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The “death roll” is an iconic crocodylian behaviour, and yet it is documented
in only a small number of species, all of which exhibit a generalist feeding ecology
and skull ecomorphology. This has led to the interpretation that only generalist
crocodylians can death roll, a pattern which has been used to inform studies of
functional morphology and behaviour in the fossil record, especially regarding
slender-snouted crocodylians and other taxa sharing this semi-aquatic ambush pre-
dator body plan. In order to test this hypothesis, we surveyed death roll
behaviour across animals representing all extant crocodylian species. Animals
were prompted to death roll using two methods of stimulation: a feeding cue and
an escape cue. The feeding cue involved presenting each animal with a bait item, to
which resistance would be applied during a biting event. The second cue involved
capturing each animal with a rope or catch pole, a standard technique for capturing
crocodylians, but one that also often prompts an attempt to escape. All species
tested, except Paleosuchus palpebrosus, exhibited the behaviour in response to at
least one of the stimuli. This included the following slender-snouted species:
Gavialis gangeticus, Tomistoma schlegelii, Mecistops cataphractus, Mecistops leptor-
hynchus, Crocodylus johnstoni, and Crocodylus intermedius. The patterns of death
roll behavior observed in this survey suggest that this behaviour is not novel to any
one crocodylian clade, morphotype, or dietary niche. Also, the prevalence of death
rolling behaviour across Crocodylia in response to perceived threats indicates that it
is not solely, or maybe even primarily, a feeding behaviour, but is also utilised
during inter- and intra-specific conflict as a means to escape or injure an opponent.
The results of this case study highlight the importance of using multiple modern
analogues when attempting to correlate form and function across diverse clades,
both living and extinct.

KEY WORDS: crocodile, alligator, caiman, gharial, axial rolling, rotational feeding,
twist feeding.
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INTRODUCTION

Within Crocodylia, snout shape classifications are often used as shorthand to
characterise feeding ecology and behaviour. In general, crocodylians with long, slen-
der snouts are often thought to be largely piscivorous (e.g. Iordansky 1973; Langston
1973; Pooley 1989; Busbey 1995) or small-prey specialists (McHenry et al. 2006); those
with shorter, boxy snouts are interpreted as durophagous (e.g. Carpenter & Lindsey
1980; Salas-Gismondi et al. 2015), and the ones which fall between, with longer,
broader snouts, are seen as being dietary generalists (Brochu 2001). Initial classifica-
tions of snout morphotypes were qualitative (Busbey 1995; Brochu 2001), but these
classifications have been largely supported in subsequent quantitative analyses explor-
ing snout shape and modelling snout function (Pierce et al. 2008; Sadleir & Makovicky
2008; Wilberg 2017; D’Amore et al. 2019).

These snout morphotypes are well represented across the extant species of
crocodylians (Brochu 2001), but ecological studies are not evenly distributed across
these groups. Several species are threatened or endangered, some critically so, making
surveys of wild populations challenging (e.g. Thorbjarnarson & Wang 2010; De Silva
et al. 2011). The most heavily studied, living species are all large-bodied, numerous,
valued by the skin and meat industries, and, incidentally, members of the “generalist”
snout morphotype (Rowe et al. 1999; Tzika & Milinkovitch 2008): Alligator mississip-
piensis (Daudin 1801 [1802]), Crocodylus niloticus (Laurenti 1768), and Crocodylus
porosus (Schneider 1801). The ecology of many members of other snout shape cate-
gories, especially the tube-snouted crocodylians, is significantly less well understood
(Brochu 2001). When diet among these slender-snouted crocodylians is surveyed
directly, it often exhibits more diversity, both in prey clade and size, than would be
expected of true fish specialists (Thorbjarnarson 1990; Tucker et al. 1996; Webb &
Manolis 2010; Selvaraj 2012).

One iconic crocodylian feeding behaviour, the “death roll,” provides a window
into the need for broader ecological surveys when using modern groups to explore
behaviour in extinct species. A death roll involves the animal grasping part of an item
in its mouth and then spinning around the long axis of its body in order to drag larger
prey animals off of their feet, to reduce prey into sections that are small enough to
swallow (Fish et al. 2007), or to injure or escape a rival during inter- or intra-specific
competition (e.g. Webb et al. 1983). The behaviour is well documented in several living
crocodylians which exhibit the generalist snout morphology (e.g. McIlhenny 1935;
Fish et al. 2007; Blanco et al. 2014). Twisting and rolling behaviours are common in
non-crocodylians as well. When associated with food acquisition, the terms rotational
or twist feeding sometimes are used, as in amphisbaeneans, eels, and whales (e.g.
Pivorunas 1979; Helfman & Clark 1986; Goldbogen et al. 2006; Measey & Herrel 2006).
Twisting has also been employed during such disparate behaviours as grooming (e.g.
Kenyon 1969) and mating avoidance (e.g. Payne 1995; Marsh 2002).

Death rolling previously has not been reported among slender snouted crocody-
lians. The interpretation that members of this morphotype cannot perform this
behaviour has been further bolstered by biomechanical analyses, specifically finite
element analyses, which demonstrate that slender snouted crania experience higher
stress than other crocodylian snout morphotypes under different loading regimes,
including simulated torsion (Pierce et al. 2008, 2009; McCurry et al. 2017). These
lines of evidence, partnered with discussions of diet, have been used to argue that
tube snouted crocodylians, both living and extinct, could not death roll (Cleurens & De
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Vree 1999; Blanco et al. 2014). However, is this pattern driven by true functional
constraints, or is it an artifact of the limited number of studies of these species’ feeding
ecology?

Here we report incidents of death rolling in extant members of Crocodylia,
through direct observations of the behaviour in captive animals spanning 25 species,
and all available morphotypes, within extant members of the clade. Ensuing patterns
are used to explore the potential for fossil crocodylians, as well as more distantly
related groups that share a similar body plan, to perform this behaviour.

MATERIALS AND METHODS

The animals observed during this study are held at the St. Augustine Alligator Farm
Zoological Park (SAAF) in St. Augustine, Florida, USA. Crocodylians are a widespread group,
found throughout tropical to temperate regions of the globe (Markwick 1998), but several
lineages are also threatened or endangered. This can make large-scale surveys across wild
members of the crown group challenging to perform. Fortunately, many of these species also
survive and breed well in captivity, providing researchers with access to animals that would
otherwise be difficult to impossible to observe (Drumheller et al. 2016).

However, captive animals can also exhibit behaviours and morphologies that diverge
from their wild counterparts. Among crocodylians, differences in snout shape (Sadleir 2009;
Drumheller et al. 2016) and bite force (Erickson et al. 2004) have been noted, although the
intensity of these differences can vary depending on the conditions of captivity and the
general health of the animals involved (Drumheller et al. 2016). Captive crocodylians often
also exhibit larger fat deposits, most likely related to their more sedentary lifestyle (Erickson
et al. 2004). Therefore, the potential effects of captivity need to be addressed in research
utilising these animals.

The SAAF animals have a variety of backgrounds, ranging from recently captured nuisance
animals, to individuals that were hatched and raised at the facility, to specimens that were
transferred from other institutions. As such, these animals exhibit a range of modifications,
reflecting the differences in the conditions of their captivity. For example, some of the slender-
snouted individuals exhibit dorsal bending of the rostrum, a trait often seen in captives of this
morphotype, while others have the straighter snouts of their wild counterparts. These animals all
share a more sedentary lifestyle than their wild relatives, with regular feedings replacing active
hunting, although predation within the enclosures and competition between animals has been
observed (e.g. Dinets et al. 2013). As such, these animals are probably less likely than their wild
counterparts to perform death rolls, lacking the same experience, physical conditioning, and
opportunities to exercise this behaviour than those animals that must regularly catch and subdue
living prey. The individual animals used in this study, as well as associated veterinary metadata,
are presented in Table 1 and the Supplementary Material, available online.

Species previously known to death roll, particularly Alligator mississippiensis (McIlhenny
1935; Harding & Wolf 2006; Fish et al. 2007; Langley 2010; Drumheller & Brochu 2014), were
used to refine the following protocols in concert with SAAF animal curators and staff. In order to
prompt death roll behaviour from these animals, two methods were used: a feeding cue (Fig. 1)
and an escape cue (Fig. 2). During the feeding cue, a bait item secured on a rope or catch pole,
was introduced to the animal. The bait used came from partially butchered portions of domestic
cow limbs, but the specifics varied according to the size of the animal. For example, the smallest
animals were offered cut pieces of soft tissue (usually tendon, or other tough portions of meat
and connective tissue). The largest animals were presented with partially fleshed-out long bones,
cut in half transversely along the midshaft. Mid-range animals were offered cut sections of long-
bone shaft (roughly 5 cm in length, although this dimension could vary by roughly ± 2 cm). These
bone samples were more heavily defleshed than the others, and so some animals were presented
with the bare bone while others received a sample that was encased in leather, in order to give
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them better purchase and a softer surface to bite. All bait types were recorded, and are presented
in Table 1 and the Supplementary Material.

If the bait was taken, animal handlers would apply pressure on the rope securing the bone
or meat. This resistance was meant to prompt the animals to exhibit natural behaviours used by
crocodylians to subdue and dismember prey (Fig. 1). The method was loosely based on the
technique presented by Fish et al. (2007), but the majority of the animals observed in this
study were significantly larger, thus necessitating the use of larger bait and rope, rather than
hand-held forceps. Behaviour exhibited in response to resistance applied to the bait was
recorded, and is presented in Figs 1, 3; Table 1; and the Supplementary Material.

Death rolling is most often described as a feeding behaviour, but it also has been
observed during inter- and intra-specific competition as both an attack and an escape
behaviour (e.g. Webb et al. 1983). Within the context of captive animals, individuals are
also known to attempt death rolls during capture as a means to attempt escape (S.K.
Drumheller, J. Darlington, K.A. Vliet personal observations). In order to explore patterns of
this type of death rolling, a second escape cue was used as well (Fig. 2). Study animals were
captured using either a loop of rope (for the smaller individuals) or a catch pole (for larger
individuals). Catch poles are standard equipment for catching crocodylians in this manner,
and consist of long sturdy tubes with loops of fabric rope or metal cable on one end, allowing
more distance between the handler and the snared animal. When possible, incidental observa-
tions of this stimulus were made during captures related to normal management of the
animals. Behaviour exhibited during capture was recorded, and is presented in Figs 2, 3;
Table 1; and the Supplementary Material.

While this study focuses specifically on animals held at the St. Augustine Alligator Farm
Zoological Park, our observations were supplemented by observations made during regular animal
care and interaction by the following individuals: Miroslav Procházka, (Crocodile ZOO Protivín,

Fig. 1. — Examples of death roll behaviours observed during the feeding stimulus experiments.
Clockwise from upper left: Crocodylus niloticus, Caiman latirostris, Alligator mississippiensis, and
Crocodylus intermedius.
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Protivín, Czech Republic) shared observations and images of Gavialis gangeticus (Gmelin 1789)
death roll behaviour, Joe Wasilewski (Jadora LLC) shared further information on death rolling
among members of Crocodylus acutus (Cuvier 1807) from Florida (but see Milián-García et al. 2018
for notes on potential diversity across this clade), and Matthew Shirley shared observations of death
rolling by members of the newly resurrected species Mecistops leptorhynchus (Bennet 1835; sensu
Shirley et al. 2018). These observations are included in the Results section.

RESULTS

Prior to this study, death roll behaviour had been recorded in seven species of
broad-snouted, generalist crocodylians (Fig. 3). Here, we report incidents of this
behaviour in 24 of 25 living taxa, including several slender-snouted forms (Fig. 3;
Table 1; Supplementary Material). Observations are organised by whether members
of each species exhibited death rolling behaviour in response to both types of cues,
only the feeding cue, only the escape cue, or neither cue. It is important to note that
while a positive result (i.e. a death roll) should be viewed as a true positive (i.e.
members of this species can perform this behaviour), a negative result (i.e. no death
roll) might not indicate a true negative (i.e. while these individuals did not death roll
under these specific circumstances, other members of the species might still be cap-
able of performing this behaviour).

Fig. 2. — Examples of death roll behaviours observed during the escape stimulus experiments.
Clockwise from upper left: Gavialis gangeticus (image courtesy of Miroslav Procházka and Crocodile
ZOO Protivín), Mecistops cataphractus, Crocodylus johnstoni, and Alligator sinensis.
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Feeding and escape

As one of the most heavily studied species (Rowe et al. 1999) as well as one of the
most common held at the SAAF, Alligator mississippiensis was used to test and develop
feeding and escape cue methodologies. This species was already known to exhibit death

Fig. 3. — Death roll behaviour across extant Crocodylia, in phylogenetic and ecomorphological context.
Phylogeny adapted from Drumheller and Brochu (2016). Skull silhouettes based on adult exemplars of
each species. Feeding and escape cue results, supplemented with previous reports: ✔ = observed death
roll behavior, X = no observed death roll behaviour, ? = behaviour was not tested in this study or
published in other studies. Previous reports: 1 = McIlhenny (1935); Harding and Wolf (2006); Fish
(2007); Langley (2010); Drumheller and Brochu (2014), 2 = Blanco et al. (2014), 3 = Guggisberg (1972);
Pooley and Gans (1976); Helfman and Clark (1986); Njau and Blumenschine (2006), 4 = Álvarez Del
Toro (1974); Mendieta and Duarte (2009); Cupal-Magaña et al. (2010), 5 = Bhattarai (2015), 6 =
Loveridge (1946); Allen (1974); Pooley et al. (1989); Davidson and Solomon (1990); Caldicott et al.
(2005); Wood (2008); Chattopadhyay et al. (2013).
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roll behaviour (Fig. 3), and we observed several individuals performing death rolls in
response to both feeding and escape cues (Table 1, Supplementary Material). Caiman
latirostris (Daudin 1801 [1802]; Blanco et al. 2014), Crocodylus acutus (Álvarez Del Toro
1974; Mendieta & Duarte 2009; Cupal-Magaña et al. 2010), Crocodylus niloticus
(Guggisberg 1972; Pooley & Gans 1976; Helfman & Clark 1986; Njau & Blumenschine
2006), and Crocodylus porosus (Loveridge 1946; Allen 1974; Pooley et al. 1989; Davidson
& Solomon 1990; Caldicott et al. 2005; Wood 2008; Chattopadhyay et al. 2013) previously
have been documented death rolling, and these species also exhibited this behaviour in
response to both cues in our trials as well.

Several other species exhibited death roll behaviour in response to both cues,
including the following slender-snouted forms: Crocodylus intermedius (Graves 1819),
Mecistops cataphractus (Cuvier 1825), and Tomistoma schlegelii (Müller 1838). Alligator
sinensis (Fauvel 1879), Caiman yacare (Daudin 1801 [1802]), Crocodylus moreletii
(Duméril & Bibron 1851), Crocodylus rhombifer (Cuvier 1807), which all have the
more generalist snout morphology, also exhibited this behaviour. This represents the
first record of death roll behaviour in these species.

Crocodylus palustris (Lesson 1831) and Caiman crocodilus (Linnaeus 1758) were
previously observed utilising death roll behaviour during feeding events (Blanco et al.
2014; Bhattarai 2015), but were only observed exhibiting the behaviour during the
escape cue portion of this study. Taken together though, these separate sets of obser-
vations indicate that these species are capable of performing this behaviour under
both sets of circumstances, which is reflected in the difference in our raw observa-
tional data (Table 1; Supplementary Material) and the results presented in Fig. 3.

Feeding only

No species exhibited death roll behaviour in response to the feeding cue, but not
the escape cue.

Escape only

Melanosuchus niger (Spix 1825), which previously has been recorded death roll-
ing (Blanco et al. 2014), exhibited this behaviour in response to the escape cue, but not
the feeding cue. In addition to this species, the following taxa previously have not been
documented death rolling: Paleosuchus trigonatus (Schneider 1801), Crocodylus john-
stoni (Krefft 1873), Crocodylus mindorensis (Schmidt 1935), Crocodylus novaeguineae
(Schmidt 1928), Crocodylus siamensis (Schneider 1801), Crocodylus suchus (Geoffroy
Saint-Hilaire 1807), and Osteolaemus tetraspis (Cope 1861) (Fig. 3). Of these,
Crocodylus johnstoni exhibits the tube snouted morphotype.

One specimen of Gavialis gangeticus was subjected to only the escape cue, during
which it did exhibit death roll behaviour. Whether they might death roll in response to
a feeding cue remains untested, but this species does exhibit the strongest specialisa-
tion for piscivory among the tube-snouted groups (Thorbjarnarson 1990), and obser-
vations of regular feeding by SAAF Gavialis resulted in some twisting behaviour, but
nothing resembling full-blown death rolls. These results are further supported by
similar observations of G. gangeticus at Crocodile ZOO Protivín. Additionally, speci-
mens of Mecistops leptorhynchus were observed death rolling during capture as part of
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the recent redescription and resurrection of this species (Shirley et al. 2018; M.H.
Shirley personal observation). Therefore, these species are tentatively placed within
this category, but further research is required.

No death rolling behavior

Of the tested animals, only one species did not perform at least one death roll in
response to either stimulus type: Paleosuchus palpebrosus (Cuvier 1807) (Fig. 3). Six
individuals were prompted using both cues multiple times with no positive results
(Table 1; Supplementary Material). Initially, it was considered that members of
Paleosuchus, being more terrestrial in their behaviour and possessing of a deeper
snout than many of their counterparts (Brochu 2001; Gignac & O’Brien 2016), might
not death roll. However, P. palpebrosus’ close relative, Paleosuchus trigonatus per-
formed the behaviour in one of the final trials, potentially negating that line of reason-
ing. Bearing in mind that every other observed species performed this behaviour, it is
important to remember that this result is not necessarily a blanket negative for the
taxon, and other individuals may still death roll under different conditions. Note the
discussion of our Crocodylus palustris and Caiman crocodilus results above for exam-
ples of this potential limitation. More research is required.

DISCUSSION

In the light of this study’s results, a better question to ask might not be
“Can slender-snouted crocodylians death roll?” but instead “Why might a slender-
snouted crocodylian death roll?”. Functional studies have demonstrated that
these animals are better suited to be small-prey specialists (e.g. Cleurens & De
Vree 1999; McHenry et al. 2006), but several ecological surveys of the diet among
these crocodylians have proven to include a variety of prey items beyond just fish
(e.g. Tucker et al. 1996; Webb & Manolis 2010; Selvaraj 2012). The idea that
tube-snouted crocodylians are strict fish-eaters has become so well entrenched
that broad similarities to this morphotype have been used to justify interpreta-
tions of piscivory in very distantly related archosaurs, such as phytosaurs and
spinosaurid dinosaurs, even though bite mark evidence provides potential inter-
pretations to the contrary (Buffetaut et al. 2004; Drumheller et al. 2014). While
members of this morphotype often focus on physically smaller prey, the kind that
do not typically need to be subdued or dismembered through rotational feeding
(Cleurens & De Vree 1999; Blanco et al. 2014), documented incidents of scaven-
ging on larger-bodied prey suggest incidences in which the behaviour may still be
needed in a feeding context (e.g. fossil Tomistoma scavenging a gomphothere in
Antunes 2017 and extant Gavialis scavenging human remains in Pooley et al.
1989).

This is not the first study to determine that some crocodylian species seem
to over-shoot the apparent requirements of their niche (Gignac & Erickson 2016;
Gignac & O’Brien 2016). Extensive surveys have demonstrated that there is a close
linear relationship between bite force and body mass in crocodylians (Erickson
et al. 2003, 2012, 2014). This pattern holds up within ontogenetic series of single
crocodylian species as well as across all extant Crocodylia, with the possible
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exception of Gavialis gangeticus, the perennial odd man out within the clade. In
other words, tube snouted crocodylians do not typically exhibit reduced bite force
even though they shift to more compliant prey, and species which exhibit dur-
ophagy or specialise in larger prey animals do not gain a commensurately higher
bite force to accommodate their diet either. The bigger the crocodylian, the higher
its bite force, no matter the shape of its snout (Erickson et al. 2003, 2012, 2014;
Gignac & Erickson 2016; Gignac & O’Brien 2016).

Snout shape also is not a good indicator of phylogenetic relationships within
Crocodylia, and different ecomorphs appear across the crocodylian evolutionary
tree (Brochu 2001). It has been suggested that some variations in feeding strategy
within living brevirostrine species could be explained as relict behaviours, passed
down from an ancestor of one snout morphotype to descendants with differing
morphologies (Drumheller & Brochu 2014). Many longirostrine groups are nested
within more brevirostrine clades (Brochu 2001), so this line of reasoning might
provide an alternate explanation for the near-ubiquity of death rolling across this
clade.

However, the distribution of death rolling behaviour may have nothing to do
with feeding strategy at all. An assumption sometimes made in interpretations of
feeding strategies and behaviour is that the only time one animal might bite another
is during a predation attempt. However, among living crocodylians, intraspecific
competition often includes powerful bites to an opponent’s head, limbs, and base of
the tail (e.g. Webb et al. 1983). Possible evidence of this behaviour has been identified
in several fossil taxa as well (Williamson 1996; Avilla et al. 2004; Mackness et al. 2010;
Vasconcellos & Carvalho 2010) including slender-snouted forms such as the tomisto-
mine Toyotamaphimeia machikanensis (Katsura 2004) and the dyrosaurid
Tilemsisuchus lavocati (Buffetaut 1983).

Interspecific conflict with large-bodied animals is also documented among the
slender-snouted crocodylians. One of the most comprehensive sources of data to
discuss this is the Worldwide Crocodilian Attack Database (CrocBITE 2013), which
records attacks by crocodylians on human beings in order to track patterns of these
incidents and identify methods for mitigating them in the future through education
and wildlife management. As of 5 December 2018, the CrocBITE database recorded
the following number of attacks by slender-snouted crocodylians: Gavialis gangeti-
cus = 1, Tomistoma schlegelii = 32, Crocodylus intermedius = 1, and Crocodylus john-
stoni = 20. While these numbers are significantly smaller than those attributed to
large-bodied, brevirostrine species, such as Crocodylus niloticus (967 recorded inci-
dents) and Crocodylus porosus (1369 recorded incidents), they still demonstrate that
the tube-snouted species will attack animals that are significantly larger than their
usual prey under certain circumstances.

Within this study, some of the observed animals were clearly interested in the
feeding cue as a potential food source (even eating the items if the opportunity arose).
However, this was not always the case. Reactions from individual animals ranged
widely, as would be expected among a clade whose mouths are one of their main
instruments for interacting with and exploring their surroundings (Brochu 2001).
Added to which are the results of the escape cue survey, in which no potential food
item was presented to these animals, and the utility of this behaviour outside of
feeding alone becomes clear. Perhaps then, the importance of inter- and intra-
specific conflict, rather than feeding strategy, can explain the broad distribution of
this behaviour across the clade.
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CONCLUSIONS

The results of this survey suggest two things about crocodylian death roll
behaviour. First, it is not restricted to any one snout morphotype, and is instead
performed by species across the clade (Fig. 3). As such, it seems likely that the
behaviour was equally widespread across members of Crocodyliformes that filled the
role of semi-aquatic ambush predator, as well as other, more distantly related taxa that
exhibited similar body plans (e.g. phytosaurs, choristoderes). Secondly, while croco-
dylians do death roll during predation and other feeding events, they also exhibit this
behaviour under circumstances unrelated to feeding. When attempting to determine
why certain crocodylian groups might death roll, both feeding ecology and inter- or
intraspecific conflict should be addressed.

More broadly, this study highlights how surveys of modern groups can limit
downstream interpretations of extinct clades. Within Crocodylia, the most studied
species, and therefore the de facto model organisms for the clade, are all large-
bodied generalists: Alligator mississippiensis, Crocodylus niloticus, and Crocodylus
porosus (Rowe et al. 1999; Tzika & Milinkovitch 2008). The focus on these groups
and morphologically similar species (Fig. 3), and the lack of baseline data addressing
the presence or absence of death roll behaviour within other snout-shape classes,
created a false impression that only generalist or brevirostrine species are able to
perform this behaviour while specialised, longirostrine groups are not. More founda-
tional research is required on crocodylian taxa outside of the perceived norm – phy-
sically smaller species like Alligator sinensis, slender-snouted species like Tomistoma
schlegelii, more terrestrial species like Paleosuchus palpebrosus – before we can com-
fortably extend our behavioural assumptions into fossil groups.

ACKNOWLEDGEMENTS

We would like to thank St. Augustine Alligator Farm Zoological Park director John
Brueggen, general curator Gen Anderson, and owner David Drysdale for providing access to
animals and for technical support. Southeastern Provision, LLC donated partially butchered cow
limbs for use in this research. Thank you also to Miroslav Procházka, of Crocodile ZOO Protivín,
Joe Wasilewski, of Jadora LLC, and Matthew Shirley for sharing their photographs and experi-
ences with other species’ death roll behaviour. Michelle Stocker, Colin Sumrall, Chris Brochu,
Ryan Roney, and three anonymous reviewers provided helpful feedback and support.

DISCLOSURE STATEMENT

No potential conflict of interest was reported by the authors.

FUNDING

This work was supported by the University of Tennessee, Department of Earth and
Planetary Sciences, and the University of Florida, Department of Biology, discretionary funds.

14 S. K. Drumheller et al.



SUPPLEMENTAL DATA

Supplemental data for this article can be accessed at https://doi.org/10.10.1080/03949370.
2019.1592231

REFERENCES

Allen GR. 1974. The marine crocodile, Crocodylus porosus, from Ponape, Eastern Caroline
Islands, with notes on food habits of crocodiles from the Palau Archipelago. Copeia.
1974(2):553.

Álvarez Del Toro M. 1974. Los Crocodylia de Mexico: estudio comparativo. [The Crocodylia of
Mexico: comparative study]. Mexico: Instituto Mexicano de Recursos Naturales
Renovables. Spanish.

Antunes MT. 2017. Huge Miocene crocodilians from western Europe: predation, comparisons
with the “False Gharial” and size. Anuario Do Instituto De Geociencias. 40(3):117–130.

Avilla LS, Fernandes R, Ramos DFB. 2004. Bite marks on a crocodylomorph from the Upper
Cretaceous of Brazil: evidence of social behavior? J Vertebr Paleontol. 24(4):971–973.

Bennet ET. 1835. Crocodilus leptorhynchus. Proc Zool Soc Lond. 3:128–132.
Bhattarai S. 2015. Notes on mugger crocodile Crocodylus palustris (Lesson, 1831) hunting on

Axis axis in Bardia National Park, Nepal. Hyla. 2:41–44.
Blanco RE, Jones EE, Villamil J. 2014. The ‘death roll’ of giant fossil crocodyliforms

(Crocodylomorpha: Neosuchua): allometric and skull strength analysis. Hist Biol.
27:514–524. doi:10.1080/08912963.2014.893300

Brochu CA. 2001. Crocodylian snouts in space and time: phylogenetic approaches toward
adaptive radiation. Am Zool. 41(3):564–585.

Buffetaut E. 1983. Wounds on the jaw of an Eocene mesosuchian crocodilian as possible
evidence for the antiquity of crocodilian intraspecific fighting behavior. Paleontol Z. 57
(1–2):143–145.

Buffetaut E, Martill D, Escuillié F. 2004. Pterosaurs as part of a spinosaur diet. Nature. 430:33.
Busbey AB. 1995. The structural consequences of skull flattening in crocodilians. In:

Thomason JJ, editor. Functional morphology in vertebrate paleontology. New York:
Cambridge University Press; p. 173–192.

Caldicott DGE, Croser D, Manolis C, Webb G, Britton A. 2005. Crocodile attack in Australia:
an analysis of its incidence and review of the pathology and management of crocodilian
attacks in general. Wild Environ Med. 16(3):143–159.

Carpenter K, Lindsey D. 1980. The dentary of Brachychampsa montana Gilmore (Alligatorinae;
Crocodylidae), a Late Cretaceous turtle-eating alligator. J Paleontol. 54(6):1213–1217.

Chattopadhyay S, Shee B, Sukul B. 2013. Fatal crocodile attack. J Forensic Legal Med. 20
(8):1139–1141.

Cleurens J, De Vree F. 1999. Feeding in crocodilians. In: Schwenk K, editor. Feeding: form,
function, and evolution in tetrapod vertebrates. San Diego: Academic Press; p. 337–358.

Cope ED. 1861. Recent species of emydosaurian reptiles represented in the Museum of the
Academy. Proc Acad Nat Sci Philadelphia. 1860:549–550.

CrocBITE. 2013. The worldwide crocodilian attack database. Darwin (Australia): Big Gecko.
Available from: http://www.crocodile-attack.info [Accessed 2017 Jan 22].

Cupal-Magaña FF, Rubio-Delgado A, Reyes-Núñez C, Torres-Campos E, Solís-Pecaro LA.
2010. Ataques de cocodrilo de río (Crocodylus acutus) en Puerto Vallarta, Jalisco México:
presentación de cinco casos [American crocodile (Crocodylus acutus) attacks in Puerto
Vallarta, Jalisco, Mexico: presentation of five cases]. Cuad Med Forense. 16(3):153–160.
Spanish.

Cuvier G. 1807. Sur les différentes espècies de crocodiles vivans et sur leurs caractères distinctifs.
Ann Natl Hist Paris. 10:8–66. French.

Crocodylian death roll behavior 15

https://doi.org/10.1080/03949370.2019.1592231
https://doi.org/10.1080/03949370.2019.1592231
https://doi.org/10.1080/08912963.2014.893300
http://www.crocodile-attack.info


Cuvier G. 1825. Recherches sur les ossemens fossiles de quadrupèdes, où l’on rétablit les
caractères du plusieurs espèces d’animaux que les révolutions du globe paroissent avoir
détruite. 2nd ed. Vol. 5, 2nd part. Paris: G Doufour, Ed d’Ocagne. French.

D’Amore DC, Harmon M, Drumheller SK, Testin JJ. 2019. Quantitative heterodonty in
Crocodylia: assessing size and shape across modern and extinct taxa. PeerJ. 7:e6485.

Daudin FM. 1801 [1802]. Histoire naturelle, générale et particulière des reptiles; ouvrage faisant
suit à l’histoire naturell générale et particulière, composée par Leclerc de Buffon; et rédigee
par C.S. Sonnini, membre de plusieurs sociétés savants. Vol. 2. Paris: F. Dufart. French.

Davidson I, Solomon S. 1990. Was OH7 the victim of a crocodile attack?. In: Solomon S, et al.,
editor. Problem solving in taphonomy: archaeological and palaeontological studies from
Europe, Africa and Oceania. St. Lucia (Queensland): Tempus; p. 197–206.

De Silva MC, Amarasinghe AAT, De Silva A, Karunarathna DMSS. 2011. Mugger crocodile
(Crocodylus palustris Lesson, 1831) preys on a radiated tortoise in Sri Lanka. Taprobanica.
3(1):38–41.

Dinets V, Brueggen JC, Brueggen JD. 2013. Crocodilians use tools for hunting. Ethol Ecol Evol.
27(1):74–78.

Drumheller SK, Brochu CA. 2014. A diagnosis of Alligator mississippiensis bite marks with
comparisons to existing crocodylian datasets. Ichnos. 21(2):131–146.

Drumheller SK, Brochu CA. 2016. Phylogenetic taphonomy: A statistical and phylogenetic
approach for exploring taphonomic patterns in the fossil record using crocodylians.
Palaios. 31(10):463–478.

Drumheller SK, Stocker MR, Nesbitt SJ. 2014. Direct evidence of trophic interactions among
apex predators in the Late Triassic of western North America. Naturwissenschaften. 101
(11):975–987.

Drumheller SK, Wilberg EW, Sadleir RW. 2016. The utility of captive animals in actualistic
research: a geometric morphometric exploration of the tooth row of Alligator mississip-
piensis suggesting ecophenotypic influences and functional constraints. J Morphol. 277
(7):866–878.

Duméril C, Bribon G. 1851. Catalogue méthodique de la collection des reptiles. Muséum
d’Histoire Naturelle de Paris. Paris: Gide et Baudry/Roret.

Erickson GM, Gignac PM, Lappin AK, Vliet KA, Brueggen JD, Webb GJW. 2014.
A comparative analysis of ontogenetic bite-force scaling among Crocodylia. J Zool. 292
(1):48–55.

Erickson GM, Gignac PM, Steppan SJ, Lappin AK, Vliet KA, Breuggen JD, Inouye BD,
Kledzik D, Webb GJW. 2012. Insights into the ecology and evolutionary success of
crocodilians revealed through bite-force and tooth-pressure experimentation. PLoS ONE.
7(3):e31781.

Erickson GM, Lappin AK, Parker T, Vliet KA. 2004. Comparison of bite-force performance
between long-term captive and wild American alligators (Alligator mississippiensis). J Zool.
262(1):21–28.

Erickson GM, Lappin AK, Vliet KA. 2003. The ontogeny of bite-force performance in American
alligator (Alligator mississippiensis). J Zool. 260(3):317–327.

Fauvel AA. 1879. Alligators in China: their history, description and identification. J North China
Branch R Asiat Soc (Shanghai) NS. 13:1–36.

Fish FE, Bostic SA, Nicastro AJ, Beneski JT. 2007. Death roll of the alligator: mechanics of
twist feeding in water. J Exp Biol. 210(16):2811–2818.

Geoffroy Saint-Hilaire E. 1807. Description de deux crocodiles qui existent dans le Nil, com-
pares au crocodile de Saint-Domingue. Ann Mus Hist Nat. 10:67–86. French.

Gignac P, O’Brien H. 2016. Suchian feeding success at the interface of ontogeny and
macroevolution. Integr Comp Biol. 56(3):449–458.

Gignac PM, Erickson GM. 2016. Ontogenetic bite-force modeling of Alligator mississippiensis:
implications for dietary transitions in a large-bodied vertebrate and the evolution of
crocodylian feeding. J Zool. 299(4):229–238.

16 S. K. Drumheller et al.



Gmelin JF. 1789. Systema naturae per regna tria naturae, secundum classes, ordines, genera,
species, cum characteribus, differentiis. 13th ed. cura Johann Friedrich Gmelin. Tom 1
Pars 3. Lipsiae [Leipzig]: Georg. Emanuel Beer; p. 1033–1516.

Goldbogen JA, Camalbokidis J, Shadwick RE, Oleson EM, McDonald MA, Hildebrand JA.
2006. Kinematics of foraging dives and lunge-feeding in fin whales. J Exp Biol.
209:1231–1244.

Graves ML. 1819. Sur deux nouvelles especes de crocodile. Ann Gen Sci Physiq Bruxelles.
2:343–353. French.

Guggisberg CAW. 1972. Crocodiles: their natural history, folklore and conservation. Harrisburg
(PA): Stackpole Books.

Harding BE, Wolf BC. 2006. Alligator attacks in southwest Florida. J Forensic Sci. 51
(3):674–677.

Helfman GS, Clark JB. 1986. Rotational feeding: overcoming gape limited foraging in anguillid
eels. Copeia. 1986(3):679–685.

Iordansky NN. 1973. The skull of the crocodilian. In: Cans C, Parsons T, editors. Biology of the
Reptilia. Vol. 4. London: Academic Press; p. 201–262.

Katsura Y. 2004. Paleopathology of Toyotamaphimeis machikanensis (Diapsida, Crocodylia)
from the Middle Pleistocene of central Japan. Hist Biol. 16(2–4):93–97.

Kenyon KW. 1969. The sea otter in the eastern Pacific Ocean. N Am Fauna. 68:1–352.
Krefft G. 1873. Remarks on Australian crocodiles, and description of a new species. Proc Zool

Soc Lond. 1873:334–335.
Langley RL. 2010. Adverse encounters with alligators in the United States: an update. Wild

Environ Med. 21(2):156–163.
Langston W. 1973. The crocodilian skull in historical perspective. In: Gans C, Parsons T,

editors. Biology of the Reptilia. Vol. 4. London: Academic Press; p. 263–284.
Laurenti JN. 1768. Specimen medicum, exhibens synopsin reptilium emendatum cum experi-

ments circa venena et antidota reptilium Austriacorum, quod authoritate et consensus.
Vienna (Austria): Joan. Thomae Nob. De Trattnern, Caes Reg Aulae Typographi, et Bibliop.

Lesson RP. 1831. Catalogue des Reptiles qui font partie d’une collection zoologique recueille
dans l’Inde continentale ou en Afrique, et apportée en France par M. Lamare-Piquot. Bull
Sci Nat Geol. 25(2):119–123. French.

Linnaeus C. 1758. Systema naturae per regna tria naturae, secundum classes, ordines, genera,
species, cum characteribus, differentiis, synonymis, locis. Tomus I, Edito decima, refor-
mata. Stockholm (Sweden): Laurentii Salvii, Holmiae.

Loveridge A. 1946. Reptiles of the Pacific world. New York: Macmillan.
Mackness BS, Cooper JE, Wilkinson CEC, Wilkinson D. 2010. Paleopathology of a crocodile

femur from the Pliocene of eastern Australia. Alcheringa. 34(4):515–521.
Markwick PJ. 1998. Crocodilian diversity in space and time: the role of climate in paleoecology

and its implication for understanding K/T extinctions. Paleobiology. 24(4):470–497.
Marsh H. 2002. Dugong. In: Perrin WF, et al., editors. Encyclopedia of marine mammals. San

Diego (CA): Academic Press; p. 344–347.
McCurry MR, Walmsley CW, Fitzgerald EMG, McHenry CR. 2017. The biomechanical con-

sequences of longirostry in crocodilians and odontocetes. J Biomech. 56:61–70.
doi:10.1016/j.jbiomech.2017.03.003

McHenry CR, Clausen PD, Daniel WJT, Meers MB, Pendharkar A. 2006. Biomechanics in the
rostrum in crocodilians: A comparative analysis using finite-element modeling. Anat Rec.
288A(8):827–849.

McIlhenny EA. 1935. The alligator’s life history. Boston: Christopher Publishing House.
Measey GJ, Herrel A. 2006. Rotational feeding in caecilians: putting a spin on the evolution of

cranial design. Biol Lett. 2:485–487.
Mendieta C, Duarte A. 2009. Ataque por anemales acuáticoes (tiburón y cocodrilo). A propósito

de dos casos fatales en la provincial de Bocas del Toro (Panamá). [Attack by aquatic
animals (shark and alligator). Report of two fatal cases in the Bocas del Toro province
(Panama)]. Cuad Med Forense. 15(58):309–315. Spanish.

Crocodylian death roll behavior 17

https://doi.org/10.1016/j.jbiomech.2017.03.003


Milián-García Y, Rusello MA, Castellanos-Labarcena J, Cichon M, Kumar V, Espinosa G,
Rossi N, Mazzotti F, Hekkala E, Amato G, Janke A. 2018. Genetic evidence supports
a distinct lineage of American crocodile (Crocodylus acutus) in the Greater Antilles. PeerJ.
6:e5836.

Müller S. 1838. Waarnemingen over de indisce krokodilien en beschrijving van eene nieuwe sort.
Tijdschrift voor Natuurlijke Geschiedenis en Physiologie, Amsterdam and Leyden.
5:61–87. Dutch.

Njau JK, Blumenschine RJ. 2006. A diagnosis of crocodile feeding traces on larger mammal
bone, with fossil examples from the Plio-Pleistocene Olduvai Basin, Tanzania. J Hum Evol.
50(2):142–162.

Payne R. 1995. Among whales. New York: Scribner.
Pierce SE, Angielczyk KD, Rayfield EJ. 2008. Patterns of morphospace occupation and

mechanical performance in extant crocodilian skulls: A combined geometric morpho-
metric and finite element modeling approach. J Morphol. 269(7):840–864.

Pierce SE, Angielczyk KD, Rayfield EJ. 2009. Shape and mechanics in thalattosuchian
(Crocodylomorpha) skulls: implications for feeding behavior and niche partitioning.
J Anat. 215(5):555–576.

Pivorunas A. 1979. The feeding mechanisms of baleen whales. Am Sci. 234:114–124.
Pooley AC. 1989. Food and feeding habits. In: Ross CA, editor. Crocodiles and alligators.

New York: Facts on File; p. 76–91.
Pooley AC, Gans C. 1976. The Nile crocodile. Sci Am. 234:114–125.
Pooley AC, Hines T, Shield J. 1989. Attacks on humans. In: Ross CA, editor. Crocodiles and

Alligators. New York: Facts on File; p. 172–186.
Rowe T, Brochu CA, Kishi K. 1999. Cranial morphology of Alligator mississippiensis and

phylogeny of Alligatoroidea. Society of Vertebrate Paleontology Memoir 6. J Vertebr
Paleontol. 19(Suppl. 2):1–100.

Sadleir RW. 2009. A morphometric study of crocodylian ecomorphology through ontogeny and
phylogeny [Thesis]. Chicago: The University of Chicago Division of the Biological Sciences
and Pritzker School of Medicine.

Sadleir RW, Makovicky PJ. 2008. Cranial shape and correlated characters in crocodilian
evolution. J Evol Biol. 21:1578–1596.

Salas-Gismondi R, Fly JJ, Baby P, Tejada-Lara JV, Wesselingh FR, Antoine PO. 2015.
A Miocene hyperdiverse crocodylian community reveals peculiar trophic dynamics in
proto-Amazonian mega-wetlands. Proc R Soc Lond B. 282(1804):20142490. doi:10.1098/
rspb.2014.2490.

Schmidt KP. 1928. A new crocodile from New Guinea. Field Mus Nat Hist Zool Ser. 12
(14):175–181.

Schmidt KP. 1935. A new crocodile from the Philippine Islands. Field Mus Nat Hist Zool Ser. 20
(8):67–70.

Schneider JG. 1801. Historiae amphibiorum naturalis et literariae. Fasciculus secundus con-
tinens crocodilos, scincos, chamaesauras, boas, pseudoboas, elapes, angues, amphisbaenas
et caecilias. Jena: Frommani.

Selvaraj G. 2012. Herpetological notes: Tomistoma schlegelii (False Gharial) Diet. Herpetol Rev.
43(4):608–609.

Shirley MH, Carr AN, Nestler JH, Vliet KA, Brochu CA. 2018. Systematic revision of the living
African Slender-snouted crocodiles (Mecistops Gray, 1844). Zootaxa. 4504(2):151–193.

Spix J. 1825. Animalia nova sive species nova lacertarum, quas in itinere per Brasiliam anis
MDCCCXVII-MDCCCXX jussu et auspiciis Maximiliani Josephi I Bavariae Regis suscepto
collegit et descripsit Dr. J.B. de Spix. Lipsiae: TO Weigel, FS Hübschmanni, Monachii.

Thorbjarnarson J, Wang X. 2010. The Chinese alligator: ecology, behavior, conservation, and
culture. Baltimore (MD): The John Hopkins University Press.

Thorbjarnarson JB. 1990. Notes on the feeding behavior of the gharial (Gavialis gangeticus)
under semi-natural conditions. J Herpetol. 24(1):99–100.

18 S. K. Drumheller et al.

https://doi.org/10.1098/rspb.2014.2490
https://doi.org/10.1098/rspb.2014.2490


Tucker AD, Limpus CJ, McCallum HI, McDonald KR. 1996. Ontogenetic dietary partitioning
by Crocodylus johnstoni during the dry season. Copeia. 4:978–988.

Tzika AC, Milinkovitch MC. 2008. A pragmatic approach for selecting evo-devo model species
in amniotes. In: Fusco G, Minelli A, editors. Evolving pathways: key themes in evolu-
tionary developmental biology. Cambridge: Cambridge University Press; p. 119–140.

Vasconcellos FM, Carvalho I. 2010. Paleoichnological assemblage associated with Baurusuchus
salgadoensis remains, a Baurusuchidae Mesoeucrocodylia from the Bauru Basin, Brazil
(Late Cretaceous). In: Milàn J, et al., editors. Crocodyle tracks and traces, Bulletin 51.
Albuquerque: New Mexico Museums of Natural History and Science; p. 227–238.

Webb GJW, Manolis SC. 2010. Australian freshwater crocodile Crocodylus johnstoni. In:
Manolis SC, Stevenson C, editors. Crocodiles, status survey and conservation action
plan. 3rd ed. Darwin (Australia): Crocodile Specialist Group; p. 66–70.

Webb GJW, Manolis SC, Buchworth R. 1983. Crocodylus johnstoni in the McKinlay River Area
N. T, V. Abnormalities and injuries. Aust Wildl Res. 10(2):407–420.

Wilberg EW. 2017. Investigating patterns of crocodyliform cranial disparity through the
Mesozoic and Cenozoic. Zool J Linn Soc Lond. 181(1):189–208.

Williamson TE. 1996. Brachychampsa sealeyi, sp. nov., (Crocodylia, Alligatoroidea) from the
Upper Cretaceous (Lower Campanian) Menefee Formation, northwestern New Mexico.
J Vertebr Paleontol. 16(3):421–431.

Wood WB. 2008. Forensic identification in fatal crocodile attacks. In: M. Oxenham, editor.
Forensic approaches to death, disaster and abuse. Bowen Hills: Australian Academic
Press; p. 243–260.

Crocodylian death roll behavior 19




