate becoming rounded (T. 

886 proriger, T. nepaeolicus); (12) thickening of frontal posterolateral processes (T. proriger, T. 

887 nepaeolicus); (13) deepening of the dentary (T. proriger, M. hoffmannii); (14) development of a 
888 dorsal ridge on the predentary process of the dentary (T. proriger, T. nepaeolicus); (15) change 
889 in the length of the dentary relative to lower jaw length (T. proriger, M. hoffmannii); (16) 
890 presence of an anterolateral notch on the coronoid (T. nepaeolicus, M. hoffmannii); and (17) 
891 growth of the coronoid posteroventral process (T. proriger, T. nepaeolicus). These shared growth 
892 characters are shown on a simplified cladogram in Figure 17.
893 These results reject previous hypotheses that variation of mosasaur quadrates is 
894 ontogenetically uninformative (Jiménez-Huidobro, Simões, and Caldwell, 2016; Stewart and 
895 Mallon, 2018), where all taxa show unambiguous changes to the shape of the quadrate and its 
896 processes throughout growth (Fig. 16). This suggests that the quadrate – particularly the 
897 thickness of the suprastapedial process, depth and thickness of the tympanic ala, and the presence 
898 and shape of the infrastapedial processes – should not be used to diagnose mosasaur taxa without 
899 an assessment of maturity. These results are not surprising, given that growth variation is seen in 
900 the quadrates of extant squamates (Paluh, Olgun, and Bauer, 2018). Because the shape of the 
901 quadrate in squamates is directly related to hearing ability and skull kinesis (LeBlanc, Caldwell, 
902 and Lindgren, 2013; Paluh, Olgun, and Bauer, 2018; Palci et al., 2019), future work is necessary 
903 to investigate the potential for niche partitioning between mosasaur growth stages.
904 Although size and maturity covary in every taxon, there is clearly an oversampling of 
905 adults where multiple individuals are recovered at the same growth stage. Therefore, more 
906 characters must be identified and coded to test these low-resolution results. This can be resolved 
907 though first-hand observation and measurements of specimens, especially M. hoffmannii and the 
908 other potentially synonymous Mosasaurus species. Also, several skulls in this project have 
909 associated vertebrae and limb bones; future work including histological data could be used to 
910 calibrate the growth series recovered here to chronological age and further test hypotheses of the 
911 relationship between size, maturity, and age and well as sexual dimorphism and ontogenetic 
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912 niche partitioning (Wiffen et al., 1995; de Buffrénil and Francillon-Vieillot, 2001; Frynta et al., 
913 2010; Houssaye and Tafforeau, 2012; Green, 2018). 
914 The size of the foramina on the premaxillary rostrum were recovered as ontogenetically 
915 informative in both species of Tylosaurus (Figs. 6, 7). Recent work on the tylosaurine 
916 Taniwhasaurus antarcticus has found internal branching structures, hypothesized to be part of 
917 the neurovascular system, associated with these foramina (Álvarez–Herrera, Agnolin, and Novas, 
918 2020). Future work can investigate whether these internal structures are also present in other 
919 mosasaurs, including Tylosaurus, and whether they vary with growth as well.
920 No pattern of pterygoid tooth count was unambiguously recovered in these analyses, 
921 however, the number of pterygoid teeth could potentially be indicators of relative maturity in 
922 mosasaurs, given that their presence and number vary ontogenetically in extant lizards (Barahona 
923 and Barbadillo, 1998; Skawiński, Borczyk, and Turniak, 2017). Mosasaur pterygoid teeth have 
924 largely been ignored in the literature with respect to both ontogeny and phylogeny, and so future 
925 studies that include them are required to better understand their relevance to mosasaur 
926 development and evolution. For example, the basalmost taxon in this project, Te. nopcsai, has 
927 nearly double the number of pterygoid teeth than the other three taxa, and a relatively immature 
928 T. nepaeolicus specimen (FHSM VP 15632) has more pterygoid teeth (greater than 11) than 
929 more mature specimens (usually between eight and ten; Table 2). 
930 Despite many studies that have investigated mosasaur phylogeny (Russell, 1967; Bell, 
931 1997; Simões et al., 2017; Jiménez-Huidobro and Caldwell, 2019), the evolutionary relationships 
932 within Mosasauroidea remain unclear; the identification of shared growth characters can provide 
933 evidence to support or reject current hypotheses of relationships between mosasaurs and their 
934 extant relatives. In order to completely investigate ancestral patterns of growth in mosasaurs, 
935 growth series for basal mosasaurs, such as Aigialosaurus, as well as more derived taxa spanning 
936 a greater breadth of the phylogeny, such as Clidastes, Platecarpus, and Prognathodon (Fig. 1), 
937 must be recovered. 
938

939

940 Conclusions

941 In conclusion: (1) a growth series was recovered for each taxon; (2) synonymy of T. kansasensis 

942 with T. nepaeolicus and the hypothesis that T. kansasensis represent juveniles of T. nepaeolicus 

943 is supported; (3) the hypothesis that T. nepaeolicus and T. proriger are a single anagenetic 
944 lineage is supported, where speciation was driven by peramorphy; (4) there is no evidence for 
945 skeletal sexual dimorphism in any taxon; (5) the absence of a frontal dorsal midline crest in T. 

946 nepaeolicus is peramorphic relative to other mosasaur taxa; and (6) 17 conserved patterns of 
947 growth were recovered across Mosasauridae.
948 With the addition of extant relatives (e.g., monitor lizards, iguanas, and snakes), 
949 ontogenetic data can be used to hypothesize phylogenetic position of Mosasauroidea and identify 
950 the heterochronic processes that shaped the land-sea transition of mosasaur ancestors. For 
951 example, in squamates, the overall shape of an animal’s quadrate is related to what type of 
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952 habitat it occupies (e.g., terrestrial, aquatic, or fossorial) (Palci et al., 2019), and squamate 
953 quadrates change in shape throughout ontogeny (Fig. 16; Bhullar, 2012; Paluh, Olgun, and 
954 Bauer, 2018). Therefore, through the comparison of patterns of growth between extant terrestrial 
955 and semi-aquatic squamates to those seen across Mosasauroidea, the changes in quadrate shape 
956 that facilitate the transition from land to sea can be traced. 
957 Once they are identified, ontogenetic changes that are unique to a taxon can help to 
958 recover evolutionary relationships (i.e., be used as phylogenetic characters) (Bhullar, 2012). One 
959 growth character recovered in this project – decrease of the posteroventral angle of the jugal in T. 

960 nepaeolicus throughout growth (Fig. 7) – was found by Bhullar (2012) to be apomorphic of 
961 Varanoidea. Despite the ambiguity with respect to the position of Mosasauroidea within 
962 Squamata (Russell, 1967; Carrol and DeBraga, 1992; Caldwell, Carroll, and Kaiser, 1995; Lee, 
963 1997; Caldwell, 1999; Reeder et al., 2015; Simões et al., 2017), this character is almost certainly 
964 plesiomorphic in the common ancestor of Varanoidea and Mosasauroidea. The recovery of 
965 shared patterns of growth that unite mosasaurs with their extant relatives has the potential to 
966 resolve the phylogenetic relationships of Toxicofera (iguanas, anguimorph lizards, and snakes; 
967 Reeder et al., 2015) and provide a comparative point of reference for predicting the growth 
968 patterns of fossil taxa with low sample sizes (Witmer, 1995; Bhullar, 2012). 
969 Finally, comparison of growth patterns with other secondarily aquatic taxa, both extant 
970 (e.g., sirenians, pinnipeds, cetaceans, turtles) and extinct (e.g., thalattosuchians, plesiosaurs, 
971 ichthyosaurs), is necessary to uncover the heterochronic processes that drive amniote land-sea 
972 transitions. For example, in 2020, Schwab et al. found that, in the evolution of thalattosuchians, a 
973 lineage of fully aquatic crocodylomorphs, the inner ear labyrinth became more thick and 
974 compact gradually; this is different from cetaceans, which evolved relatively small inner ear 
975 labyrinths very quickly, and suggests that the semiaquatic phase of thalattosuchian evolution 
976 lasted longer than that of cetaceans (Schwab et al., 2020). The advantage of comparing this and 
977 other features associated with an aquatic lifestyle (e.g., shortening of long bones, hyperphalangy, 
978 nostril retraction, increase in orbit size) across lineages and in an ontogenetic context is that it 
979 can identify the heterochronic processes that drove each transition and determine whether each 
980 instance is novel or convergent with respect to fundamental developmental mechanisms.
981
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Figure 1
Simplified phylogeny of major mosasaur taxa based on the cladistic analyses of
Jiménez-Huidobro and Caldwell (2019) and Simões et al. (2017).

Asterisks indicate taxa included in this project.
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Figure 2
Comparison between hypothetical low-resolution and high-resolution growth series.

(A) In a low-resolution growth series, multiple individuals are grouped into vague sets. (B) In
a high-resolution growth series, each growth stage only has a single individual.
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Figure 3
Possible scenarios when determining the most mature individual.

In each scenario, a cladistic analysis has recovered hypothetical specimens “Y” (light gray)
and “Z” (black) at the terminus of the ontogram. The most mature individual(s) is indicated
by an arrowhead. (A) The analysis with an artificial adult is successful; the artificial adult is
recovered closest to specimen “Y,” indicating that it is the most mature. (B) The analysis with
the artificial adult fails to recover a single most mature specimen; the artificial adult is not
closer to specimen “Y” or specimen “Z.” (C) Should the analysis with the artificial adult fail,
the specimen with the most accumulated growth changes (synontomorphies) is considered
the most mature; in this scenario, the most mature individual is specimen “Y,” with a total of
four synontomorphies.
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Figure 4
Summary of potential outcomes for the growth series recovered by the cladistic
analysis.

(A) The specimens included in the analysis represent a single taxon without sexual
dimorphism. (B) The specimens in the analysis represent either a single taxon that is sexually
dimorphic or two separate taxa with morphologically similar juveniles. (C) The specimens in
the analysis represent either a single taxon that is sexually dimorphic with an oversampling
of adults or two separate taxa. (D) The analysis recovers two or more groups of specimens
defined by shared instances of individual variation; these groups could represent different
taxa or sexual dimorphism.
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Figure 5
Summary of potential outcomes for the analysis of the data matrix including T.
kansasensis and T. nepaeolicus.

Hypothetical T. nepaeolicus specimens are represented by black skulls and hypothetical T.

kansasensis specimens are represented by gray skulls. (A) If the current hypothesis is
supported and T. kansasensis represent juveniles of T. nepaeolicus (Jiménez-Huidobro,
Simões, and Caldwell, 2016), most or all T. kansasensis specimens will be recovered as less
mature than most or all T. nepaeolicus specimens. (B) If T. kansasensis represent juveniles of
T. nepaeolicus, and the taxon is sexually dimorphic, most or all T. kansasensis specimens will
be recovered as less mature than most or all T. nepaeolicus specimens and before the onset
of sexual maturity (represented by a bifurcation in the ontogram). (C) If T. kansasensis and T.

nepaeolicus represent the same taxon but neither is necessarily all adults or all juveniles,
and sexual dimorphism is absent, the specimens will be interspersed with each other on the
tree. (D) If T. kansasensis and T. nepaeolicus represent the same taxon but neither is
necessarily all adults or all juveniles, and sexual dimorphism is present, the specimens will
be interspersed with each other on the tree and on both branches after the onset of sexual
maturity. (E) The tree is linear with specimens of both taxa interspersed with each other, but
identical individual variations are unambiguously optimized in several specimens of one
taxon and not along the main axis or in specimens of the other taxon; in this case, two
groups are recovered and they may represent two taxa or sexual dimorphism. (F) If T.

kansasensis and T. nepaeolicus represent opposite sexes of the same taxon, the tree will
bifurcate with specimens of T. kansasensis on one branch, T. nepaeolicus on the other
branch, and a mix of specimens near the root. (G) If T. kansasensis and T. nepaeolicus

represent two different taxa, the tree will bifurcate at or near the root with all the T.

kansasensis specimens on one branch and all the T. nepaeolicus specimens on the other; this
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could also represent sexual dimorphism with an oversampling of adults in which specimens
of T. kansasensis represent one sex and specimens of T. nepaeolicus represent the other.
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Figure 6
Ontogram of one Tylosaurus sp. specimen and 22 T. proriger specimens based on a
quantitative cladistic analysis.

The ontogram is a single tree and tree statistics are summarized in the upper left. Character
states that define each growth stage are shown along the main branch, and the exemplar
specimens are to the left of the main branch; the most mature individual, identified by the
analysis with an artificial adult, is indicated by an arrow. The encircled numbers on the nodes
are the growth stages, and the numbers to the right of them are the bootstrap and jackknife
values, respectively (1000 replicates, <50% not shown). Unambiguous character reversals
are shown in red. Individual variations that are unambiguously optimized are listed in Table
S2. The ontogram supports the assignment of all specimens to T. proriger and does not show
evidence of sexual dimorphism. Notes: specimen photographs are not to scale; FHSM VP
14845 is a neonate referable to Tylosaurus sp.; the photograph of KUVP 1032 has been
inverted to face left.
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Figure 7
Ontogram of one Tylosaurus sp. specimen, 11 T. kansasensis specimens, and seven T.
nepaeolicus specimens based on a quantitative cladistic analysis.

Specimens identified as T. nepaeolicus are shown in blue; the type specimen of each taxon is
indicated by an asterisk. The ontogram is a single tree and tree statistics are summarized in
the upper left. Character states that define each growth stage are shown along the main
branch, and the exemplar specimens are to the left of the main branch; the most mature
individuals, identified by the analysis with an artificial adult, are indicated by arrows. The
encircled numbers on the nodes are the growth stages, and the numbers to the right of them
are the bootstrap and jackknife values, respectively (1000 replicates, <50% not shown).
Unambiguous character reversals are shown in red. Individual variations that are
unambiguously optimized are listed in Table S2. The ontogram does not bifurcate and thus
supports synonymy of T. kansasensis with T. nepaeolicus and that T. kansasensis represent
juveniles of T. nepaeolicus (Jiménez-Huidobro, Simões, and Caldwell, 2016), and does not
show evidence for sexual dimorphism. Note: specimen photographs are not to scale; FHSM
VP 14845 is a neonate referable to Tylosaurus sp.; the photographs of FGM V 43, FHSM VP
2209, and FHSM VP 78 have been inverted to face left.
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Figure 8
Ontogram of 30 Tylosaurus specimens (Tylosaurus sp., T. kansasensis, T. nepaeolicus,
and T. proriger) based on a quantitative cladistic analysis to test for anagenesis in WIS
Tylosaurus species.

The ontogram is based on a strict consensus of two trees, each with a length of 148 steps, a
CI of 0.41, an HI of 0.59, an RI of 0.60, and an RC of 0.24. Holotypes are indicated by
asterisks. Character states that define each growth stage are shown along the main branch,
and the exemplar specimens are to the left of the main branch; the most mature individual,
identified by the analysis with an artificial adult, is indicated by an arrow. The encircled
numbers on the nodes are the growth stages, and the numbers below and to the right of
them are the bootstrap and jackknife values, respectively (1000 replicates, <50% not
shown). Unambiguous character reversals are shown in red. Specimens which are recovered
as juveniles and subadults in the individual analyses were also recovered as immature in this
analysis. Because all adult T. proriger specimens are recovered as more mature than all T.

nepaeolicus, the hypothesis of anagenesis in WIS Tylosaurus is supported; additionally, all T.

nepaeolicus specimens (except for the holotype) are recovered as more mature than all
specimens of T. kansasensis, supporting the hypothesis that T. kansasensis are juveniles
(Jiménez-Huidobro, Simões, and Caldwell, 2016). Abbreviations: cr, coronoid; d, dentary; DL,
dentary length; eccp, ectopterygoid process of the pterygoid; f, frontal; isp, infrastapedial
process of the quadrate; p, parietal; pm, premaxilla; q, quadrate; ssp, suprastapedial
process of the quadrate. Note: in the individual analyses, “juvenile” specimens were
recovered in the lower fourth of the tree, “subadults” were recovered in the second fourth of
the tree, and “adult” specimens were recovered in the upper half of the tree.
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Figure 9
Ontogram of four Te. nopcsai specimens based on a quantitative cladistic analysis.

The ontogram is a single tree and tree statistics are summarized in the upper left. The type
specimen is indicated by an asterisk. Character states that define each growth stage are
shown along the main branch, and the exemplar specimens are to the left of the main
branch; the most mature individual, identified by the highest number of growth changes, is
indicated by an arrow. The encircled numbers on the nodes are the growth stages, and the
numbers to the right of them are the bootstrap and jackknife values, respectively (1000
replicates, <50% not shown). The ontogram does not show evidence for sexual dimorphism.
Individual variations that are unambiguously optimized are listed in Table S2.
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Figure 10
Figure 10: Ontogram of nine M. hoffmannii specimens based on a quantitative cladistic
analysis.

The ontogram is a single tree and tree statistics are summarized in the upper left. The
holotype is indicated by as asterisk. Character states that define each growth stage are
shown along the main branch, and the exemplar specimens are to the left of the main
branch; the most mature individual, identified by the highest number of growth changes, is
indicated by an arrow. The encircled numbers on the nodes are the growth stages, and the
numbers to the right of them are the bootstrap and jackknife values, respectively (1000
replicates, <50% not shown). Individual variations that are unambiguously optimized are
listed in Table S2.
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Figure 11
Size and maturity are positively correlated in T. proriger.

(A) Scatterplot and statistics for TSL data. (B) Scatterplot and statistics for QH data. The
growth stages and size data for TSL and QH of each T. proriger specimen included in the
growth series (for which measurements were available) were converted into ranks and
plotted. Congruence between size rank and growth stage rank was tested with Spearman
rank-order correlation. Both TSL and QH have a significant positive correlation with growth
stage in this taxon. Shapiro-Wilk tests determined that growth rank, size rank, and raw
measurement data are normally distributed.
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Figure 12
Size and maturity are positively correlated in T. nepaeolicus.

(A) Scatterplot and statistics for TSL data. (B) Scatterplot and statistics for QH data. The
growth stages and size data for TSL and QH of each T. nepaeolicus specimen included in the
growth series (for which measurements were available) were converted into ranks and
plotted. Congruence between size rank and growth stage rank was tested with Spearman
rank-order correlation. Both TSL and QH have a significant positive correlation with growth
stage in this taxon. Shapiro-Wilk tests determined that TSL (but not QH) growth rank, size
rank, and raw measurement data are normally distributed.
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Figure 13
Size and maturity are positively correlated in WIS Tylosaurus species.

(A) Scatterplot and statistics for TSL data. (B) Scatterplot and statistics for QH data. The
growth stages and size data for TSL and QH of each specimen (for which measurements were
available) included in the growth series including all three Tylosaurus taxa were converted
into ranks and plotted. Congruence between size rank and growth stage rank was tested with
Spearman rank-order correlation. Both TSL and QH have a significant positive correlation with
growth stage. Shapiro-Wilk tests determined that growth rank, size rank, and raw
measurement data are normally distributed.
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Figure 14
Size and maturity are positively correlated in Te. nopcsai.

(A) Scatterplot and statistics for TSL data. (B) Scatterplot and statistics for QH data. The
growth stages and size data for TSL and QH of each Te. nopcsai specimen included in the
growth series (for which measurements were available) were converted into ranks and
plotted. Congruence between size rank and growth stage rank was tested with Spearman
rank-order correlation. Both TSL and QH have a significant positive correlation with growth
stage in this taxon, but this is likely due to the small sample size. Given the small number of
individuals with size data available (n = 2), Shapiro-Wilk tests of normality were not possible.
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Figure 15
Size and maturity are not significantly correlated in M. hoffmannii.

(A) Scatterplot and statistics for TSL data. (B) Scatterplot and statistics for QH data. The
growth stages and size data for TSL and QH of each M. hoffmannii specimen included in the
growth series (for which measurements were available) were converted into ranks and
plotted. Congruence between size rank and growth stage rank was tested with Spearman
rank-order correlation. Neither TSL nor QH have a significant correlation with growth stage in
this taxon. Shapiro-Wilk tests determined that growth rank, size rank, and raw measurement
data are normally distributed.
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Figure 16
Quadrate growth in WIS Tylosaurus.

Growth series of Tylosaurus sp. (A), T. proriger (B – F) and T. nepaeolicus (G – L) quadrates.
(A) FHSM VP 14845. (B) FMNH UR902. (C) AMNH FARB 4909. (D) AMNH FARB 1555. (E) FHSM
VP 3. (F) KUVP 5033. (G) FHSM VP 9350. (H) FHSM VP 15632. (I) FHSM VP 2295. (J) FGM V 43.
(K) AMNH FARB 124/134. (L) AMNH FARB 2167. Scale bars are 5 cm. Notes: the photographs
of FMNH UR902, FHSM VP 15632, FGM V 43, and AMNH FARB 124/134 have been inverted to
face left; KUVP 5033 is included in the analysis with all three Tylosaurus taxa, but not in the
individual T. proriger ontogram; in the ontogram, AMNH FARB 2167 is recovered as less
mature (stage 10) than AMNH FARB 124/134 (stage 11).
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Figure 17
Simplified cladogram showing growth characters which were found to be shared across
two or more taxa in this project.

The asterisk indicates a growth character that was not recovered in either species of
Tylosaurus.
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Table 1(on next page)

Measurements, in millimeters, of all specimens included in this project for which
measurement data was available.

Measurements are rounded to the nearest whole millimeter. (A) Total skull length. (B)
Premaxilla predental rostrum length. (C) Length between first and sixth maxillary teeth. (D)
Quadrate height. (E) Lower jaw length. (F) Dentary length. (G) Dentary height. (H) Length
between first and sixth dentary teeth. Measurement sources are listed in Table S1. Estimates
made by the author using scale bars in the literature or due to incomplete material are
indicated by a single asterisk, estimates from the literature are indicated by two asterisks,
and missing measurements are indicated by question marks. Notes: TMP 1982.050.0010 is a
cast of LACMNH 28964; CMN 51258 through 51263 are fragments from a single individual
(Stewart and Mallon, 2018); AMNH FARB 124 and 134 are a skull and jaws, respectively, from
a single individual (Jiménez-Huidobro and Caldwell, 2019); PRM 2546 is a cast of CCMGE
10/2469, and both were referenced for coding (Grigoriev, 2014); a measurement was
published for (B) CMN 8162 (Stewart & Mallon, 2018), but it is inaccurate due to restoration
of the specimen (T. Konishi, 2019, pers. comm.).
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Specimen A B C D E F G H

Tylosaurus sp.

FHSM VP 14845 300** 3 ? 30* ? ? ? ?

FHSM VP 14841 ? 13 ? ? ? ? ? ?

FHSM VP 14842 ? 14 ? ? ? ? ? ?

FHSM VP 14843 ? 11 ? ? ? ? ? ?

FHSM VP 14844 ? 15 ? ? ? ? ? ?

T. proriger

RMM 5610 611** 21** 130** 72* ? ? ? ?

CMN 51258-51263 ? ? ? 70* ? ? ? ?

CMN 8162 574 ? 127 71 575 364 60* 172

KUVP 5033 1700* 87* 330* 225 1850* 900* 222* 315*

FHSM VP 3 1130 58 225 165 1228 694 152 218

FMNH P15144 1201 63 259 173 1343 761 84 239

AMNH FARB 221 1180* ? ? 135* 1132* 617* 87 ?

AMNH FARB 4909 610 42 143 78 695 416 71 138

AMNH FARB 1555 ? ? ? 152 ? ? ? ?

USNM 6086 585 ? 142 79 650 373 ? 163

USNM 8898 710 40* 223 ? 935 565 ? 215

YPM 1268 ? ? 141 78 ? ? ? 130

YPM 3977 ? 33 ? 82 ? 399 ? 144

YPM 4002 ? 36 234 ? ? ? ? 220

YPM 3981 ? 57 ? 158 ? ? ? ?

KUVP 1032 1212 57 268 170 1351 716 126* 260

AMNH FARB 1585 ? ? 83 ? ? ? ? ?

KUVP 66129 506 19 129 63 553 345* 47 120

FFHM 1997-10 1016 61 284 150 1220 667 ? 251

TMP 1982.050.0010 810 46 186 111 872 543 ? 174

FMNH UR902 ? ? ? 75 ? ? ? ?

FMNH UR820 ? 54 ? ? ? ? ? ?

GSM 1 980 62 241 133 1092 603 ? 223

ROM 7906 1005 53 256 144 1245 ? ? 235

AMNH FARB 2160 ? 20 ? ? ? ? ? ?

AMNH FARB 1560 ? 41 ? ? ? ? ? ?

AMNH FARB 1592 ? ? ? 71 ? ? ? ?

FHSM VP 6907 ? 45 ? ? ? ? ? 165

KUVP 1033 813 44 193 106 931 538 99 182

KUVP 50090 1300 49* 272* ? 1415* 780* 159 360*

KUVP 28705 615 31 138* ? ? ? ? ?

KUVP 65636 1180* 56 149 150 1200* 635 122 219

KUVP 1020 ? ? ? 89 ? ? ? ?

T. nepaeolicus

AMNH FARB 1565 ? ? ? 78 660 ? ? ?

AMNH FARB 124/134 717 19 176 92 828 444 85 180

YPM 3980 ? ? 181 110 ? ? ? ?

YPM 3970 ? ? ? 121 ? ? ? ?

YPM 3969 ? 25* ? ? ? ? ? ?

YPM 3974 ? 23 139 82* ? 391 ? 149

AMNH FARB 1561 ? 41 ? ? ? ? ? ?

FHSM VP 7262 ? 44 175 106 ? 585* 94 170

FHSM 2209 851* 44 201 133 1002 580 107 192

YPM 3979 ? 10 85 ? ? 236 ? 83

YPM 3992 ? ? 99 46 ? 247 ? 90

YPM 4000 ? 28 ? 68 ? 355 ? 135

YPM 3976 ? 33 ? 109 ? ? ? ?
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AMNH FARB 2167 ? ? ? 155* ? ? ? ?

T. kansasensis

FHSM VP 2295 650 27 154 82 724 404 72 130

FHSM VP 78 378 14 75 43 440 251 41 81

FHSM VP 2495 ? ? 102 ? 510 273 50 94

FHSM VP 3366 ? 35 164 93 ? 441 ? 164

FHSM VP 9350 ? 11 ? 37 370 183 32 65

FHSM VP 13742 ? 28* ? ? 980 509 95* 176

FHSM VP 14848 ? ? ? 24 ? ? ? ?

FHSM VP 15631 ? 22 ? ? 760 ? ? 127*

FHSM VP 15632 360* 16* 82 45 414 240 39 71

FGM V 43 890 39 173 97 830 475 81 157

MCZ 1589 ? 20 ? ? 809** 460 ? ?

YPM 40796 ? ? ? ? 430** 240 ? ?

LACMNH 127815 650** ? ? ? 730** 410 ? ?

TMM 40092-27 ? 14 ? ? ? ? ? ?

TMM 81051-64 ? 13 ? ? ? ? ? ?

IPB R322 350* ? 75* 40* 410* 250* ? ?

FHSM VP 17206 ? 26 ? ? ? ? ? ?

FHSM VP 14840 ? 13 ? ? ? ? ? ?

FMNH PR2103 653 32 140* 87 723 415 84 134

FMNH UC1342 ? ? ? ? ? 352 68 127

FHSM VP 18520 ? 31 169 ? ? ? ? ?

Te. nopcsai

MNHN GOU 1 240* n/a 39* ? 274* 160* 25* 40*

MNHN GOU 2 ? n/a ? 42* ? ? ? ?

MNHN GOU 3 ? n/a ? ? ? ? ? ?

MNHN GOU 4 100** n/a ? 18** ? ? ? ?

MNHN GOU 5 ? n/a ? ? ? ? ? ?

M. hoffmannii

NJSM 11053 1208 12* 298 190 1230 818 200* 270

NJSM 11052 ? ? ? 190* ? ? 190* ?

AMNH FARB 1389 ? ? ? 180* ? ? ? ?

ALMNH PV 1988.0018 ? ? ? 190* ? ? ? ?

TMM 313-1 ? ? ? 200* ? ? ? ?

YPM 773 ? ? ? 200 ? ? ? ?

TLAM NH.HR.2009.032.0001 1300* ? ? ? ? 840* ? ?

IRSNB R 27 ? ? ? 140* ? 400* 60* 130*

MNHN AC 9648 1450* ? 350* 175* 1500* 1050* 150* 300*

IRSNB R 12 880* 15* 300* ? 1110* 675* 130* 270*

NHMM 006696 1440** 20* ? 183* ? ? ? ?

PRM 2546/CCMGE 10/2469 1700** ? ? ? 1800* 1020* 200* 350*

IRSNB R 26 1440* ? 330* 125* 1500* 1020* 130* 300*

1
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Table 2(on next page)

Known tooth counts of specimens included in this project.

Missing counts are indicated by question marks. If tooth counts were available for both left
and right bones, the number of teeth on the left bone is listed first.
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Specimen Maxillary Teeth Dentary Teeth Pterygoid Teeth

T. proriger

CMN 8162 13 13 ?

FHSM VP 3 13 13 ?

FMNH P15144 13 14 10

AMNH FARB 4909 ? 13 10

KUVP 1032 13 13 10

KUVP 66129 ? 12 ?

FFHM 1997-10 13 13 ?

KUVP 1033 13 13 ?

KUVP 28705 13 ? 10

KUVP 65636 12 13 ?

T. nepaeolicus

AMNH FARB 124/134 13 14 8, 9

FHSM VP 7262 12 12 10, 9

FHSM VP 2209 13 14 ?

T. kansasensis

FHSM VP 2295 13 13 ?

FHSM VP 78 ? 12 ?

FHSM VP 2495 ? 13 ?

FHSM VP 3366 ? 11 - 12 ?

FHSM VP 9350 ? 13 ?

FHSM VP 13742 ? 13 ?

FHSM VP 15632 12 15, 13 ≥ 11

FGM V 43 13 13, 12 8

IPB R322 12 ? ?

FMNH PR2103 13 10, 12 13, 11

FMNH UC1342 ? 13 ?

Te. nopcsai

MNHN GOU 1 19 - 20 ≥ 19 15 - 19

MNHN GOU 4 ? ? 11

MNHN GOU 5 ? ? 9

M. hoffmannii

NJSM 11053 16 14 ?

TMM 313-1 ? 15 ?

TLAM NH.HR.2009.032.0001 14 13 ?

IRSNB R 27 ? 14 ?

MNHN AC 9648 14 14 8

IRSNB R 12 14 15 8

PRM 2546/CCMGE 10/2469 ? ≥ 15 ?

IRSNB R 26 13 ? 8

1
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Table 3(on next page)

Completeness of coding of all specimens included in this project.

Single asterisks indicate specimens which were excluded from the analysis (i.e. wildcard
specimens, specimens with incomplete or redundant coding) that produced the ontograms
for each taxon, and double asterisks indicate specimens which were included in the single-
taxon analyses but excluded from the test for anagenesis in Tylosaurus. Notes: KUVP 5033
was excluded from the analysis of growth in T. proriger but was included in the test of
anagenesis; the following specimens were mentioned in the literature, but could not be
coded for any characters: T. proriger YPM 3990 and T. proriger YPM 4002.
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Specimen Number of Characters Coded % of Characters Coded

Tylosaurus sp.

FHSM VP 14845 16 27.1

*FHSM VP 14843 4 6.8

*FHSM VP 14841 3 5.1

*FHSM VP 14844 3 5.1

*FHSM VP 14842 2 3.4

T. proriger

AMNH FARB 4909 44 74.6

FMNH P15144 43 72.9

FHSM VP 3 38 64.4

KUVP 1033 38 64.4

KUVP 1032 35 59.3

KUVP 66129 35 59.3

RMM 5610 32 54.2

*KUVP 65636 31 52.5

FFHM 1997-10 31 52.5

**CMN 8162 28 47.5

AMNH FARB 221 28 47.5

*KUVP 5033 25 42.4

KUVP 28705 24 40.7

**USNM 6086 22 37.3

FMNH UR902 19 32.2

*KUVP 1020 17 28.8

**AMNH FARB 1555 15 25.4

KUVP 50090 14 23.7

CMN 51258-51263 12 20.3

USNM 8898 12 20.3

AMNH FARB 1592 11 18.6

**TMP 1982.050.0010 10 16.9

*AMNH FARB 1585 9 15.3

**GSM 1 9 15.3

ROM 7906 7 11.9

**AMNH FARB 2160 6 10.2

*MCZ 4374 4 6.8

*KUVP 1129 4 6.8

*FMNH UR820 4 6.8

*FHSM VP 6907 4 6.8

*HMG 1288 3 5.1

*AMNH FARB 1543 2 3.4

*YPM 3977 2 3.4

*AMNH FARB 1560 2 3.4

*YPM 1268 1 1.7

*YPM 3981 1 1.7

*FHSM VP 2496 1 1.7

T. nepaeolicus

AMNH FARB 124/134 39 66.1

FHSM VP 2209 35 59.3

FHSM VP 7262 29 49.2

YPM 3974 17 28.8

AMNH FARB 1565 15 25.4

**AMNH FARB 2167 13 22.0

*AMNH FARB 1561 7 11.9

**YPM 3970 6 10.2

*YPM 3969 4 6.8
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*YPM 3992 2 3.4

*YPM 4000 2 3.4

*YPM 3980 1 1.7

*YPM 3979 1 1.7

*YPM 3976 1 1.7

T. kansasensis

FHSM VP 2295 40 67.8

FMNH PR2103 40 67.8

FHSM VP 15632 38 64.4

FHSM VP 78 33 55.9

FGM V 43 31 52.5

FHSM VP 9350 26 44.1

**FHSM VP 3366 24 40.7

FHSM VP 2495 18 30.5

FHSM VP 15631 15 25.4

*FHSM VP 13742 13 22.0

**FHSM VP 18520 13 22.0

*FHSM VP 14848 12 20.3

*IPB R322 9 15.3

**FHSM VP 17206 4 6.8

*FMNH UC1342 4 6.8

*FHSM VP 14840 3 5.1

*MCZ 1589 2 3.4

*LACMNH 127815 2 3.4

*YPM 40796 1 1.7

*TMM 40092-17 1 1.7

*TMM 81051-64 1 1.7

Te. nopcsai

MNHN GOU 1 27 45.8

MNHN GOU 2 16 27.1

MNHN GOU 4 16 27.1

*MNHN GOU 3 8 13.6

MNHN GOU 5 2 3.4

M. hoffmannii

IRSNB R 26 31 52.5

MNHN AC 9648 28 47.5

NJSM 11053 26 44.1

IRSNB R 27 17 28.8

TLAM NH.HR.2009.032.001 16 27.1

*NJSM 11052 14 23.7

TMM 313-1 14 23.7

*IRSNB R 12 14 23.7

NHMM 006696 14 23.7

PRM 2546/CCMGE 10/2496 11 18.6

*AMNH FARB 1389 10 16.9

ALMNH PV 1988.0018 10 16.9

*YPM 773 9 15.3

*NHMUK 42929 5 8.5

*TSMHN 11201 4 6.8

*TSMHN 11376 3 5.1

*NHMUK PV OR 11589 2 3.4

*TSMHN 11202 2 3.4

*TSMHN 11245 2 3.4

*IRSNB R 24 2 3.4

*YPM 430 2 3.4
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*IRSNB R 302 1 1.7

1
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Table 4(on next page)

Growth ranks, size data, and size ranks used in the Spearman rank-order correlation
tests in T. proriger.

Asterisks indicate estimates from the literature.
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Specimen Growth Rank TSL (mm) TSL Size Rank QH (mm) QH Size Rank

FHSM VP 14845 1 300* 1 30* 1

CMN 51258-51263 2 - - 70* 3

AMNH FARB 1592 3 - - 71 4.5

FMNH UR902 4 - - 75 7

RMM 5610 6 611* 6 72* 6

KUVP 66129 7 506 2 63 2

CMN 8162 8 574 3 71 4.5

AMNH FARB 4909 10.5 610 5 78 8

TMP 1982.050.0010 10.5 810 9 111 11

KUVP 1033 10.5 813 10 106 10

KUVP 28705 10.5 615 7 - -

USNM 6086 13.5 585 4 79 9

USNM 8898 13.5 710 8 - -

FFHM 1997-10 15 1016 13 150 15

KUVP 50090 16 1300 18 - -

KUVP 1032 17 1212 17 170 18

AMNH FARB 221 19 1180 15 135 13

GSM 1 19 980 11 133 12

ROM 7906 19 1005 12 144 14

FMNH P15144 21 1201 16 173 19

AMNH FARB 1555 22 - - 151 16

FHSM VP 3 23 1130 14 165 17

1
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Table 5(on next page)

Growth ranks, size data, and size ranks used in the Spearman rank-order correlation
tests in T. nepaeolicus.

Single asterisks indicate estimates by the author, and double asterisks are estimates from
the literature.
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Specimen Growth Rank TSL (mm) TSL Size Rank QH (mm) QH Size Rank

FHSM VP 14845 1 300** 1 30** 1

FHSM VP 9350 3.5 - - 37 2

FHSM VP 78 5 378 5 43 3

FHSM VP 15632 6 360* 6 46 4

FHSM VP 7262 8 - - 106 12

FHSM VP 3366 8 - - 93 11

FHSM VP 2295 11 650 11 82 6.5

AMNH FARB 1565 12 - - 78 5

AMNH FARB 2167 14 - - 155 15

FGM V 43 14 890* 14 88 9

FMNH PR2103 14 653 14 87 8

YPM 3974 16.5 - - 82** 6.5

AMNH FARB 124/134 16.5 717 16.5 92 10

YPM 3970 17.5 - - 121 13

FHSM VP 2209 17.5 851* 11 133 14

1
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Table 6(on next page)

Growth ranks, size data, and size ranks used in the Spearman rank-order correlation
tests in the analysis including Tylosaurus sp. (Tsp), T. kansasensis (Tk), T. nepaeolicus
(Tn), and T. proriger (Tp).

Single asterisks indicate estimates by the author, and double asterisks are estimates from
the literature.
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Specimen Growth Rank TSL (mm) TSL Size Rank QH (mm) QH Size Rank

Tsp FHSM VP 14845 1 300** 1 30** 1

Tk FHSM VP 9350 2 - - 37 2

Tp AMNH FARB 1592 3.5 - - 71 6

Tp FMNH UR902 3.5 - - 75 8

Tp RMM 5610 5.5 611** 6 72** 7

Tp AMNH FARB 1565 5.5 - - 78 9.5

Tp KUVP 66129 7 506 4 63 5

Tp AMNH FARB 4909 8 610 5 78 9.5

Tp KUVP 1033 9 813 13 106 16.5

Tp KUVP 28705 12 615 7 - -

Tk FHSM VP 78 12 378 3 43 3

Tk FHSM VP 15632 12 360* 2 46 4

Tk FHSM VP 2295 12 650 8 82 11.5

Tk FGM V 43 12 890* 15 88 14

Tn FHSM VP 7262 19 - - 106 16.5

Tk FMNH PR2103 19 653 9 87 13

Tn YPM 3974 19 - - 82** 11.5

Tn AMNH FARB 124/134 19 717 12 92 15

Tn FHSM VP 2209 19 851* 14 133 18

Tp USNM 8898 25 710 10 - -

Tp ROM 7906 25 1005 16 144 20

Tp FFHM 1997-10 25 1016 17 150 22

Tp AMNH FARB 221 25 1180 19 135 19

Tp FMNH P15144 25 1201 20 173 25

Tp KUVP 1032 25 1212 21 170 24

Tp KUVP 50090 25 1300 22 - -

Tp FHSM VP 3 29 1130 18 165 23

Tp KUVP 5033 30 1700* 23 225 26

1
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Table 7(on next page)

Growth ranks, size data, and size ranks used in the Spearman rank-order correlation
tests in Te. nopcsai.

Single asterisks indicate estimates by the author, and double asterisks are estimates from
the literature.
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Specimen Growth Rank TSL (mm) TSL Size Rank QH (mm) QH Size Rank

MNHN GOU 4 1.5 100** 1 18** 1

MNHN GOU 1 3 240* 2 - -

MNHN GOU 2 4 - - 42* 2

1
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Table 8(on next page)

Growth ranks, size data, and size ranks used in the Spearman rank-order correlation
tests in M. hoffmannii.

Single asterisks indicate estimates by the author, and double asterisks are estimates from
the literature.
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Specimen Growth Rank TSL (mm) TSL Size Rank QH (mm) QH Size Rank

IRSNB R 26 1 1440* 3.5 125* 1

TMM 313-1 2 - - 200* 6

IRSNB R 27 3 - - 140* 2

NJSM 11053 5 1208 1 190 5.5

NHMM 006696 5 1440** 3.5 183* 4

ALMNH PV 1988.0018 5 - - 190* 5.5

TLAM NH.HR.2009.032.0001 7 1300* 2 - -

MNHN AC 9648 8 1450* 5 175* 3

PRM 2546/CCMGE 10/2469 9 1700** 6 - -

1
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