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Abstract:

The Cretaceous-Paleogene (K-Pg) mass extinction, 66 Ma, was one of five major extinctions in
Earth history. Crocodylomorpha, originating in the Late Triassic, were affected with only three
lineages surviving into the Cenozoic. However, the severity of the mass extinction on crown
crocodilians remains unexplored. The primary aim of this thesis is to examine the impact of the
K-Pg event on crown crocodilians, and how environmental changes across the boundary
influenced their diversity, disparity, and biogeographical spread. A case study is made of the
phosphate deposits of Morocco which span the K-Pg boundary and multiple new crown
crocodilians are described from the Paleocene-Ypresian beds. The first four new species
described are diagnosed as members of Gavialoidea and Tomistominae, highly specialised
slender-snouted crocodilians which range from the Cretaceous to the present day. The
phylogenetic position of these groups within the crown group is debated. Therefore, both
morphological and combined datasets were examined in a time-calibrated framework to
examine how the conflict influences our understanding of macroevolutionary patterns across
the K-Pg extinction. The morphology and size of the new material prompted additional
investigations into disparity, using linear and geometric morphometrics. Results show a
distinct peak in disparity in the aftermath of the K-Pg. The second set of specimens described
are diagnosed as a new species of Alligatoroidea. This species represents the first diagnostic
material of Alligatoroidea in Africa. Using a time-calibrated phylogenetic framework, the
results from this study suggest a pattern of rapid biogeographic dispersal for alligatoroids
following the K-Pg. The results presented in this thesis find that the K-Pg was a strong driver
for macroevolutionary patterns amongst the crown crocodilians. A thorough understanding of
patterns of survival and extinction of crocodilians will ultimately help us to more fully
understand the modern biota and how global environmental changes threaten this group.



Chapter 1: Introduction

Originating nearly 250 million years ago, the Crocodylomorpha are a distinctive group
of reptiles classed within Archosauria, which also contains the dinosaurs and birds (Nesbitt,
2011; Bronzati, Montefeltro and Langer, 2012). The Crocodylomorpha have persisted through
a series of mass extinction events and substantial transitions in global climate throughout their
evolutionary history. Though incredibly diverse throughout their fossil record, comprising
hundreds of species, the extant fauna constitutes just 23 species, of primarily large, semi-
aquatic predators restricted to tropical and subtropical environments (Grigg and Kirshner,
2015). To more fully understand the modern biota and how global environmental changes
threaten crocodylians in the future, we must develop and improve our knowledge of the
evolutionary history of this iconic group. In this thesis, the evolutionary dynamics of the crown
group are of particular interest, with a focus on the effects of the most recent major mass
extinction in Earth history, the Cretaceous-Paleogene extinction (K-Pg).

Historically, it has been a widely accepted belief that the crocodile group are "living
fossils". The term, originally introduced by Darwin (1859), describes the phenomenon whereby
extant taxa remain largely unchanged from their distant fossil counterparts, suggesting very
reduced rates of evolution or stasis (Darwin, 1859). The general similarity observed between
the morphology and size of the extant crocodile fauna and fossils in the Jurassic and
Cretaceous have driven this belief (Guggisberg, 1972; Meyer, 1984; Schwarz, 2002; Brochu,
2003; McGregor, 2005). This became exaggerated by the work of early taxonomists who
classed fossil material based on overall similarity- phenetics (Richard, 1888; Zittel et al., 1890).
Since the 1980's, a combination of new fossil discoveries (de Gasparini, 1971; Buffetaut, 1981;
Wou, Sues and Sun, 1995; Buckley et al., 2000), improved phylogenetic reconstructions
(Salisbury and Willis, 1996; Brochu, 1997c) and molecular analysis (Densmore and Dessauer,
1984; Oaks, 2011) have challenged this long held belief, revealing a more dynamic crocodylian
history .

The Mesozoic record of Crocodylomorpha is now understood to show high levels of
diversity (number of species), exhibiting disparate body plans. These included terrestrial
herbivores (Notosuchia), marine carnivores and piscivores (Thalattosuchia and Neosuchia) and
gracile insectivores (Sphenosuchia) (Langston, 1973; Clark, 1994; Wu, Sues and Sun, 1995;
Russell and Wu, 1997; Storrs and Efimov, 2000; Clark et al., 2004; Sereno and Larsson, 2009;
Young et al., 2010; Bronzati, Montefeltro and Langer, 2012; Stubbs et al., 2013; Toljagi¢ and
Butler, 2013). Crown crocodylians (Crocodylia), however, demonstrate much lower levels of
overall disparity- the variation is morphological form (Brochu, 2001; Wilberg, 2017). Rather
than being reconcilable with the “living fossil” concept, present phylogenetic hypotheses have
indicated that this low overall disparity in the crown is the result of convergence between
multiple crocodylian groups over time (Brochu, 2001, 2012; Bronzati, Montefeltro and Langer,
2012; Jouve et al., 2014). Convergent evolution is the process by which unrelated taxa evolve
similar morphological traits independently, classic examples include the development of wings
in bats and birds. Amongst crocodilians, convergence is typically observed in skull shape, which
is considered to be strongly linked to ecology (Brochu, 2001; McHenry et al., 2006; Walmsley
et al., 2013).. For example, the fish-eating (piscivorous) crocodylians typically develop a long-
slender snout and in the crown group alone this morphology has evolved in at least three



independent lineages (Langston, 1973; Busbey, 1994; Brochu, 2001; Sadleir and Makovicky,
2008). Therefore, though the overall range in disparity in the crown group is low, this is
masking a more complex evolutionary history, with multiple clades independently evolving
similar skull morphologies. This tallies with molecular reconstructions of extant relationships,
which indicate that the evolutionary rate implied by the phylogeny is not slow enough to be
reconciled with a "living fossil" theory (Oaks, 2011).

1.1  Early History of the Crocodylomorpha:

The Crocodylomorpha belong to a larger group of archosaurs called the
pseudosuchians, which also appear in the fossil record in the Early Triassic, approximately
250Ma (Mannion et al., 2015). The Crocodylomorpha are the only members to have survived
the Triassic/Jurassic extinction (Figure 1.1). In the Late Triassic, most of the pseudosuchian
diversity and disparity is attributed to non-crocodylomorph groups including the phytosaurs,
aetosaurs, and rauisuchians (Stubbs et al., 2013). Crocodylomorpha were not very diverse in
the Triassic occupying only the small terrestrial predator niche (Russell and Wu, 1997; Stubbs
et al., 2013). The earliest members of the Crocodylomorpha, the sphenosuchians, were small,
gracile animals with long slender limbs directly beneath the body and limited body armour
(Nesbitt, 2011; Bronzati, Montefeltro and Langer, 2015).

The first wave of crocodylomorph diversification occurred during the Jurassic, with a
radiation of a number of clades into the marine environment (Stubbs et al., 2013; Bronzati,
Montefeltro and Langer, 2015; Mannion et al., 2015). This radiation included the
diversification of Thalattosuchia (Figure 1.1), which comprised the slender snouted teleosaurs
and the metriorhynchids (Bronzati, Montefeltro and Langer, 2015). The Metriorhynchidae
represent some of the most extremely adapted members of the Crocodylomorpha, looking
superficially similar to the Mosasauroidea: through the evolution of paddle-like hydrofoil
limbs, streamlined skull, elongate body and tailfins (Langston, 1973; Pierce, Angielczyk and
Rayfield, 2009; Young et al., 2010). Contemporaneously, terrestrial crocodylomorphs
(Protosuchia and Sphenosuchia), semi-aquatic goniopholidids and small bodied atoposaurs
continued to diversify in the Jurassic (Stubbs et al., 2013; Bronzati, Montefeltro and Langer,
2015). At the Jurassic-Cretaceous boundary another extinction caused the loss of 55-75% of
generic diversity of Crocodylomorpha (Tennant, Mannion and Upchurch, 2016). A period of
sea-level lowstand during this time caused the loss of shallow marine habitats and has been
suggested as the cause for this extinction (Benson and Butler, 2011; Tennant, Mannion and
Upchurch, 2016).

In the Cretaceous, a second wave of diversification was dominated by terrestrial
crocodyliforms, including the Notosuchia, Gobiosuchidae and Peirosauridae (Figure 1.1)
(Stubbs et al., 2013; Bronzati, Montefeltro and Langer, 2015; Mannion et al., 2015; Pol and
Leardi, 2015). The Notosuchia represent one of the most diverse crocodyliform groups,
including semi-aquatic, terrestrial and fossorial forms, one of which convergently resembles an
armadillo (Wu, Sues and Sun, 1995; Buckley et al., 2000; Marinho and Carvalho, 2009;
O’Connor et al., 2010; Pol and Powell, 2011; Pol and Leardi, 2015; Wilberg, 2017). Although
notosuchians were typically small in size, they showed a range of dietary adaptations from
carnivores to herbivores, and a range of specialised dentitions similar to the morphological
range observed in extant mammals (Clark, Jacobs and Downs, 1989; Wu, Sues and Sun, 1995;
Buckley et al., 2000; Sereno and Larsson, 2009; O’Connor et al., 2010).



Throughout the Cretaceous, multiple independent radiations into the marine
environment are observed, including pholidosaurs, dyrosaurs and crown crocodylians; and the
continued diversification of semi-aquatic neosuchians. The Neosuchia include bizarre forms
such as Stomatosuchids in Africa, which exhibited large broad duck-billed rostra (Sereno and
Larsson, 2009) as well as gigantic forms Sarcosuchus and the alligatoroid Deinosuchus which
ranged from 8-12m in length (Erickson and Brochu, 1999; Sereno et al., 2001). Generally, much
of the crocodylomorph diversity declined into the Late Cretaceous, tracking global cooling
trends, to which crocodylians have been demonstrated to be highly sensitive (Lang and
Andrews, 1994; Markwick, 1994, 1998b; Mannion et al., 2015). However, there was a peak in
disparity in the Late Cretaceous and this can largely be attributed to the Notosuchia (Wilberg,
2017).
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1.2 The Cenozoic record:

The diversity and disparity of the Mesozoic record of Crocodylomorpha contrasts
starkly to that of the Cenozoic (66-0Ma), which is greatly reduced (Wilberg, 2017). The
Cenozoic record includes fossil material from only three crocodylian lineages, the marine
dyrosaurs, semi-aquatic and terrestrial sebecids (Notosuchia) and the crown Crocodylia, which
includes marine, semi-aquatic and terrestrial forms (Jouve, Bardet and Jalil, 2008; Pol and
Powell, 2011; Kellner, Pinheiro and Campos, 2014; Bronzati, Montefeltro and Langer, 2015).
Dyrosauridae were particularly abundant in the Paleocene of Africa and South America but
disappeared in the early Eocene (Jouve, 2007; Hastings, Bloch and Jaramillo, 2014; Puértolas-
Pascual et al., 2016). Sebecidae were restricted to South America and (Kellner, Pinheiro and
Campos, 2014). persisted until the Miocene

In the Paleocene, there was an initial peak in diversity in marine (dyrosaurs and
gavialoids) and terrestrial environments, linked to both climate and post- extinction
opportunism (Mannion et al., 2015; Puértolas-Pascual et al., 2016). Throughout the Cenozoic,
there is a general transition in global climate from "hothouse" to "icehouse" conditions
(Zachos et al., 2001). Crocodyliform diversity in the terrestrial environment has been
correlated with reconstructions of global climate, favouring warmer conditions (Sill, 1968;
Markwick, 1994, 1998a, 1998b; Zachos et al., 2001; Mannion et al., 2015). In particular, the
climatic optima in the Eocene and Miocene saw strong increase in both diversity and disparity
(Markwick, 1994; Bohme, 2003; Mannion et al., 2015; Wilberg, 2017). A severe drop in
diversity was observed with cooling at the Eocene-Oligocene boundary (34Ma) and with the
onset of permanent ice caps on both poles into the Plio-Pleistocene (Zachos et al., 2001;
Mannion et al., 2015; Wilberg, 2017). Marine crocodyliform diversity peaked in the Paleocene
and then remained low from the Eocene to the present day, this early peak was predominantly
due to the dyrosaurs and crown group gavialoids (Mannion et al., 2015). Marine biodiversity
has been linked to both temperature and sea level, with reduction in sea level over the
Cenozoic contributing to the loss of marine biodiversity (Martin, Amiot, et al., 2014; Mannion
et al., 2015). Crocodylians also became geographically restricted to the sub-tropics with cooler
climate, whereas during the Eocene “hot house”, crocodylian occurrences in the Arctic and
Antarctic are documented (Estes and Howard Hutchison, 1980; Willis and Stilwell, 2000).

Disparity patterns appear to track these trends in diversity and remain low compared
to the Late Cretaceous peak (Wilberg, 2017). The correlation between the peaks in diversity
and disparity during the Cenozoic suggest that there may be a link between disparity and
climate, but this remains to be more rigorously tested. High disparity in the Miocene was
largely the result of endemism (Hutchison, 1982; Scheyer et al., 2013; Salas-Gismondi et al.,
2015). These endemic populations included a range of crocodylian species from duck-billed
caimans, shovel-jawed caimans with crushing dentition, longirostrine gavialoids and ziphodont
sebecids (Salas-Gismondi et al., 2007). Though there are no studies on body size evolution
amongst the crocodylians, exploration of the literature indicates what appears to be a distinct
trend towards giant sizes in the Miocene, reaching sizes similar to giant forms in the
Cretaceous (Sill, 1970; Willis, Murray and Megirian, 1990; Kraus, 1998; Brochu, 1999; Katsura,
2004; Aguilera, Riff and Bocquentin-Villanueva, 2006; Kobayashi et al., 2006; Riff, Conquista
and Aguilera, 2008; Aureliano et al., 2015; Salas-Gismondi et al., 2015).



1.3  Disparity:

There are various ways in which disparity can be measured in macroevolutionary
studies (Zelditch et al., 2004; Wagner, 2010; Ciampaglio, Kemp and Mcshea, 2016). We can use
disparity in conjunction with other metrics such as diversity to gain a greater understanding of
underlying evolutionary processes and external drivers. A measure of disparity usually looks
for average dissimilarity or variance between a set of species. Commonly used methods to
quantify disparity include using discrete character matrices (Hughes, Gerber and Wills, 2013;
Lloyd, 2016) or shape-based analyses such as linear or geometric morphometrics or extended
eigenshape analyses (Macleod, 1999; Zelditch et al., 2004). Once shape has been quantified,
disparity can be calculated from the resultant morphospace data (Wills, Briggs and Fortey,
1994).

The two more commonly used morphometric approaches are based on linear
measurements or geometric morphometrics. Geometric morphometrics employs a landmark
based approach to quantify shape, this is a much more detailed approach than linear
measurements and filters out aspects such as size and orientation (Zelditch et al., 2004).
Landmarks are discrete points that must be homologous across all specimens; typical
landmarks used are type 1 landmarks- points of intersection of bone, and type 2- points of
maximal/minimal curvature or maximal extension of an anatomical feature (Zelditch et al.,
2004). Unlike linear measurements, geometric morphometrics approaches require that there
are no missing data, therefore if a landmark cannot be positioned on a fossil (due to
incomplete preservation) this fossil must be excluded. The choice of landmarks is therefore
critical- more landmarks will more accurately capture overall shape variation but at the
expense of a smaller sample size. Semilandmarks can also be used to quantify a curve or
outline between species, for example the outline of the crocodylian rostrum. Semilandmarks
are particularly useful when the sample contains distantly related taxa and homologous (fixed)
landmarks become difficult to assign; this was the approach used in (Wilberg, 2017) to
examine disparity in the Crocodylomorpha.

Disparity studies on Crocodylia focus on skull morphology, as this is the primary way in
which crocodilians interact with their environment, and the skull has been demonstrated to
evolve much more plasticly than the postcrania (Brochu, 2001; Pierce, Angielczyk and Rayfield,
2008; Piras et al., 2010; Stubbs et al., 2013). The Crocodylia are frequently split into different
skull shape categories (Busbey, 1994; Brochu, 2001; Sadleir and Makovicky, 2008). Early
attempts to characterise skull morphology were over-simplistic, binning taxa into two broad
shape categories: the longirostres- long slender snouts, and the brevirostres- everything else
(Troxell, 1925). More recent works have examined functional aspects of snout morphology,
based on linear metrics, cross sectional area, biomechanical models and geometric
morphometrics in extant taxa (Langston, 1973; Busbey, 1994; Russell and Wu, 1997; Brochu,
2001; McHenry et al., 2006; Sadleir and Makovicky, 2008; Erickson et al., 2012). The most
commonly utilised skull shape categories based on variations in the rostrum were discussed by
Brochu (2001) and comprise the generalist, longirostrine, blunt-snouted, ziphodont and duck-
bill (Figure 1.2).



Figure 1.2: Examples of the snout shape categories used in Brochu (2001). A generalist,
Leidyosuchus canadensis, B longirostrine, Thoracosaurus macrorhynchus, C blunt-
snouted, Alligator mcgrewi, D duck-bill, Mourasuchus, E ziphodont, Pristichampsus.
Taken from Brochu (2001), Figure 1.

The generalist skull morphology is characterised by a dorsoventrally flattened rostrum
which is broad and tapers anteriorly. Typically, species in this category, including numerous
species of extant crocodiles and the American alligator, have heterodont dentition and are
dietary generalists (Grigg and Kirshner, 2015). The longirostrine skull morphology has a long
and slender rostrum and is more tubular in cross-section; dentition is typically more uniform
with long slender teeth. The blunt-snout represents the last skull type attributable to the
extant crocodylian species, and is reduced in anteroposterior length, it is observed in extant
dwarf species (Brochu, 2001; Grigg and Kirshner, 2015). Ziphodont forms have a dorsoventrally
deep and laterally compressed skull. The duck-billed rostrum, is unusual with a very broad,
flattened elongate rostrum with numerous small teeth (Brochu, 1999; Sereno and Larsson,
20009).



Convergence of these skull types within the crocodylomorphs is common, for example
longirostry is observed in teleosaurs, dyrosaurs, pholidosaurs and in the crown this feature is
observed in numerous clades (Russell and Wu, 1997; Brochu, 2001; Sereno et al., 2001; Wu,
Russell and Cumbaa, 2001; Schwarz, 2002; Schwarz and Salisbury, 2005; Stubbs et al., 2013;
Turner, 2015). This has caused a lot of taxonomic confusion between groups and their position
in the Crocodylomorpha (Bronzati, Montefeltro and Langer, 2012). Mechanical studies on the
crocodylian skull and direct observation of the extant fauna suggest that these high levels of
convergence are driven by ecology (Russell and Wu, 1997; McHenry et al., 2006; Stubbs et al.,
2013). The dietary mode of a species is constrained by the skull morphology: a long slender
snout and slender teeth will experience increased stress and high loading pressures, but
minimal drag forces in water, specialised to small agile prey, whereas generalised snouts are
broad, heavily ornamented with robust teeth which can withstand high loading pressures,
suited to larger prey and crushing mode (Langston, 1973; Busbey, 1994; Russell and Wu, 1997;
McHenry et al., 2006; Pierce, Angielczyk and Rayfield, 2008).

The majority of studies investigating disparity of the crocodylian skull in the crown
group focus on extant species with the aim of understanding ontogeny, ecology or
phylogenetic signals (Pierce, Angielczyk and Rayfield, 2008; Sadleir and Makovicky, 2008; Piras
et al., 2009, 2014; Watanabe and Slice, 2014). Macroevolutionary studies (studies of trends in
evolution within groups over long periods of time) on crocodilian disparity are less common
and tend to focus on the more inclusive Crocodylomorpha during the Mesozoic (Pierce,
Angielczyk and Rayfield, 2009; Young et al., 2010; Stubbs et al., 2013; Toljagi¢ and Butler, 2013;
Stubbs and Benton, 2016; Wilberg, 2017). Few studies examine disparity over the Cenozoic
and the K-Pg (Brochu, 2001; Salas-Gismondi et al., 2015; Wilberg, 2017). The first and only
comprehensive analysis of disparity through the Cretaceous-Cenozoic to date is focussed on
the Crocodylomorpha, with less emphasis on the crown group (Wilberg, 2017). Using a
geometric morphometrics approach, the landmarking scheme used was primarily restricted to
the skull outline, in order to quantify shape effectively across the total group (Wilberg, 2017).
In this thesis, as a result of new material described in chapter 2, disparity within the crown
crocodylians over this interval is investigated. The work presented here differs from this
previous analysis by focussing on a smaller group of crocodylians, by doing this, a more
detailed landmarking scheme could be utilised as the species are more closely related. In doing
so, the results here pick up finer scale variations in disparity that are not detected in the more
generalised study above, suggesting higher disparity than expected after the K-Pg.

1.4 Crown group crocodylians:

Crocodylia first appeared in the fossil record in the Campanian of North America
including the gavialoid, Eothoracosaurus mississippiensis (Carpenter, 1983; Brochu, 2004a),
and the numerous alligatoroid species, Leidyosuchus canadensis (Brochu, 1997a), Deinosuchus
spp. (Rivera-Sylva et al., 2011) and Brachychampsa spp. (Williamson, 1996; Sullivan and Lucas,
2003). Diversity remained low during the Late Cretaceous but species were geographically
widespread (Koken, 1888; Mook, 1941; Efimov, 1982; Storrs and Efimov, 2000; Jouve, Bardet
and Jalil, 2008; Brochu et al., 2012). Following the K-Pg mass extinction Crocodylia became
diverse, and by the Eocene, all major clades had diversified, including extinct clades such as the
borealosuchids and the planocraniids (Brochu, 2001, 2012; Brochu et al., 2012; Wilberg, 2017).
The borealosuchids are a North American clade which share broad similarities to basal
alligatorines (Brochu, 2003). The planocraniids are unusual in having dorsoventrally deep
snouts, contrary to the flattened profile typical of most crocodylians. In addition, some



planocraniid species developed labiolingually compressed and serrated teeth- ziphodont
morphology (Brochu, 2012). The extant species are divided into three groups, the
Crocodyloidea, Alligatoroidea and Gavialoidea, the position of these families varies depending
on the phylogenetic interpretation (Figure 1.3).

Crocodyloidea:

The Crocodyloidea includes Crocodylus niloticus and all crocodylians closer to it than to
Alligator mississippiensis or Gavialis gangeticus (Brochu, 2003). Crocodylinae is a subfamily
within the Crocodyloidea (Figure 1.3), and is defined as Crocodylus niloticus and all
crocodylians closer to it than Tomistoma schlegelii (Brochu, 2003). Found in a range of
freshwater and marine habitats, the Crocodylinae are the only group with a global distribution
throughout their fossil record and in the present (Brochu, 2001, 2003; Grigg and Kirshner,
2015). The subfamily contains 13-15 extant species, uncertainty has arisen due to cryptic
species of Crocodylus niloticus and Osteolaemus tetraspis identified by molecular studies
(Eaton et al., 2009; Hekkala et al., 2011; Oaks, 2011). The majority of the Crocodylinae are
dietary generalists, however they are the most disparate group amongst the Crocodylia,
including blunt snouted (Osteolaemus, Mekosuchus (Salisbury and Willis, 1996),
Trilophosuchus (Salisbury and Willis, 1996)), longirostrine (Mecistops, Crocodylus johnstoni,
Crocodylus intermedius, Euthecodon (Ginsburg and Buffetaut, 1978)) and a ziphodont form,
Quinkana spp. (Salisbury and Willis, 1996; Brochu, 2001; Pierce, Angielczyk and Rayfield, 2008).
Earliest fossils known for the Crocodylinae, Arenysuchus (Puértolas, Canudo and Cruzado-
Caballero, 2011) and Prodiplocynodon (Mook, 1941) are from the latest Cretaceous of Europe
and North America respectively.

Alligatoroidea:

The Alligatoroidea are a group of freshwater crocodylians, recognised by eight extant
species which include two alligators and six caimans. The basalmost member of the group,
Leidyosuchus canadensis (Brochu, 1997a), is from the Campanian of Canada. The Alligatoroidea
is split into two groups, the Globidonta and the Diplocynodontidae (Brochu, 1999). The
Diplocynodontidae are an extinct basal clade, known exclusively from the Paleocene-Miocene
of Europe (Brochu, 1999; Piras and Buscalioni, 2006; Martin and Gross, 2011; Martin, Smith, et
al., 2014; Diaz Araez et al., 2015). Within the Globidonta are the two subfamilies, the
Caimaninae and the Alligatorinae (Figure 1.3). Basal globidontans are typically blunt snouted,
compared to the more derived members such as Alligator spp. and Caiman spp. which show a
generalist morphology (Brochu, 2001). In addition to the blunt snout morphology, earlier
members of the Alligatorinae such as Allognathosuchus (Brochu, 2004b), Eoalligator (Wang,
Sullivan and Liu, 2016), Krabisuchus (Martin and Lauprasert, 2010) and the Caimaninae,
Kuttanacaiman and Gnatusuchus (Salas-Gismondi et al., 2015) have globular posterior teeth
which are considered to be an adaptation for a crushing hard-shelled prey. The alligatoroids
retain the overbite, plesiomorphic for the crown group and typically have broader rostra
(Brochu, 1999, 2003).

Alligatorinae occur predominantly in North America but there are also occurrences in
Europe (Kalin, 1939; Wassersug and Hecht, 1967) and Asia (Martin and Lauprasert, 2010;
lijima, Takahashi and Kobayashi, 2016; Wang, Sullivan and Liu, 2016); including the extant
Chinese alligator, Alligator sinensis. The earliest members of this clade were from the
Paleocene of North America (Navajosuchus mooki (Mook, 1942) and Wannaganosuchus
brachymanus (Erickson, 1982)). Caimans are found predominantly in South America, though
some earlier members in the Paleocene indicate early dispersals back into North America



(Brochu, 1999, 2010). The caimanines are more disparate than the rest of the Alligatoroidea
due to the nettosuchids, a peculiar group of “duck-billed” caimans which look similar to the
distantly related stomatosuchids (Langston Jr., 1966; Brochu, 1999; Aureliano et al., 2015).
Though their fossil record extends back to the Paleocene, the early fossil record for caimanines
is sparse, the most abundant fossil material is not known until the Miocene-Pliocene (Salas-
Gismondi et al., 2015).

Gavialoidea:

The Gavialoidea are highly derived members of the Crocodylia, made distinctive by
their longirostrine morphology. The sole extant species, Gavialis gangeticus, is found in
freshwater habitats in India with a highly restricted geographical range (IUCN, 2015).
However, fossil evidence suggests a much more widespread distribution of this group in the
past, with evidence for marine tolerance in the clade- which can be reconciled with anatomical
features in the extant species, such as the keratinised tongue and lingual salt glands (Taplin,
Grigg and Beard, 1985; Hua and Jouve, 2004; Vélez-Juarbe, Brochu and Santos, 2007; Jouve,
Bardet and Jalil, 2008; Grigg and Kirshner, 2015). The fossil record of this group extends to the
Late Cretaceous of North America with the stratigraphically earliest member, Eothoracosaurus
mississippiensis (Brochu, 2004a). The early members of this group are known as the
"thoracosaurs" and are found in a range of coastal/marine deposits from North America and
Europe up until the earliest Eocene (Koken, 1888; Carpenter, 1983; Zarski, Jakubowski and
Gawor-Biedowa, 1998; Delfino, Piras and Smith, 2005; Brochu, 2006b). The status of the
"thoracosaurs" has been the focus of much debate, and until recently these members were
classed within Tomistominae (see Brochu, 2004 and references therein). Poor classification of
the "thoracosaur" group has led to a lot of confusion in the literature, and it is unclear whether
newly described African species from the Cretaceous and Paleocene, Ocepesuchus eoafricanus
and Argochampsa krebsi, are inclusive to this group (Hua and Jouve, 2004; Vélez-Juarbe,
Brochu and Santos, 2007; Jouve, Bardet and Jalil, 2008). The Eocene record of gharials is
largely unknown and has been referred to as the "Gharial Gap" (Brochu, 2004a). In contrast to
other longirostrine species in the Crocodylia, gavialoids show homodont dentition and high
variability in tooth count. The verticalisation of the braincase, typical of crocodylians, is also
not apparent in the gavialoids (Brochu, 2004a; Gold, Brochu and Norell, 2014).

Tomistominae:

The Tomistominae (Kalin, 1955; Brochu, 2003) are a subfamily of longirostrine
crocodylians, recognised by the sole extant species Tomistoma schlegelii from Indonesia.
Dependent on the phylogenetic interpretation (Figure 1.3), the Tomistominae are grouped
within either the Crocodyloidea (morphology) or the Gavialoidea (molecular) (Brochu, 2003).
Similar to gharials, the extant Tomistoma, is found in freshwater habitats, but the fossil record
of the group indicates saltwater tolerance and was geographically widespread (Grigg and
Kirshner, 2015). Basalmost members of the group are known from the Ypresian of Morocco,
Maroccosuchus zennaroi (Jonet and Wouters, 1977) and Eocene of the UK, Kentisuchus
spenceri (Brochu, 2007). The tomistomines are closely related to the Crocodylinae and basal
members of the clade retain similarities with the Crocodyloidea (Brochu, 2012). These
plesiomorphic states include a more generalist skull morphology, retention of the nasal-
premaxilla contact and enlarged 5" maxillary tooth (Brochu, 1997b, 2003). More derived
members of the Tomistominae show an evolutionary trend towards longirostry and
demonstrate typical gavial apomorphies such as linear shape of the maxilla, long splenial
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symphysis, anteriorly flaring squamosal groove and wedge-like process of the palatine (Jouve
et al., 2014).

Numerous taxa currently classed as gavialoids such as Eogavialis (Andrews, 1906;
Miuiller, 1927; Storrs, 2003) and Thoracosaurus (Koken, 1888; Brochu, 2004a) have previously
been assigned to Tomistominae, similarly Gavialosuchus (Erickson and Sawyer, 1996) in
current phylogenetic analyses places amongst the Tomistominae over the previously gavialoid
affinities. Structural requirements of this derived skull design has resulted in high levels of
convergence between the gavials and tomistomines and has caused much taxonomic
confusion (Toula and Kail, 1885; lordansky, 1973; Langston, 1973; Carpenter, 1983; Busbey,
1994; Brochu, 20044a, 2006a, 2007). There is additional conflict between the morphological
(Norell, 1989; Tarsitano, Frey and Riess, 1989; Brochu, 1997b) and molecular phylogenies on
the position of the Gavialoidea (Poe, 1996; Gatesy et al., 2003; Harshman et al., 2003; Janke et
al., 2005; Man et al., 2011; Oaks, 2011).

1.5 Controversial Relationships -the gharial problem:

There are many examples in the fossil record where there is a conflict between
morphological and molecular data for phylogenetic reconstruction (Donoghue and Sanderson,
1992; Benton, 1999; Rieppel and Reisz, 1999; Jenner, 2004; Debiasse and Hellberg, 2015). The
gavialoids and tomistomines represent an example of this classic conflict. In many cases, this
conflict can arise where species that have convergently evolved are drawn together in
phylogenetic analysis of morphological data. However, in the case of the gavialoids, the
reverse is true, and morphology favours convergence and the molecular signal does not.
Morphological data recovers a basal position for the Gavialoidea (Tarsitano, Frey and Riess,
1989; Vélez-Juarbe, Brochu and Santos, 2007; Jouve, Bardet and Jalil, 2008; Riff, Conquista and
Aguilera, 2008; Moraes-Santos, Villanueva and Toledo, 2011; Brochu and Storrs, 2012), with
the Tomistominae nested within the Crocodyloidea (Piras et al., 2010). The similar morphology
of the gavialoids and tomistomines in this scenario indicate convergence. However, the
molecular hypothesis favours a sister-group relationship between the Gavialis and Tomistoma
(Densmore and Dessauer, 1984; Norell, 1989; Aggarwal et al., 1994; Poe, 1996; Gatesy et al.,
2003; Harshman et al., 2003; Janke et al., 2005; McAliley et al., 2006; Roos, Aggarwal and
Janke, 2007; Piras et al., 2010; Feng et al., 2010; Oaks, 2011; Man et al., 2011; Meganathan et
al., 2011; Green et al., 2014) (Fig 1.2).
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(A) Molecular phylogeny (B) Morphological phylogeny
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Figure 1.3: The two competing phylogenetic hypotheses for the position of the
Gavialoidea. (A) Result from the molecular data, time calibration based on (Oaks,
2011). (B) result from the morphological data (including fossils), time calibration
based on (Puértolas, Canudo and Cruzado-Caballero, 2011).

Morphology:

Analyses of the morphological character matrices consistently place Gavialoidea
basally within Crocodylia (Vélez-Juarbe, Brochu and Santos, 2007; Brochu, 2012; Bronzati,
Montefeltro and Langer, 2012; Jouve et al., 2014). Only one early study, Buffetaut (1985)
suggested that there may be some morphological characters congruent with the molecular
hypothesis, however the work was heavily criticised due to the inclusion of predominantly
plesiomorphic and ontogenetic characters (Buffetaut, 1985b; Norell, 1989). Though other
character matrices exist (Norell, 1989; Salisbury and Willis, 1996), the Brochu matrix (Brochu,
1997c, 1999) has formed the basis of nearly all phylogenetic analyses over the last 20 years.
With subsequent modifications and addition of new taxa over time, this matrix represents the
most extensive and well-studied character matrix available to study crown crocodylian
relationships.

Numerous characters within the morphological matrix commonly correlate with
different skull shape categories. For example, a long splenial symphysis, linear maxilla and
wedge-like palatine process and reduction in the length of the nasal, are all associated with a
long slender rostrum, and therefore observed convergently in different longirostrine groups
(McHenry et al., 2006; Brochu and Storrs, 2012). Numerous workers have hunted for a
secondary signal in the morphological dataset to see if there are a set of characters uniting
Gavialis-Tomistoma, congruent with the molecular signal. Some characters have been
identified (including the above mentioned) but are highly homoplastic (Brochu, 1997c;
Trueman, 1998; Gatesy et al., 2003; Harshman et al., 2003), therefore it has been proposed
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that there is no strong secondary signal within the Brochu dataset (Sadleir and Makovicky,
2008).

Molecular:

The molecular hypothesis is similarly robust. Early analyses uniting Gavialis-Tomistoma
employed methods using immunological reactions, DNA fingerprinting and preliminary studies
of mitochondrial DNA sequences (Densmore and Dessauer, 1984; Aggarwal et al., 1994; Poe,
1996). These early studies were criticised for poor data selection and not using outgroups to
root the molecular tree, and instead employing distance-based algorithms. Rooting the
molecular trees remains problematic as the closest living outgroup to crocodylians is the birds
(Aves) which diverged from the group over 250 Myrs ago (Harshman et al., 2003). Functional
convergence and long branch attraction are additional criticisms applied to these studies,
which may have produced an incorrect relationship (Harshman et al., 2003; McAliley et al.,
2006; Willis et al., 2007). However, advances in molecular systematics reveal a consistent and
robust sister group relationship between the Gavialis-Tomistoma. These studies have analysed
both mitochondrial (Harshman et al., 2003; Janke et al., 2005; McAliley et al., 2006; Roos,
Aggarwal and Janke, 2007; Willis et al., 2007; Feng et al., 2010; Man et al., 2011; Meganathan
et al., 2011; Oaks, 2011)and nuclear data (Harshman et al., 2003; Gatesy, Baker and Hayashi,
2004; McAliley et al., 2006; Willis et al., 2007; Oaks, 2011), including the whole genome of
three crocodylian species (Crocodylus, Alligator and Gavialis) (Green et al., 2014).

Possible solutions:

Attempts to clarify the conflict between these two phylogenetic hypotheses have used
a combined approach and constrained searches (Poe, 1996; Brochu, 1997b; Gatesy et al.,
2003; Gatesy, Baker and Hayashi, 2004; Gold, Brochu and Norell, 2014). The combined
analyses have utilised both molecular and morphological character matrices in the same
search. As molecular data is only available for extant species, molecular characters for the
fossil taxa are coded as missing. Constrained searches, on the other hand, use the
morphological character matrix only, and the molecular topology is constrained as a backbone
during the tree search. Fossil taxa, which are not constrained to a particular relationship are
allowed to "float" in the search (Wilkinson, Thorley and Upchurch, 2000). This allows the fossil
taxa to position in the most parsimonious solution, given the enforced topology. To date, all
combined analyses have only employed parsimony-based methods. These methods have
reproduced the molecular signal with the morphological data, with Gavialinae forming a sister
group with Tomistominae.

A number of papers have utilised a geometric morphometrics approach to examine
overall disparity and ontogenetic trajectories of the extant fauna (Pierce, Angielczyk and
Rayfield, 2008; Piras et al., 2010; Gold, Brochu and Norell, 2014; Watanabe and Slice, 2014).
The overarching result of these studies show that Gavialis and Tomistoma, though similar in
morphology, occupy distinct areas of morphospace (Pierce, Angielczyk and Rayfield, 2008;
Piras et al., 2010). Ontogenetic trajectories of Tomistoma schlegelii in particular are distinct
from all other crocodylian taxa (Piras et al., 2010). These studies lend support to the
morphological hypothesis, as you would expect stronger overlap of the species if the molecular
signal were true. Another study focussed on geometric morphometrics of the braincase and
the eustachian system, as the braincase evolution is considered more conserved compared to
the plasticity of the rostrum (Gold, Brochu and Norell, 2014). Whole braincase morphology
provided support for the molecular signal, whereas the eustachian system supports the
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morphological hypothesis. All these studies have been applied to the extant fauna only, which
is limiting as there are only two extant species (G. gangeticus and T. schlegelii). Incorporation
of fossil material is needed to better sample ancestral shape variation.

Molecular clocks and stratigraphic incongruence:

Molecular clock estimates for crocodylian phylogenies are based on both
mitochondrial and nuclear data (Janke et al., 2005; Roos, Aggarwal and Janke, 2007; Oaks,
2011). Here we find a marked inconsistency between the predicted divergence times and the
stratigraphic position of fossil taxa. The oldest date predicted for the Gavialis-Tomistoma split
is =42Mya in the Eocene (Janke et al., 2005), though dates as recent as the Miocene have been
predicted (Roos, Aggarwal and Janke, 2007; Oaks, 2011). However, numerous gavialoid species
have been found between the Late Cretaceous-Eocene, including the “thoracosaurs” (Koken,
1888; Troedsson, 1924; Carpenter, 1983; Zarski, Jakubowski and Gawor-Biedowa, 1998;
Brochu, 2004a, 2006b; Delfino, Piras and Smith, 2005) and the Moroccan species Ocepesuchus
(Jouve, Bardet and Jalil, 2008) and Argochampsa (Hua and Jouve, 2004). Similarly numerous
tomistomine fossils are known from the Eocene including basal members (Brochu, 2007; Piras
et al., 2007; Jouve et al., 2014) and more derived species such as, Tomistoma cairense (Mdiller,
1927) and Paratomistoma courti (Brochu and Gingerich, 2000).

A noted feature of the gharial fossil record is this distinct lack of fossil material in the
middle Eocene, known as the “Gharial Gap”. The timing of this gap in the fossil record
correlates with some molecular divergence dates for the Gavialis-Tomistoma split (Brochu,
1997b, 20044a, 2006a; Harshman et al., 2003; Gatesy, Baker and Hayashi, 2004). One
hypothesis to explain the incongruence between the fossil record and molecular divergence
dates is that the molecular divergences are accurate and that all fossils known prior to the
“Gharial Gap” have been erroneously assigned to the Gavialoidea. Numerous authors have
suggested that a reassessment of taxonomic affinities of the "thoracosaurs" would resolve the
conflict between the stratigraphic record and the molecular clock data (Brochu, 2006a; Vélez-
Juarbe, Brochu and Santos, 2007; Riff, Conquista and Aguilera, 2008). This has been suggested
as "thoracosaurs" demonstrate primitive characters not present in gavialoids as a whole, such
as a verticalisation of the braincase and confluent 3rd-4th dentary alveoli (Brochu, 20044,
2006a, 2006b; Vélez-Juarbe, Brochu and Santos, 2007). Alternatively, the discovery of any new
fossil material during or prior to the gharial gap may help to shed light on evolutionary
relationships amongst early gavialoids and clarification of the incongruence between the
molecular clocks and the fossil record.

Molecular clock studies have not addressed the presence of fossil material before the
divergence times. Similarly, no combined analyses have been considered in a time calibrated
framework. As the earliest Tomistomines are known in the Eocene and earliest gavialoids in
the Cretaceous, if the molecular signal is the true signal, this would project ghost lineages for
the tomistomines back into the Late Cretaceous and has strong implications for crocodylian
survival across the K-Pg mass extinction. This has not yet been examined in detail in the
literature and is something addressed in this thesis.
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1.6  The Cretaceous-Paleogene transition:

The Cretaceous-Paleogene (K-Pg) boundary at 66 Ma is marked by a thin clay layer,
that can be identified worldwide in a range of environmental settings (Nichols et al., 1992;
Nichols and Johnson, 2008; Ferrow et al., 2011; Vajda and Bercovici, 2014). The boundary clay
shows unusual enrichment in Iridium and other platinum groups elements, in addition to
shocked quartz grains (Bohor, Modreski and Foord, 1987; Claeys, Kiessling and Alvarez, 2002),
glass spherules, Ni-rich spinels (Alvarez et al., 1980; Claeys, Kiessling and Alvarez, 2002; Schulte
et al., 2010; Ferrow et al., 2011; Vajda and Bercovici, 2014). Iridium is depleted in the earth’s
crust and therefore the iridium spike at the K-Pg boundary is indicative of an extra-terrestrial
origin (Alvarez et al., 1980; Smit and Hertogen, 1980). Supernova, comet showers and multiple
impact scenarios have all been proposed as the source of this enrichment at the K-Pg boundary
(Alvarez et al., 1980; Buffetaut, 1990; Pope et al., 1997; Keller et al., 2004). However, over the
last 30 years, increasing evidence indicates that these deposits are the result of a single
asteroid impact of roughly 10km diameter, which caused the Chicxulub crater, located in the
Yucatan peninsula in Mexico (Alvarez, 1997; Kring, 2007; Schulte et al., 2010). The shocked
quartz and glass spherules associated with these deposits correspond to a high energy impact
event with an extra-terrestrial object (Alvarez et al., 1980; Schulte et al., 2010). The
distribution of the ejecta deposits, decreasing in thickness and abundance of glass spherules
and shocked quartz distal to the impact site, corroborate the location of the impact (Claeys,
Kiessling and Alvarez, 2002; Schulte et al., 2010).

The K-Pg boundary coincides with a severe and global mass extinction, which is
currently thought to have wiped out somewhere between 75% of species (Sepkoski, 1996) and
40% of genera (Bambach, 2006). This mass extinction comprises one of the “big five” mass
extinctions in Earth history, of which this is the most recent. This extinction event is most
popularly known for wiping out the non-avian dinosaurs, however other major groups such as
the ammonites, marine reptiles (mosasaurs and plesiosaurs) also became extinct (Robertson et
al., 2013b; Landman et al., 2014; Polcyn et al., 2014; Brusatte et al., 2015). The extinction was
globally widespread and affected all trophic levels, including foraminifera, primary producers,
invertebrates and all major vertebrate groups (Archibald and Bryant, 1990; Sheehan and
Fastovsky, 1992; Cavin, 2002; Labandeira, Johnson and Lang, 2002; Wilf et al., 2006; Bambach,
2006; Kring, 2007; Longrich, Tokaryk and Field, 2011; Longrich, Bhullar and Gauthier, 2012;
Wilson, 2013; Robertson et al., 2013b; Adolfssen and Ward, 2014; Vajda and Bercovici, 2014).
The extinction was highly selective, affecting the marine and terrestrial environments much
more than freshwater ecosystems (Robertson et al., 2013b). The selectivity of the extinction
has caused controversy in the literature in relation to the mechanism, and explanation of why
some groups such as Crocodyliformes survived, whereas other groups such as the non-avian
dinosaurs did not.

Controversies:

Though the impact hypothesis has become the most widely accepted hypothesis for
the cause of the K-Pg mass extinction, controversies remain in the literature. The alternative
hypothesis, that still receives support, suggests that Deccan volcanism caused a more
protracted extinction in the Late Cretaceous (Keller, 2014). The Deccan traps in India resulted
from a Large Igneous Province that underwent its main phase of volcanism over the
Cretaceous-Paleogene boundary, 66.25-65.5Ma (Font et al., 2016). The flood basalts would
have released vast quantities of sulphur and carbon dioxide, resulting in greenhouse warming,
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acid rain, terrestrial aridification and ocean acidification, this has been proposed as the Kkill
mechanism (Keller et al., 2004, 2010; Keller, 2014; Schoene et al., 2015; Punekar et al., 2016).

In support of this alternate hypothesis, numerous arguments against the impact
hypothesis have arisen. In particular, it has been argued that the Chicxulub impact crater
predates the K-Pg (iridium layer) by up to 300 Kyrs (Keller et al., 2004). This is based on the
sequence stratigraphy of the deposits near to the impact site. Between the impact breccia and
the K-Pg boundary clay, a 50m sequence of dolomitic beds containing Late Cretaceous
foraminifera has been reported (Keller et al., 2004). It was argued that these beds formed by
natural sedimentation rates, which would take hundreds of thousands of years to form. A
multiple impacts scenario is proposed instead to explain the iridium enrichment at the K-Pg
(Keller et al., 2003, 2004). However, there is no stratigraphic/ejecta sequences or isotopic
support for a multiple impact scenario (Alvarez, Asaro and Montanari, 1990; Mukhopadhyay,
Farley and Montanari, 2001; Kring, 2007) and recent radiometric dating puts the Chicxulub
impact coincident with the K-Pg boundary (Renne et al., 2013). The sequence stratigraphy near
the impact site has been attributed to erosion and reworking after the impact, and backwash
from tsunamis and sediment slumping (Kring, 2007; Schulte et al., 2010).

Recent studies are in general support of a combined hypothesis whereby, the Deccan
volcanism produced stress on the Earth system for up to 200 Kyrs prior to the K-Pg boundary,
increasing ocean acidity (Dameron et al., 2017) and causing greenhouse warming (Schoene et
al., 2015; Petersen, Dutton and Lohmann, 2016; Punekar et al., 2016). The Chicxulub impact
caused the main extinction, but it is likely that the effects of the impact were amplified as the
global ecosystem was already vulnerable to extinction.

Mechanism:

The effect of the impact is thought to have been particularly catastrophic due to the
target rocks at Chicxulub. The oil-rich, carbonate-anhydrite target rock would have released
vast quantities of carbon dioxide, sulphur and soot into the atmosphere and stratosphere
(Schulte et al., 2010; Ohno et al., 2014; Kaiho et al., 2016). The interaction of the sulphur with
the atmosphere would have resulted in acid rain and ocean acidification (Ohno et al., 2014).

In the short term, direct effects of the impact would have caused megatsunamis,
earthquakes and slumping, air blasts/shockwaves, and intense heat and fires, especially with
closer proximity to the impact fireball (Albertdo and Martins, 1996; Kring, 1997, 2007; Norris et
al., 2000; Bourgeois, 2009). In addition to this, re-entering ejecta would have heated the
atmosphere, causing an infrared pulse on a global scale (Goldin and Melosh, 2009; Robertson
et al., 2013a). It has been suggested that this pulse could have caused global firestorms and
wildfires (Kruge et al., 1994; Robertson et al., 2004). However, recent modelling techniques
combined with stratigraphic evidence indicate that due to shielding from settling debris (glass
spherules), the pulse was likely to be less severe, but still enough to ignite localised fires and
death to any animals exposed to the pulse (Robertson et al., 2004, 2013a; Belcher, 2009;
Goldin and Melosh, 2009; Morgan, Artemieva and Goldin, 2013). Robertson et al. (2004)
suggested that this could explain extinction selectivity in the terrestrial environment, favouring
smaller animals able to burrow or shelter from the effects of this pulse.

In the longer term, a shut-down of primary productivity causing food chain collapse is
considered the causal mechanism for the mass extinction (Alvarez et al., 1980). This likely
occurred via the injection of dust, sulphur aerosols and/or soot into the stratosphere, which
would deflect sunlight, causing darkness and drastic cooling (impact winter) (Ohno et al., 2014,
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Vellekoop et al., 2014; Kaiho et al., 2016). Residence times in the stratosphere are much
greater than the atmosphere, and therefore anything reaching the stratosphere will achieve
global distributions. These conditions could have prevailed from months to decades after the
impact (Pope et al., 1997; Pierazzo, Kring and Melosh, 1998; Vellekoop et al., 2014; Kaiho et
al., 2016; Brugger, Feulner and Petri, 2017).

The marine ecosystem relies completely on primary productivity. Darkness combined
with the effects of ocean acidification on calcareous organisms help explain why the marine
environment was so severely affected. Benthic foraminifera, which are typically detritus
feeders were less strongly affected than planktonic forms reliant on primary productivity
(Ohno et al., 2014). Freshwater ecosystems rely less on primary productivity and more on
incoming detritus and are buffered against the effects of acidification, up to 90% of freshwater
species are reported to have survived the extinction event (Sheehan and Fastovsky, 1992;
Maruoka and Koeberl, 2003; Robertson et al., 2013b; Ohno et al., 2014; Kaiho et al., 2016). In
the terrestrial environment, ferns and mosses show a quicker recovery than angiosperms and
gymnosperms following the K-Pg (Kring, 2007; Nichols and Johnson, 2008; Vajda and Bercovici,
2014). The ‘fern spike’ and abundance of fungal spores immediately after the K-Pg boundary is
considered to reflect the low light, acidic conditions prevailing at the time (Kring, 2007; Schulte
et al., 2010; Ohno et al., 2014; Vajda and Bercovici, 2014).

Survival:

Following the K-Pg extinction, there was a shift from the reptile dominated fauna of
the Mesozoic to the mammal and avian fauna that dominate ecosystems in the Cenozoic. We
can observe a rapid recovery and diversification of a number of groups including foraminifera
(Coxall, D’Hondt and Zachos, 2006), teleosts (Friedman, 2010), mammals (Alroy, 1999;
Grossnickle and Newham, 2016; Longrich, Scriberas and Wills, 2016), birds (Feduccia, 1995)
and amphibians (Feng et al., 2017). Groups reliant on primary productivity in the food chain
were decimated and evidence suggests that marine pelagic recovery took up to 3-4 million
years after the extinction (D’Hondt et al., 1996; Coxall, D’"Hondt and Zachos, 2006; Wilf et al.,
2006). Examination of the fossil record before and after the mass extinction have identified
that a greater chance of survival is linked to diet, geographic range, body size, energy
consumption and environment.

In terms of diet, omnivores, insectivores, detritus and carrion eaters were more
successful than more specialised species such as carnivores (Wilson, 2013). Geographically
widespread taxa (Jablonski, 2005; Lockwood, 2005; Longrich, Bhullar and Gauthier, 2012;
Wilson, 2013; Landman et al., 2014) had a greater chance of survival and in fact, for mammals
especially, the recovery was fuelled by immigrants, radiating into new regions no longer
hindered by competition or predation (Longrich, Sciberras and Wills, no date; Wilson, 2013;
Longrich et al., 2015; Feng et al., 2017). Small body size is considered to have been a selective
advantage over larger species (Alvarez et al., 1980; Robertson et al., 2004, 2013b; Wilson,
2013); this has been particularly noted in the terrestrial environment where animals less than
25kg are thought to have greater chance of survivorship over the extinction event (Alvarez et
al., 1980; Buffetaut, 1990; Wilson, 2013). This hypothesis is called the “Lilliput effect” and has
been documented in terrestrial ecosystems through insects (Wiest et al., 2018), trace fossils
(Wiest et al., 2015; taska, Rodriguez-Tovar and Uchman, 2017), birds (Berv and Field, 2017),
lizards (Longrich, Bhullar and Gauthier, 2012) and mammals (Wilson, 2013) and in marine
ecosystems through marine planktonic foraminifera (Elewa and Dakrory, 2008), veneroid
bivalves (Lockwood, 2005), coccolithophores (Gardin and Monechi, 1998), lamniform sharks

17



(Belben et al., 2017) and decapod crustaceans (Martinez-Diaz et al., 2016). Any taxa that have
large energy requirements had a far greater chance of extinction because of food chain
collapse. Endotherms would be particularly susceptible, but even fast swimming ectotherms
such as pliosaurs and mosasaurs would have been more susceptible to extinction (Bernard et
al., 2010; Robertson et al., 2013b). Similarly active/fast swimming fish and sharks have been
shown to show similar extinction risk due to starvation (Cavin, 2002; Friedman, 2009; Belben
etal., 2017).

Crocodylomorpha:

The effect of the K-Pg mass extinction on crocodyliformes is considered minimal,
though this has been attributed to high origination rates in the Paleocene as opposed to low
extinction rates in the Cretaceous (Bryant, 1989; Archibald and Bryant, 1990; Markwick,
1998b; Silber, Geisler and Bolortsetseg, 2011; Kellner, Pinheiro and Campos, 2014; Martin,
Amiot, et al., 2014; Bronzati, Montefeltro and Langer, 2015; Mannion et al., 2015; Puértolas-
Pascual et al., 2016). Regions such as the USA, are more extensively studied over the K-Pg as
the sedimentary record is continuous across the boundary and very well dated, to within a few
million years of the boundary (Longrich, Bhullar and Gauthier, 2012; Puértolas-Pascual et al.,
2016). However, there has been a recent study of European deposits which provides
comprehensive analysis and re-examination of fragmentary fossil remains, improving our
understanding of the effects of the extinction in a more global perspective (Puértolas-Pascual
et al., 2016). Diversity curves show that terrestrial/semi-aquatic crocodylians suffered a
greater extinction than marine forms.

Of the three surviving lineages, body size selectivity only seems to apply to the
terrestrial/semi-aquatic fauna, the Sebecidae and Alligatoroidea (Erickson, 1982; Brochu,
1997a; Erickson and Brochu, 1999; Pol and Powell, 2011; Kellner, Pinheiro and Campos, 2014).
Marine taxa including the dyrosaurids and gavialoids retain larger body sizes before and after
the boundary, though this has not been explicitly tested (Troedsson, 1924; Brochu, 20043;
Jouve et al., 2005; Hastings, Bloch and Jaramillo, 2014, Callahan et al., 2015). Few species of
Crocodylia or Dyrosauridae are known before the extinction boundary, but are highly diverse
in the Paleocene (Archibald and Bryant, 1990; Puértolas, Canudo and Cruzado-Caballero, 2011;
Hastings, Bloch and Jaramillo, 2014; Puértolas-Pascual et al., 2016). Amongst the sebecids,
small body size and dietary non-specialists represent the survival fauna (Pol and Powell, 2011,
Kellner, Pinheiro and Campos, 2014). This is reflected in disparity patterns, where the loss of
highly specialised notosuchians explained the decrease in disparity over the boundary
(Wilberg, 2017).

Marine crocodylians that survive over the K-Pg represent specialised forms
(longirostrine) adapted for piscivory. Given the devastating effect of the extinction on the
marine food chain, the survival of these marine crocodyliforms is surprising. It has been
suggested that these crocodyliforms found refugium in freshwater ecosystems, which would
have contained a more abundant food supply during the extinction interval (Hill et al., 2008;
Jouve, Bardet and Jalil, 2008; Robertson et al., 2013b). As ectotherms, crocodylians are not
required to feed as regularly and larger forms especially have a better chance at avoiding
starvation in the aftermath. Also, in periods of cold temperatures or drought, extant
crocodylians have been known to go dormant, this may help explain how crocodylians survived
in the unstable environment following the K-Pg (Robertson et al., 2013b; Grigg and Kirshner,
2015).
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1.7

Geology of Morocco and the phosphates:

PHOSPHATIC SERIES
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Figure 1.4: Geographic location of the Oulad Abdoun basin in Morocco, with
stratigraphic column. Modified from Yans et al. (2014) and Kocsis et al. (2014).

By the Late Cretaceous Africa had become completely isolated from other continental
landmasses following the fragmentation of Pangea in the Jurassic and the opening of the
Atlantic Ocean (Gheerbrant and Rage, 2006; Michard et al., 2008). During this time, the two
major oceans the Atlantic and the Tethys seaway converged around Morocco. In the Late
Cretaceous (Cenomanian-Turonian) a period of eustatic sea-level highstand, linked to climatic
warming, lead to the flooding of the Atlantic margin of the continental platform into Africa
(Lucas and Prevot-Lucas, 1996; Michard et al., 2008; Kocsis et al., 2014). These large inland
seas retreated towards the end of the Cretaceous, though portions of inland Africa, including
parts of Morocco remained submerged in a set of shallow marine gulfs till the Eocene (Michard
et al., 2008; Noubhani, 2010). Evidence of these shallow marine conditions are preserved
today in a series of large phosphatic basins, located in the structural zone of the western
Meseta (Haddi, Benbouziane and Mouflih, 2014), north of the Atlas Mountains. The phosphatic
basins in this region of Morocco include the Ganntour, Meksala and the Oulad Abdoun basin,
and collectively represent one of the largest phosphate deposits in the world (Michard et al.,
2008). The phosphate series was deposited between the Late Cretaceous and Eocene, the
sediments are continuous throughout this interval with no major hiatus in the succession and

host a diverse fossil fauna. The continuity of the sequence makes these basins an ideal area to
study the effects of the K-Pg mass extinction.
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The sedimentary succession between the Late Cretaceous and Eocene is known as the
phosphatic series. In the Oulad Abdoun basin the phosphatic series overlies Upper Jurassic-
Cretaceous substratum, which comprise red beds, shallow marine marly limestone and
evaporites (Cenomanian-Turonian) and Senonian gypsum, limestone and yellow marls
(Michard et al., 2008; Yans et al., 2014). The phosphatic series is overlain by a Lutetian
dolomitic cap and then Neogene continental deposits (Yans et al., 2014) (Figure 1.4). Presence
of dolomite and traces of halite within the deposits indicate that the seaway became restricted
from the open ocean between the Maastrichtian and the Lutetian (Michard et al., 2008). In the
Oulad Abdoun basin, the phosphatic series is more condensed and phosphate rich in the
north-eastern part of the basin becoming thicker in the south-westerly direction (Bardet,
Suberbiola, larochéne, Amalik, et al., 2005; Michard et al., 2008). The condensed series was
likely deposited in a more energetic, coastal environment, and the thicker sequence, more
typical of the series in the Ganntour basin, deposited in a deeper, open-ocean environment
(Lucas and Prevot-Lucas, 1996; Bardet, Suberbiola, larochene, Amalik, et al., 2005).

The stratigraphy of the phosphate series is traditionally based on selachian biozonation
correlated to European faunas. The phosphates contain an abundant selachian fauna,
originally described and utilised by Arambourg (1952). Since then, the fauna has been revised
and updated by Noubhani (2010) and Noubhani and Cappetta (1997), and remains the most
commonly used tool for stratigraphic dating of the series. However, this dating scheme is not
flawless, reworking of the sediments, particularly at the base of units is frequent (Kocsis et al.,
2014). Numerous other studies have been carried out to assess biostratigraphic value of
invertebrates (Salvan, 1954), pollen (Ollivier-Pierre, 1982), foraminifera (Salvan, 1954),
however poor preservation and in cases, poor biostratigraphic value limit their usefulness in
the phosphates. Recent investigations have focussed on stable isotopes, such as carbon and
oxygen, to correlate the stratigraphy with the global isotopic record. These were found to
broadly support the selachian biostratigraphy, but also found that the Selandian is
incorporated with Couche lla in the lower, Eritherium bone bed (Noubhani and Cappetta,
1997; Kocsis et al., 2014).

The phosphate series is split into a series of beds, locally known as couches, and these
are separated by intercalary beds which are often composed of calcareous phosphate and
yellow clay horizons (Kocsis et al., 2014). Couche Ill, Maastrichtian, is composed of sandy
phosphorites, calcareous bonebeds, phosphatic marls, interbedded with limestones at the top
of the succession (Michard et al., 2008; Haddi, Benbouziane and Mouflih, 2014; Kocsis et al.,
2014). Couche Il forms the Paleocene beds, characterised by uncemented sandy phosphorites
overlain by phosphatic limestone. Couche Il is split into two levels where the Danian and
Thanetian are easily identified (Couche Ilb and Couche lla respectively); the Danian section
lacks marl and clay levels (Haddi, Benbouziane and Mouflih, 2014). The Selandian is not
distinguishable in the series using selachian biostratigraphy (Arambourg, 1952; Yans et al.,
2014). Couche lla (Thanetian) contains two bone beds, iconic for preserving a range of
afrotherian mammal taxa (Gheerbrant et al., 2003; Solé et al., 2009; Yans et al., 2014).
Intercalaire I/Il between the Couch Il and Couche | is earliest Ypresian and composed of
phosphatic limestone with nodular flints and coprolites. This horizon includes the Otodus
obliquus bone bed and represents the third bone bed well known for containing mammal
material (Gheerbrant et al., 2003). The Ypresian is distinguished by several units, of with
Couche I and 0 are highly fossiliferous. The horizons alternate between marly and phosphatic
limestone and course yellow and grey sandy phosphorites with coprolites (Haddi, Benbouziane
and Mouflih, 2014). Chert horizons are common up section interbedded with phosphorite
levels and thinner phosphatic horizons higher up in the Ypresian section are referred to as
sillon A and B. Four megasequences of marine transgressive-regressive cycles can be observed
up section in the Oulad Abdoun basin. These megasequences separate the Maastrichtian,
Paleocene, Ypresian ad Lutetian (Kocsis et al., 2014).
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The phosphate series has yielded an abundant and diverse fossil fauna, including
actinopterygians (Cavin et al., 2000; Cappetta et al., 2014), selachians (Arambourg, 1952;
Noubhani, 2010; Cappetta et al., 2014) and marine reptiles (Bardet et al., 2004, 2010; Bardet,
Suberbiola, larochéne, Bouya, et al., 2005; Jouve et al., 2006; Jouve, 2007; Jouve, Bardet and
Jalil, 2008; Vincent et al., 2013) as well as rarer occurrences of birds (Bourdon, Amaghzaz and
Bouya, 2010), placental mammals (Gheerbrant et al., 2003; Gheerbrant, 2009; Solé et al.,
2009) and non-avian dinosaurs (Suberbiola et al., 2004; Jalil et al., 2009; Longrich et al., 2017).
The continuity of the phosphatic series allows for direct comparison of the fauna before and
after the K-Pg mass extinction. Couche Il is abundant in selachians, actinopterygians and
mosasaur material. Also present, but much rarer in the Maastrichtian deposits are species of
plesiosaur, chelonii, crocodyliformes, dinosaur and pterosaur (Jouve, Bardet and Jalil, 2008;
Bardet et al., 2010; Vincent et al., 2013). In the Paleocene deposits, key taxa including the
mosasaurs, large selachians and actinopterygians are no longer present. Instead, there is an
abundant turtle and crocodyliform fauna, including numerous species of dyrosaur (Jouve,
2005, 2007, Jouve, Bouya and Amaghzaz, 2005, 2008; Bardet et al., 2010) and crown
crocodylians (Jonet and Wouters, 1977; Hua and Jouve, 2004; Jouve et al., 2006, 2014). Rarer
fossil occurrences of snake, birds and mammals have also been recovered. New species are
continuously being described from the deposits. Therefore, these deposits provide an
excellent case study for continued research, not only into the impact of the mass extinction
but also the dynamics of the recovery interval.

1.8  Aims of the study:

The effect of the K-Pg extinction on crocodyliformes remains understudied. The
extinction event marks a dramatic shift in crocodylian evolutionary dynamics, from the highly
diverse and disparate fauna in the Mesozoic, to the largely semi-aquatic forms with low
disparity which comprise the Cenozoic fauna. The aim of this thesis is to describe an abundant
new crocodylian fauna from the Paleo-Eocene phosphates of Morocco. In doing so, they are
placed into an evolutionary context to gain a greater understanding about crocodylian
evolution over the K-Pg boundary and the subsequent recovery. The thesis is presented in the
alternative format, as specified by the University of Bath. In this format each chapter contains
research presented in the style of an academic paper, with an associated commentary text to
incorporate the paper into the thesis with additional research and supplemental material for
the paper.

Chapter two is focussed on the description of a four new species of gavialoid and
tomistomine from the Paleocene-Ypresian of the Oulad Abdoun basin. Three of the new
species described form a new clade, suggesting that an endemic fauna in Morocco diversified
rapidly following the K-Pg. The fossils described in this chapter provided an opportunity to re-
examine the phylogenetic conflict on the position of the Gavialoidea.

Chapter three, incorporates the new fossils described in chapter 2 into a
macroevolutionary study of disparity and body size over the K-Pg and throughout the
Cenozoic. The new fossil species are stratigraphically early in the evolutionary history of these
groups and before the “gharial gap”. Due to the timing of these fossils, in a novel approach,
the phylogenetic conflict between the gavialoids and tomistomines is explored in a
stratigraphic framework, calculating stratigraphic congruence between the morphological and
molecular signals.

Chapter four is focussed on the description of a new species of alligatoroid based on
two nearly complete skulls, also from the Oulad Abdoun basin. This material represents the
first conclusive proof of Alligatoroidea dispersing into Africa and represents a new species of
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Diplocynodontidae. Using biogeography, the work presented in this chapter challenges
previous ideas about alligatoroid dispersal in the Cenozoic and suggests that the K-Pg played a
significant role in driving alligatoroid diversity and biogeography.

22



Chapter 2: New crocodylian fossils from the Paleocene-
Eocene of Morocco, North Africa

2.1 Pre-paper commentary:

The purpose of this chapter is the description of new fossil material from the
Paleocene-Ypresian phosphate deposits of the Oulad Abdoun basin from Morocco. The fossils
belong in the crown group, Crocodylia, recovered as relatives of the extant Gavialis gangeticus
and Tomistoma schlegelii. These taxa are significant as they occur in the recovery interval in
the aftermath of the K-Pg mass extinction. The gavialoids and tomistomines are poorly
understood from this time period, and this represents an early stage in their evolutionary
history (Brochu, 2004a, 2006b, Jouve et al., 2006, 2014; Jouve, Bardet and Jalil, 2008). As a
result, any new species from this time are critical to improve our understanding of the
evolution of these longirostrine taxa. There is significant phylogenetic uncertainty between
these groups as the molecular and morphological signals recover conflicting tree topologies.
We examine both phylogenetic hypotheses in this paper to compare the relationships. The
new species described in this chapter also exhibit a range of skull morphologies from a broad
flattened rostrum to hyperelongate tubular rostrum. The morphology of the rostrum is
considered to impact the niche occupation of a species and therefore their palaeobiology is
discussed.
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Abstract:

The phosphate deposits of Morocco have historically yielded a rich fossil reptile fauna. The
geological setting of these deposits suggests a highly productive shallow warm sea
environment relatively closed off to the open ocean. To date, a large number of longirostrine
crocodyliformes have been described from these deposits, including species within the crown
group, Crocodylia. Amongst the crown group, only two species of gavialoid, Ocepesuchus
eodfricanus and Argochampsa krebsi and one species of tomistomine, Maroccosuchus zennaroi
have previously been described from the phosphates. Here we describe four new species of
crocodylian from the Paleocene-early Eocene deposits of the Oulad Abdoun basin, Morocco.
The new species described here include three new species of gavialoid, Parvosuchus
daouiensis gen. et sp. nov., Argochampsa microrhynchus sp. nov. and Phasmatosuchus
decipulae gen. et sp. nov., which show a range of brevirostrine and longirostrine morphologies.
An additional brevirostrine Maroccosuchus species is described, Maroccosuchus
brachygnathus sp. nov. The variety of skull morphologies suggest a range of trophic
adaptations amongst these new species. The robust skull and crushing dentition displayed by
Maroccosuchus indicate a possibly durophagous diet. In contrast, the slender and elongate
skull of the new gavialoid species suggest adaptations towards piscivory. Phasmatosuchus
decipulae differs from the other gavialoids, exhibiting horizontally projected recurved teeth
and a hyperelongate rostrum, suggesting that this species uses a different feeding strategy.
Possibilities include the trapping of prey using a comb-like mesh of teeth or mimicking of the
modern-day sawfish, agitating benthos with the elongate rostrum. The phylogenetic affinities
of the Gavialoidea with respect to the Tomistominae are debated depending on whether
morphological or molecular data are used. Adding the new species described here, we re-
examined this phylogenetic conflict using the both the morphological character matrix and a
combined morphological and molecular matrix. The result of the morphological analysis is
consistent with prior analyses, finding Gavialoidea basal within Crocodylia, and Maroccosuchus
classed as a basal member of the Tomistominae. The new gavialoid species form a new clade
with A. krebsi, the Argochampsinae, which is endemic to Morocco. The combined
(morphological and molecular) analysis produces a result consistent with the molecular
phylogeny, gavialoids and tomistomines forming a sister group. The results obtained here are
largely consistent with previous combined analyses and the conflict between these two
datasets remains unresolved.
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Introduction:

The phosphatic deposits of the Oulad Abdoun basin of Morocco have been extensively

studied (Bardet et al. 2010; Arambourg 1952; Arambourg 1935; Salvan 1954), yielding a rich

vertebrate fossil fauna including bony fish, selachians, reptiles, birds, and mammals. The

phosphates span the Late Cretaceous through to the Early Eocene and were deposited in a

warm, shallow marine setting, as part of the Tethyan province (Yans et al. 2014; Lucas &

Prevot-Lucas 1996; Kocsis et al. 2014). The abundance of fossils has helped document faunal

turnover across the K-Pg boundary, from the mosasaurid-dominated fauna of the Cretaceous
to a fauna dominated by crocodylomorphs, chelonians, and palaeophiid snakes in the
Paleocene (Bardet et al. 2010; Jouve, Bardet, et al. 2008; Bardet et al. 2004; Bardet,

Suberbiola, larochéne, Bouya, et al. 2005; Bardet, Suberbiola, larochéne, Amalik, et al. 2005).
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Figure 2.1 Geographical position of the phosphate basins in Morocco. The
position of the Oulad Abdoun basin in Morocco is indicated on the smaller map

(modified from (Yans et al. 2014))
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The Paleogene has produced a particularly diverse assemblage of crocodylomorphs,
comprising several species which classify within Dyrosauridae, Gavialoidea, and Tomistominae
(Bardet et al. 2010; Jouve et al. 2014; Jouve, Bardet, et al. 2008; Hua & Jouve 2004; Jouve,
Bouya, et al. 2008; Jouve, Ne, et al. 2005; Arambourg 1952; Jouve et al. 2006b; Jouve et al.
2006a). The Dyrosauridae, an extinct group of marine Crocodyliformes, represent the most
abundant Crocodyliformes in the phosphates (Bardet et al. 2010). All species have a
longirostrine morphology which ranges between the short-snouted form seen in
Chenanisuchus lateroculi, and the extremely long-snouted form of Atlantosuchus caupatezi
(Jouve, Bouya, et al. 2008; Jouve, Bouya, et al. 2005). Gavialoids described from the
phosphates of Morocco have only been found in Oulad Abdoun basin, one of several
phosphatic basins that outcrop in this region (Figure 2.1). The gavialoids are less common in
the phosphates, represented by two species, Argochampsa krebsi (Paleocene) (Hua & Jouve
2004) and Ocepesuchus eoafricanus (Maastrichtian) (Jouve et al. 2006b; Jouve, Bardet, et al.
2008). Maroccosuchus zennaroi (Ypresian) represents the only known tomistomine from the
deposits (Jouve et al. 2014).

The crown group, Crocodylia, comprises three extant groups, Alligatoroidea,
Crocodyloidea and Gavialoidea. All Gavialoidea exhibit a highly specialised longirostrine
morphology. Their fossil record extends to the Late Cretaceous (Brochu 2004), and the sole
extant species, Gavialis gangeticus, is restricted to freshwater habitats in India. Anatomical
features and fossil record indicate that this transition to freshwater was relatively recent
(Taplin et al. 1985; Grigg & Kirshner 2015). The primitive gavialoids, the 'thoracosaurs', are
generally found in North America and Europe in coastal/deltaic settings (Brochu 2004;
Carpenter 1983; Koken 1888).

The Tomistominae are nested within the Crocodyloidea (all taxa more closely related
to Crocodylus niloticus than Gavialis gangeticus and Alligator mississippiensis (Brochu 2003)).
The earliest members of the Tomistominae, including Maroccosuchus zennaroi (Jonet &
Wouters 1977; Jouve et al. 2014) (Morocco) and Kentisuchus spenceri (Brochu 2007) (UK), first
appear in the Eocene. These early members retain the plesiomorphic crocodylid skull
morphology, with broad flattened rostrum with lateral maxillary waves, whereas more derived
members exhibit the longirostrine morphology. Similar to the Gavialoidea, the extant species
Tomistoma schlegelii, is found in freshwater ecosystems, although fossil evidence suggests
that marine affinities were widespread in extinct members of the group.

The phylogenetic relationship between Gavialoidea and Tomistominae remains
controversial. Using the morphological data, the Gavialoidea are recovered basal within
Crocodylia and the Tomistominae, nested in Crocodyloidea (as above). Molecular data, on the
other hand, consistently recovers a sister taxon relationship between the extant species,
Gavialis gangeticus and Tomistoma schlegelii, shifting Gavialis from the basal position
(hypothesised by the morphological data) to a derived position within Crocodylia (Brochu
1997a; Oaks 2011; Gatesy et al. 2004; Harshman et al. 2003; Janke et al. 2005). Combined
analyses including fossil taxa also recover a topology consistent with the molecular data
(Gatesy et al. 2003; Gold et al. 2014). According to this hypothesis the Gavialoidea (all taxa
more closely related to Gavialis gangeticus than Crocodylus niloticus and Alligator
mississippiensis) would include Tomistominae, and the Tomistominae would no longer be part
of the Crocodyloidea. The Tomistominae are defined as all taxa more closely related to
Tomistoma schlegelii than to Gavialis gangeticus or Crocodylus niloticus, dependent on the
phylogenetic context. Previous combined analyses indicate that basal tomistomines (in the
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morphological context), such as Maroccosuchus, Kentisuchus, and Dollosuchoides, cannot be
classed as tomistomines in the molecular/combined context and are instead classed as basal
members of the Gavialoidea (Gatesy et al. 2003; Gold et al. 2014).

Here, we describe multiple new fossils from the Paleocene and Eocene of the Oulad
Abdoun basin (see supplementary for provenance information). The variation in skull
morphology seen amongst the new taxa suggests that they were adapted to a range of diets,
from generalists to highly specialised piscivory and perhaps other ecologies. Four new species
are diagnosed as members of the Gavialoidea and Tomistominae using the morphological
character matrix. In light of this new fossil data, we also used a combined (morphology-with-
molecular) dataset to compare the phylogenetic relationships between the two analyses.

Although both phylogenetic hypotheses are examined here, for the sake of clarity,
throughout this work we will refer to the phylogenetic definitions based on the morphological
hypothesis (unless otherwise stated). This was chosen to avoid confusion with associated
literature on fossil species within the Gavialoidea and Tomistominae, as the morphological
data is the primary way to make phylogenetic inferences about fossil material.

Materials and Methods:

Nomenclatural acts: (pending)

Institutional abbreviations:

OCP: Office Chérifien des Phosphates, Direction des Exploitations, Khouribga, Morocco;
MHNLM: Muséum d’Histoire Naturelle, Le Mans, France; MHNM: Museum of Natural History
Cadi Ayyad University, Marrakech, Morocco.

Phylogenetic analysis

Phylogenetic analysis was conducted using a modified version of the matrix from Jouve et
al. (2014), which was in turn based on previous cladistic studies (Brochu 1997b; Brochu 19973;
Brochu 1999). Modifications made by Jouve et al. (2014) included the addition of 11 gavialoid
taxa and reduction in the number of Alligatoroidea and Crocodyloidea species, which allowed
for a targeted analysis of the Gavialoidea and Tomistominae.

We added 6 novel characters and 13 new taxa to the matrix (see supplementary
information). The new matrix consists of 244 characters and 77 ingroup taxa, with Bernissartia
fagesii as an outgroup. New taxa include 9 extant species and 4 new fossil taxa described here,
Argochampsa microrhynchus sp. nov., Parvosuchus daouiensis gen. et sp. nov.,
Phasmatosuchus decipulae gen. et sp. nov. and Maroccosuchus brachygnathus sp. nov..
Character 165, 169 and 171 were modified (see supplementary information), and character
codings were updated for the following taxa; Eothoracosaurus mississippiensis, Thoracosaurus
neocesariensis, lkanogavialis gameroi, Euthecodon arambourgi, Euthecodon brumpti,
Argochampsa krebsi and Maroccosuchus zennaroi.
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Due to the conflict in the position of the Gavialoidea within the Crocodylia, we ran two
phylogenetic analyses; the first using the morphological character matrix only, and the second
using a combined analysis of morphology-with-molecular data.

In the morphology-only analysis, the phylogenetic matrix was analysed in TNT v 1.1
(Goloboff et al. 2003) using a traditional search of 1000 replicates of Wagner trees, holding
100 trees per replicate (TBR branch swapping). Characters were equally weighted and
unordered. In the second analysis, we performed a combined analysis of the morphological
and molecular data using parsimony (Figure 2.4, File S2). The molecular alignment was sourced
from Gold et al. (2014) the molecular matrix contains 11,564 base pairs for 16 extant taxa. The
matrix was input into TNT v 1.1 in an interleaved format and the same heuristic tree search as
above.

Results:

Systematic Palaeontology:

Eusuchia Huxley 1875
Crocodylia Gmelin 1789
Gavialoidea Hay 1930
Argochampsinae tax. nov.
Argochampsa Hua and Jouve 2004

Type species: Argochampsa krebsi Hua and Jouve 2004

Diagnosis: Premaxilla transversely broad with two foramina anterior to the nares; first 3 alveoli
form a linear transverse row; diastema between the 4th and 5th premaxillary alveoli;
paroccipital processes form two postero-laterally directed long narrow points; exoccipitals
form long nearly horizontal plate broadly visible in dorsal view. The genus also has fused
nasals, which are observed in Argochampsinae.

Argochampsa microrhynchus sp. nov. (Figure 2.2-2.7)

Etymology: micro (uwp0), Greek, “small”, and rhynchus (pUyxog), Greek, “snout”.

Holotype: MHNH.KHG.169, nearly complete skull

Horizon and locality: Couche I, Paleocene from the Sidi Daoui locality in the Oulad Abdoun
basin, Morocco

Diagnosis: Distinguished from Argochampsa krebsi by a quadrate with an expanded medial
hemicondyle, <20 maxillary alveoli (at least 12), proportionally shorter and broader rostrum,
strongly scalloped maxillary edge with lateral protrusion of the alveoli well developed
anteriorly. Foramen incisivum larger than A. krebsi and does not extend anteriorly beyond the
anterior border of the external nares.

Description:
Preservation and general form:

The cranium of Argochampsa microrhynchus (MHNH.KHG.169) is incomplete, missing
the lower temporal bar (jugal and quadratojugal), shows significant dorsoventral compression
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and the rostrum is bowed dorsally (Figure 2.4). This deformation has displaced the occipital
condyle posterolaterally and the entire occipital condyle surface is visible in dorsal view (Figure
2.2,2.5). As a result, the foramen magnum is not preserved and the exoccipital and
basioccipital are damaged. As the lower temporal bar has not been preserved, the lateral
margins of the orbits are incomplete. The postorbital bar and infratemporal fenestrae are not
preserved. The dorsal surface has been reconstructed with plaster where damaged (Figure
2.2,2.6). The damage is pronounced in the preorbital region and sutural contacts between the
frontal, prefrontals, lacrimals and jugals cannot be discerned. The posterior border of the left
squamosal and left quadrate are also missing. The right quadrate is preserved but matrix
obscures the nature of the contact with the exoccipital.

In ventral view the rostrum is highly fractured and on the left premaxilla the second
and third alveoli are damaged. Posteriorly, near the anterior orbital margin the maxillae are
incomplete, therefore total maxillary tooth count is uncertain. The ectopterygoids, pterygoids
and suborbital fenestrae are not preserved. However, the contact surface for the attachment
of the pterygoid to the basisphenoid is visible. The braincase and associated cranial bones are
missing.

The cranium measures 31.1cm from the back of the skull table to the tip of the
rostrum, exhibiting a general longirostrine morphology (Table 2.1) (Brochu 2001). The rostrum
is linear anteroposteriorly, lacking maxillary waves. At the level of the ninth maxillary alveolus
the rostrum flares posteriorly up to the anterior border of the orbits. The rostrum is
proportionally shorter and broader than Argochampsa krebsi (Hua & Jouve 2004), with a
reduced tooth count. The linear morphology of the maxilla, in combination with maxillary
homodonty, is diagnostic to Gavialoidea within crown Crocodylia (Brochu 1997a).

Cranial openings:

The external naris is large, comprising nearly half of the premaxillary width (Table 2.1),
subcircular and bordered entirely by the premaxilla. It opens dorsally with no ridge or notch
visible around the narial rim. Like Argochampsa krebsi, the premaxilla bears two reception pits
(diameter: 6mm) on the dorsal surface, which are positioned anterior to the external nares but
posterior to the first three premaxillary alveoli (Figure 2.2,2.7). These reception pits are
observed in extant taxa such as Crocodylus porosus, where the first dentary teeth protrude
through the cranial bone to the dorsal surface of the skull (Jouve et al. 2006b; lordansky 1973;
de Lapparent de Broin 2002). The incisive foramen (Figure 2.3) is roughly circular and smaller
than the external nares (Table 2.1). It is bordered entirely by the premaxilla and does not
extend beyond the margins of the external naris. The orbits are roughly elliptical in shape,
based on the anteroposterior length of the orbits, and are dorsally positioned. The telescoped
orbits observed in Gavialis gangeticus are not observed in A. microrhynchus. The
supratemporal fenestrae are roughly circular, however the right supratemporal fenestra is
smaller due to preservation. The fenestrae are large, occupying most of the skull table,
consistent with gavialoid affinities. On the occipital face, the foramen vagi are clearly
preserved within the exoccipitals, lateral to the occipital condyle. The medial eustachian
foramen is visible in ventral view between the basioccipital and basisphenoid contact, the
lateral eustachian foramina are not preserved and therefore their position with respect to
each other in uncertain.
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Total length (posterior border of
supraoccipital to tip of rostrum)
Rostral length (from anterior
border of the orbits to tip of
rostrum)

Length from supraoccipital to
anterior border of the orbits
Rostrum width at anterior
border of orbit

Width at first lateral wave of
rostrum

Rostrum width at mid-snout
constriction

Width at narial constriction
Nasal length

Frontal length in front of orbits
Width between lateral quadrate
condyles

Width skull table

Orbit length

Orbital width (maximum)
Supratemporal fenestra length
Supratemporal fenestra width
External naris length

External nares width
Premaxilla maximum width
Interorbital width
Interfenestral bar width
Incisive foramen length
Incisive foramen width
Occipital condyle height
Occipital condyle width
Foramen magnum height
Foramen magnum width
Suborbital fenestra length
Suborbital fenestra width
Choana length

Choana width

Maxillary tooth count
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Table 2.1: Comparative measurements of the new taxa (in cm). Asterisks highlight
estimated measurements due to poor or incomplete preservation.
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Figure 2.2 Argochampsa microrhynchus sp. nov., holotype MHNM.KHG.169 from
Paleocene of Morocco. Skull in dorsal view. Scale bar = 5cm. Light shading indicates areas
of plaster reconstruction. Areas of dark shading are areas obscured by matrix.
Abbreviations: Bot, basioccipital tuberosities, En, external nares, Ex, exoccipital, Fi,
foramen incisivum, F md 1, foramen for first mandibular tooth, F, frontal, Mx, maxilla, N,
nasal, O, orbit, Oc, occipital condyle, Pa, parietal, Ppo, paroccipital process, Pmx,
premaxilla, Po, postorbital, Prf, prefrontal, Q, quadrate, Qqjs, quadratojugal suture, Sq,
squamosal, Stf, supratemporal fenestra
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Figure 2.3 Argochampsa microrhynchus sp. nov., holotype MHNM.KHG.169 from
Paleocene of Morocco. Skull in ventral view. Scale bar = 5cm. Areas of shading are
areas are matrix. Abbreviations: Bo, basioccipital, Bs, basisphenoid, Ex, exoccipital, F
md 1, foramen for first mandibular tooth, Fi, foramen incisivum, Mx, maxilla, O, orbit,
Pl, palatine, Pmx, premaxilla, Q, quadrate, Qcr, quadrate crest
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Figure 2.4 Argochampsa microrhynchus sp. nov., holotype MHNM.KHG.169 from
Paleocene of Morocco. Skull in right lateral view. Scale bar = 5cm. Areas of shading
are matrix. Abbreviations: Eoa, external otic aperture, Ex, exoccipital, F, frontal, Mx,
maxilla, Oc, occipital condyle, Pa, parietal, Pmx, premaxilla, Pl, palatine, Ppo,
paroccipital process, Q, quadrate, Qqgjs, quadratojugal suture, Sq, squamosal, Sqg,
squamosal groove for external ear muscle attachment, Stf, supratemporal fenestra
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Cranial bones:

The premaxilla is mediolaterally broad at the level of the third-fourth premaxillary
alveoli, 67% wider than the mediolateral width of the rostrum. Each premaxilla bears five
alveoli, plesiomorphic to Crocodylia. The first three alveoli are equal in diameter (6mm)
oriented in a posterolateral row. The fourth and fifth alveoli are smaller, 5mm and 4.5mm
respectively, and separated from the first three alveoli by a 6mm anteroposteriorly long
diastema. The fifth alveolus is posteromedial to the fourth alveolus. Posterior to the fifth
alveoli the premaxilla narrows and a 13mm diastema separates the final premaxillary alveolus
and the first maxillary alveolus. The morphology and arrangement of the premaxillary
dentition is a synapomorphy for Argochampsa (Hua & Jouve 2004) and convergent with
distantly related Crocodyliformes, Pholidosauridae (Sereno et al. 2001; Fortier et al. 2011; de
Lapparent de Broin 2002). Compared to A. krebsi the premaxillae in A. microrhynchus are
mediolaterally broader. Dorsally the posterior process extends to the level of the third
maxillary alveolus. Ventrally, the posterior premaxillary process extends to the level of the
second maxillary alveolus, forming a broad contact with the maxilla. This short process is
homologous to that seen in Eosuchus lerichei and Eosuchus minor (Delfino et al. 2005; Dollo
1907; Brochu 2006b), but in all other gavialoids, including A. krebsi, the process is more
elongate posteriorly.

In dorsal view, the maxillae have a scalloped edge due to the lateral projection of the
maxillary alveoli (Figure 2.2). Anteriorly the lateral projection of the alveoli is more
exaggerated, and the alveoli are oriented anteroventrally. The scalloped edge of the maxilla is
more pronounced in Argochampsa microrhynchus than in A. krebsi and is more similar to that
seen in the South American gharial kanogavialis gameroi (Sill 1970) and the African long-
snouted crocodylid, Euthecodon (Ginsburg & Buffetaut 1978; Storrs 2003). There are 12 alveoli
preserved on the right maxilla and 11 on the left side, comparison with the arrangement of
alveoli in A. krebsi indicates that there could be up to 18 maxillary teeth in total. The maxillary
alveoli are circular and uniform in size (5mm diameter) with equal interalveolar spacing.
Posterior to the tenth alveolus the alveoli decrease in diameter and show mediolateral
compression. No complete teeth are preserved in the specimen, but fragments are preserved
within three alveoli. These are rounded in cross section, ~1.5mm in diameter and homodont.
In ventral view, the anterior palatine process is narrow, this morphology is a feature shared by
Gavialoidea and Tomistominae. The palatine terminates in an acute point at the level of the
twelfth maxillary alveolus. Posteriorly the lateral margins of the palatines form the medial
border of the suborbital fenestrae and are parallel sided. The posterior contact with the
pterygoid is not preserved.

The nasals are narrow and fused. Anteriorly, the nasals contact the premaxillae in line
with the third maxillary alveolus. The nasals do not penetrate far anteriorly into the premaxilla,
a condition shared with the primitive gharials and Argochampsa krebsi. The contact with the
frontal is broad, with an interdigitating suture at the level of the twelfth maxillary alveolus.
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Figure 2.5 Argochampsa microrhynchus sp. nov., holotype MHNM.KHG.169 from
Paleocene of Morocco. Skull in occipital view. Scale bar = 5cm. Areas of shading are
matrix. Abbreviations: Bot, basioccipital tuberosity, Ex, exoccipital, Fv, vagus foramen,
Oc, occipital condyle, Pa, parietal, Ppo, paroccipital process, Q, quadrate, Sq,
squamosal

The frontal is concave between the orbits and shows modest ornamentation in the
form of small and rounded shallow pits. The frontal forms the posteromedial border of the
orbits and the anterior border of the supratemporal fenestrae but does not participate in the
interfenestral bar. The frontoparietal suture is linear and modestly penetrates the walls of the
supratemporal fenestra; these characters are also observed in Argochampsa krebsi,
Aktiogavialis puertoricensis (Vélez-Juarbe et al. 2007), Gryposuchus colombianus (Langston &
Gasparini 1997; Riff et al. 2008) and Gavialis gangeticus (lordansky 1973; Martin et al. 2012).

The postorbital contributes to the anterolateral border of the supratemporal
fenestrae. The postorbital-squamosal suture on the lateral border of the skull table passes
ventrally under the postorbital. The parietal forms the interfenestral bar and posteromedial
border of the supratemporal fenestrae. The sutures with the squamosal and supraoccipital on
the posterior region of the skull table are poorly defined. The squamosal forms the posterior
and posterolateral border of the supratemporal fenestrae. Laterally, the quadratosquamosal
suture extends along the caudal margin of the external otic aperture. The morphology of the
squamosal groove for external ear muscle attachment is unclear. The posterior squamosal
prong is elongate and extends posterolaterally to contact the exoccipital on the paroccipital
process.
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Figure 2.6 Argochampsa microrhynchus sp. nov., holotype MHNM.KHG.169. A Ventral
view of the premakxilla. Black triangles show fracture in premaxilla is continuous across

a break in the fossil, where plaster reconstruction is evident on the dorsal surface. B
Occipital view of the quadrate, indicating the dorsal expansion of the medial
hemicondyle.

The quadratojugal forms a contact with the quadrate anterior to the lateral
articulation surface of the quadrate, as shown by the sutural contact surface on the right
guadrate (Figure 2.2). The articular surface of the quadrate exhibits a sigmoidal shape, with
the medial hemicondyle larger than the lateral hemicondyle. The medial hemicondyle is
directed posteromedially and dorsoventrally expanded (Figure 2.5, 2.6). This condition is
observed the most primitive gharials Eosuchus spp. (Delfino et al. 2005; Brochu 2006b), and in
a number of tomistomines (Jouve et al. 2014; Shan et al. 2009; Kobayashi et al. 2006). On the
ventral surface, the quadrate crest B (lordansky 1973) runs parallel to the posteromedial
margin of the quadrate. The foramen aereum appears absent on the surface of the quadrate.
In general, the foramen aereum is present, amongst Crocodylia, the absence of this feature
may be an apomorphy of Argochampsa, as the foramen aereum is also not present on A.
krebsi (Jouve et al. 2006b).

The occipital face is inclined and visible in dorsal view, a synapomorphy of Gavialoidea.
The contact between the exoccipital and squamosal can be seen on the occipital surface, it is
smooth, and curves upwards at the termination of the squamosal to form the paroccipital
process. The basioccipital has two large, pendulous tubera similar in morphology to Gavialis
and medially separated by a distinct groove (Hecht & Malone 1972). The basisphenoid is
broadly exposed on the ventral surface of the basioccipital tubera, roughly triangular and
measuring 23mm at its widest point.
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Figure 2.7 Comparative figure of Argochampsa species to scale. A reconstruction of A.
krebsi in dorsal view (modified from (Jouve et al. 2006b)). B A. microrhynchus in dorsal
view. Scale bar is equal to 10cm.
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Parvosuchus n. gen

Type species: Parvosuchus daouiensis gen. et sp. nov.
Etymology: parvos, Latin, “small”; suchus, Greek, “crocodile”.
Diagnosis: as diagnosis for species

Parvosuchus daouiensis sp.nov (Figure 2.8-2.13)

Etymology: The species name comes from the type locality of the specimen at Sidi Daoui.
Holotype: MHNM.KHG.168 Nearly complete skull, missing the skull table and the orbital
region. The skull is damaged and fractured along the rostrum, the posterior region of the skull
shows half of the braincase in cross section.

Type Horizon and Locality: Couche Il, Danian, Sidi Daoui locality in the Oulad Abdoun basin,
Morocco

Diagnosis: Gavialoid of small size that can be distinguished from all other gavialoids by the
following autapomorphies: a shallow, antero-posteriorly elongate fossa on the dorsal surface
of the premaxilla posterior to the nares, anteroposteriorly elongate diastema between the
premaxillary and maxillary alveoli, cranioquadrate passage not hidden by exoccipitals in
occipital view, 22 maxillary teeth, rostrum approx. 73% of medial skull length. Fused nasals are
synapomorphic to the Argochampsinae.

Description:
Preservation and general form:

The cranium is small (33.3cm) compared to most species within the Gavialoidea, which
typically range between 55-117cm. Gavialoids of similar size are restricted to Eosuchus and
other Moroccan species (Argochampsa and Ocepesuchus). The cranium demonstrates a
longirostrine morphology, the rostrum is straight lacking maxillary waves, and flares laterally
posterior to the 13" maxillary alveolus.

The skull is highly fractured and damaged, particularly in the postorbital region. The
rostrum and postorbital region of the skull are separated in the matrix, however the
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