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Abstract

The Sauropsida includes the extant crocodiles, birds, turtles, lizards and snakes. With roughly 30,000 described
species, it is not only the largest phylogenetic group within Amniota, but the largest extant group within all
tetrapods. Like many other tetrapod branches, sauropsids have evolved many adaptations to aquatic lifestyles:
from species that occasionally feed in aquatic habitats to fully aquatic forms that only rise to the water’s surface
for breathing. As amniotes, sauropsids can safely be considered primarily terrestrial vertebrates and any adaptation
to aquatic life and feeding can be regarded as secondary features. Sauropsids show a very broad spectrum of
convergently-evolved adaptations for aquatic feeding, from crocodylian apex predators to high-performance
suspension feeding birds, suction feeding in turtles and alga-scraping in marine iguanas. Adaptations for aquatic
feeding in sauropsids have evolved multiple times independently, both between and within groups. For example,
suction feeding has evolved independently in turtles and birds; extremely fast forward strikes by straightening of
the curved postcranial vertebral column in birds and snakes; and suspension feeding in mallards, flamingoes and
sea-birds. In the following sections, we summarize the diverse adaptations to aquatic feeding in crocodylians,
birds, lepidosaurs and turtles and highlight convergence and homologies where appropriate.



Crocodylia

Introduction

Today, crocodylians (Archosauria: Crocodylia) are medium to large-bodied, semi-aquatic reptiles with snap-trap
jaws and impressive bite-force capacities, inhabiting tropical zones around the world (Gignac et al. 2019). Long
considered to be "living fossils", it is now understood that crocodylians, along with their crocodyliform precursors,
previously exhibited a wide range of body plans and skull shapes corresponding to diverse locomotor, dietary, and
habitat specializations, including adaptations to terrestrial and marine niches (Stubbs et al. 2013; Mannion et al.
2015). Numerous studies have demonstrated that crocodyliforms have been shaped extensively by convergent
evolution (Huene 1933; Buffetaut 1982; Brochu 2001; Wroe and Milne 2007; Jones 2008; Pierce et al. 2009;
Wilberg et al. 2019). These morphological shifts have helped this group invade new adaptive zones (Erwin 1992;
Wainwright and Price 2016) and dominate predatory niches in and around the water for the past 200 million years
(Wilberg et al. 2019).

Fish-eating, or piscivory, is a common behavior of crocodylians, owing to the abundance of such prey in the
world’s rivers, lakes and oceans. One species in particular, the Indian gharial (Gavialis gangeticus), is routinely
singled out as the most piscivorous of extant crocodylians (Pooley 1989; Whitaker and Basu 1982; Thorbjarnarson
1990; Trutnau and Sommerlad 2006; but also see Forsyth 1910; Shortt 1921; Biswas 1970), capable of securing
agile aquatic prey with its elongated jaws and >100 needle-like teeth (Taylor 1987; Singh 2015; Ballell et al. 2019).
Several other extant crocodylians, including the semi-piscivorous Malay ("false") gharial (Tomistoma schlegelii),
the African slender-snouted crocodile (Mecistops cataphractus), the Orinoco crocodile (Crocodylus intermedius),
and the Australian freshwater crocodile (C. johnstoni) (Pooley and Gans 1976; Pooley 1989; Webb and Manolis
1989), while not strictly piscivorous, do consume an abundance of fish (Brochu 2001; Erickson et al. 2012).
Notably, all share a series of independently derived features, including slender snouts (see Fig. 1), that appear to
permit the capture of highly elusive aquatic prey, especially fish (Brochu 2001; Erickson et al. 2012), by enabling
wide head sweeps encompassing large strike zones for prey capture (Erickson et al. 2012; Ballell et al. 2019) and
rapid jaw closure under water (McHenry et al. 2006).

Such rostrodental traits are shared by other secondarily aquatic fish-eating specialists, including river dolphins
(e.g., Inia geoffrensis; Walmsley et al. 2013; McCurry et al. 2017a), suggesting that piscivorous crocodylian taxa
are excellent modern analogs for addressing the convergent evolution of fish-eating and the re-invasion of
freshwater and marine niches by now extinct tetrapods, especially reptiles (Massare 1987; Hua and de Buffrenil
1996; McHenry et al. 2006; Pierce and Benton 2006; Pierce et al. 2009; Young et al. 2010; Salas-Gismondi 2016;
McCurry et al. 2017a, 2017b; Ballell et al. 2019). In fact, crocodyliforms from the Jurassic and Cretaceous exhibit
multiple independent forays into freshwater and marine environments, as evidenced by characteristic rostral,
dental, and body-shape features found in fossils preserved within aquatic and marine depositional environments
(Young et al. 2010; Bronzati et al. 2015; Ballell et al. 2019; Wilberg et al. 2019). Additionally, the appearance of
conspicuously long-snouted (longirostrine) morphologies is linked to increases in body size in aquatic taxa
(Godoy, 2020). Paleobiogeographic reconstructions indicate that members of the Thalattosuchia, Pholidosuridae,
and Dyrosauridae share comparable, or more extreme, adaptations to aquatic and marine lifestyles than those
observed in extant crocodylians (Wilberg et al. 2019). The most highly derived examples occurred among
thalattosuchians, a group of fully pelagic, marine crocodyliforms featuring tail flukes, manual and pedal flippers,
and hydrodynamic body shapes (Young et al. 2010; Foffa et al. 2018; Ballel et al. 2019; Schwab et al. 2020).
Across many of these groups, both extant and extinct, shifts between freshwater and marine environments appear
to have been common, indicating that such specializations were essential for land-to-water transitions (Wilberg et
al. 2019).

Studying the aquatic feeding mechanics and cranial sensory systems of crocodylians has led to major advances in
our understanding of how adaptation to aquatic niches can shape reptile bauplans (Massare 1987; Hua and de
Buffrenil 1996; Pierce et al. 2009; Young et al. 2010; Schwab et al. 2020). Below, we detail these specializations
as well as discuss how crocodylians detect, capture, and consume aquatic prey, including how this understanding
can help to further advance the study of extreme convergence in the crocodyliform fossil record.



Food detection

Semi-aquatic taxa commonly possess visual acuity in subaerial and subaquatic environments (Howland and Sivak
1984; Underwood 1970). Extant crocodylians, however, have visual systems equipped for functional focus and
accommodation in subaerial environments only. Like many birds, they possess nasotemporally elongate foveae,
five types of photoreceptors (one rod, one double-cone, and three single cones), and tapeta lucida (Nagloo et al.
2016; Soares and Bierman 2018). These traits are advantageous for focusing along the length of shorelines, seeing
in trichromatic color vision, and maintaining low-light vision by increasing the light available to stimulate
photoreceptors. As a result, visual acuity is generally good in air (Nagloo et al. 2016); however, this is not the case
underwater (Fleishman et al. 1988). Subaquatic vision is highly reduced in all species studied to date, including
G. gangeticus (Fleishman et al. 1988). Although crocodylians reduce pupil size when they dive to adjust focal
depth, they do not achieve the wide accommodation range necessary for subaquatic visual acuity (Fleishmann et
al. 1988). They likewise lack the flattened corneas, typical of water fowl (Sivak 1980), needed to reduce refraction
underwater. Thus, even highly piscivorous taxa are severely farsighted (hyperopia) when hunting aquatic prey
(Fleishman et al. 1988).

However, crocodylians are highly capable subaquatic hunters, even in the absence of subaquatic visual acuity
(Neill 1971; Schaller and Crawshaw 1982). Instead of relying on vision, crocodylians detect prey in the water
using integumentary sensory organs (a.k.a., dome pressure receptors; Brazaitis 1987; Soares 2002; Leitch and
Catania 2012). These neurosensory structures evolved independently from the lateral line systems of fishes and
amphibians (e.g., Combs et al. 2012) but share broadly similar roles for mechanically interpreting the direction of
pressure waves in the water column (Soares 2002). Remarkably, these integumentary sensory organs enable
greater high-resolution mechanosensitivity than is achievable by the primate fingertip (Leitch and Catania 2012),
thus providing the dense sensory input necessary for precise orienting behaviors, even in the absence of light
(Singh 1976; Soares 2002). Alligators and caimans restrict integumentary sensory organs to the head, whereas
other crocodylians harbor them on scales across most of the body surface (Leitch and Catania 2012). Presumably,
this broader sensory field enables more accurate directional assessment for the source of water displacement
caused by potential prey, conspecifics, and abiotic factors (also see Jackson et al. 1996; Jackson and Brooks 2007).

Food capture

Crocodylians are jaw-prehension feeders, and most species are mesorostrine, having medium-length snouts
(McCurry et al. 2017b). Species such as Crocodylus rhombifer and Paleosuchus trigonatus (see Fig. 1) exemplify
the mean crocodylian snout aspect ratio (snout width divided by snout length; Erickson et al. 2012) of
approximately 0.53 with most other taxa falling within one standard deviation of this value. These species have
snouts that are relatively longer than those of other reptiles, but are of average length for crocodylians. A few
forms have slender snouts that are not exceptionally long but are notably narrow, represented today by C.
crocodylus, C. intermedius, and Mecistops cataphractus (Brochu 2001; McHenry et al. 2006; Erickson et al. 2012).
Two other species, Gavialis gangeticus and Tomistoma schlegelii, are characterized by exceptionally narrow and
elongate jaws (i.e., a longirostrine morphology), giving their pre-orbital skulls a tubular appearance (Brochu 2001).
All of these species are comparably slender-snouted (Fig. 1), but C. crocodylus, C. intermedius, and M.
cataphractus have snout aspect ratios of 0.35-0.24, whereas the G. gangeticus and T. schlegelii have ratios of 0.10
and 0.18, respectively (Erickson et al. 2012).

When capturing and consuming fish, generalist semi-aquatic crocodylians, such as Alligator mississippiensis and
Crocodylus niloticus employ lateral swipes of the head and rapid jaw closure (Taylor 1987). This approach appears
to minimize pressure drag induced by broad rostra by moving the snout mediolaterally, along the axis of its lowest
profile (Liem et al. 2001). This behavior displaces less water than would be the case by attempting to raise or
lower the snout within the water column, thereby incurring lower resistance to motion (McHenry et al. 2006;
Pierce et al. 2008; McCurry et al. 2017b). Slender-snouted forms appear to be adapted to minimize drag along the
mediolateral as well as the dorsoventral axis, enabling opportunities to elevate and depress the jaw while also
moving the rostrum from side-to-side without eliciting substantial additional pressure drag. Gavialis gangeticus,
for example, routinely makes rapid, 180° sweeps with its head underwater and is highly successful at lateral strikes
that are <90° (Thorbjarnarson 1990). In addition, longirostrine taxa are proposed to achieve the most rapid closure
at the distal end of the jaws (Alexander 1983; Taylor, 1987; McHenry et al. 2006), further improving their chances
of prey capture success.



Jaw elongation, however, may come with trade-offs. McHenry et al. (2006) calculated drag moments for
crocodylian jaws based on standardized skull dimensions and found that longirostrine ecomorphs incurred
substantially greater drag moments than shorter, narrow-snouted forms. This is because the more rapidly a rigid
beam rotates through water, the more pressure drag it incurs, and longer skulls distribute more material further
from the center of rotation (e.g., cranial cervical joint, quadrate articular joint; McHenry et al. 2006). Lever
mechanics dictate that the distal end of a longer snout necessarily moves more rapidly than that of a shorter snout,
all else being equal (Cochran 1982). Thus, pressure drag increases greatly (i.e., as a quadratic function; McHenry
et al. 2006) along with rostral elongation. This drag disadvantage is presumably balanced somewhat by the
narrower snout aspect ratios of longirostrine ecomorphs (McHenry et al. 2006; Erickson et al. 2012; Fig. 1),
causing the mechanical benefits of narrowing and elongation to be common contributors to convergent skull
evolution among highly aquatic and pelagic crocodyliforms (McHenry et al. 2006; Pierce and Benton 2006; Pierce
et al. 2009; Young et al. 2010; Walmsley et al. 2013; McCurry et al. 2017a, 2017b; Ballell et al. 2019). These
findings help elucidate why the highly plastic rostra of crocodyliforms (Iordansky 1973; Langston 1973; Brochu,
2001) converge in predominantly aquatic environments. Indeed, the evolution of superficially similar longirostrine
phenotypes even appears attainable via multiple potential developmental pathways (Morris et al. 2019).

In addition to slender and sometimes elongate jaws, piscivorous crocodyliforms have tended to evolve relatively
long retroarticular processes (e.g., dyrosaurs, thalattosuchians, gavialoids; Gignac and O'Brien 2016). As an in-
lever for the two largest jaw elevator muscles (Musculus pterygoideus dorsalis and ventralis; Holliday and Witmer
2007), this feature might be taken to be an adaptation for higher maximum bite forces (Gignac and Erickson 2016).
However, the retroarticular process also serves as the in-lever for the M. depressor mandibulae, the sole jaw-
opening muscle (Holliday and Witmer 2007). As a result, convergently elongate retroarticular processes among
aquatic and marine crocodyliforms may serve to enhance the force of subaquatic jaw opening, which is otherwise
resisted by drag forces and the viscosity of water (Gignac et al. 2019). This hypothesis requires further evaluation
but may represent an important potential functional integration within the cranio-dental complex of highly-
piscivorous crocodyliforms (Gignac and O'Brien 2016; Gignac et al. 2019).

Elongation of the jaws also impacts the mechanical response of the skull to loads imposed during prey capture,
both by elevator muscles acting to close the jaws as well as reaction forces at bite points and jaw joints. Bone-
strain experiments and biomechanical modeling of mesorostrine species (particularly for the model taxon Alligator
mississippiensis) have demonstrated that during biting the snout is subjected to upward bending and twisting
(Metzger et al. 2005). Interestingly, the upper jaw does not appear to be optimized for resisting the high feeding
forces imposed by the jaw muscles and bite forces, suggesting competing functional demands (e.g., streamlining
for stealth and lateral snapping movements in water) also impact skull shape. The lower jaws experience primarily
dorsoventral bending and twisting about their long axes (Porro et al. 2013) with mediolateral bending constrained
by the presence of enlarged pterygoid flanges (Porro et al. 2011).

Experimental and modeling results from Alligator mississippiensis form a baseline against which skull mechanical
behavior during biting in other, rarer taxa can be compared. For example, even though geometric morphometric
analyses show that the longirostrine taxa Gavialis gangeticus and Tomistoma schlegelii occupy disparate areas of
morphospace—implying major skull-shape differences despite the fact that both are superficially “long snouted”
(Brochu 2001; Pierce et al. 2008)—two-dimensional finite element analysis (FEA) indicates that the upper jaws
of both experience substantially higher stresses under feeding loads compared to shorter-snouted crocodylians
(Pierce et al., 2008). Results from comparative three-dimensional FEA of the skulls of multiple crocodylian taxa
also support these findings. McHenry et al. (2006) observed that the narrow snout of adult Crocodylus johnstoni
experienced higher strains during biting than those of five blunt-snouted (brevirostrine) taxa. Similar patterns were
exhibited by the lower jaws of crocodylians across a range of snout aspect ratios: the mandibles of blunt-snouted
forms exhibited lower strains when subjected to simulated biting, shaking, and torsional loads compared to the
mandibles of narrow- and long-snouted species (Walmsley et al. 2013).

Biomechanical modeling also reveals broad similarities in skull mechanical behavior across other clades exhibiting
longirostrine morphologies (and piscivorous diets either documented or inferred based on convergent feeding
functional morphology and habitat). For example, comparable strain differences were reported for short and long-
snouted taxa of crocodylians and odontocetes during biting, shaking, and twisting, particularly at anterior bite
points. Regardless of phylogenetic affinity, brevirostrine taxa experience lower strains than longirostrine ones,
suggesting analogous form-function relationships even among unrelated clades (McCurry et al. 2017a).
Convergence of skull shape and performance with those of longirostrine crocodylians has also been reported in
Triassic phytosaurs, Jurassic thalattosuchians, and Cretaceous dinosaurs (Rayfield et al. 2007; Stubbs et al. 2013;
Lemanis et al. 2019). This phylogenetic menagerie has also allowed researchers to probe how subtle shape
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differences and inferred loading behaviors between longirostrine species can result in variations in mechanical
performance. For instance, initial simulation studies on the elongate snout of the spinosaurid dinosaur Baryonyx
indicated that it performed more similarly to that of Gavialis gangeticus than Alligator mississippiensis in terms
of its mechanical response to feeding loads (Rayfield et al. 2007). Further analyses, however, suggest that the
response of the snout of the spinosaurid Spinosaurus seems to resemble that of G. gangeticus more so, whereas
the mechanical performance of Baryonyx diverged from both that of the gharial and the closely related Spinosaurus
(Cuff and Rayfield, 2013). Similarly, the long-snouted thalattosuchian Pelagosaurus typus, while sharing a skull
morphology and general stress distribution patterns with G. gangeticus, exhibited lower mechanical resistance to
simulated feeding forces, suggesting this fossil taxon may have specialized further for the consumption of
compliant prey (Ballell et al. 2019).

As with their jaws, the teeth of slender-snouted crocodylians are also elongate. Tall, narrow, and conical teeth are
thought to allow these ecomorphs to more readily seize elusive prey by spearing them during underwater jaw
closure, as compared to their blunter-toothed, brevirostrine counterparts (Pooley 1989; Grenard 1991; Grigg et al.
2001). Although the posterior teeth are the most robust in the jaw, even in Gavialis gangeticus, they are
considerably less molarifom than those of other crocodylians, which seize prey items with the anterior teeth and
crush them posteriorly (Erickson et al. 2012). Because aquatic prey is typically swallowed whole, employing
crushing bites via the posterior tooth row is rarely observed (Taylor 1987). As a result, slender-snouted species
are capable of using nearly their entire jawline to spear prey (e.g., Thorbjarnarson 1990), making them highly
effective underwater hunters.

It was long suspected that semi- and highly-piscivorous taxa are bite-force limited and that evolution of their
narrow and elongate jaws favored a trade-off from high-force to high-velocity biting (see e.g., McHenry et al.,
20006). The latter, it is reasoned, provides advantages for rapid jaw closure to enable the securing of elusive prey
that is capable of swimming off in any direction (Gignac et al. 2019). In 2012, Erickson and colleagues tested
whether bite forces are correlated with dietary preferences. Of the five recognized slender-snouted crocodylians
alive today (Crocodylus johnstoni, C. intermedius, Gavialis gangeticus, Mecistops cataphracus, and Tomistoma
schlegelii), only G. gangeticus was an outlier for the clade (i.e., a quantitatively low-force biter; Erickson et al.
2012). Adults of the other four species reliably generate bite forces indistinguishable from those of all other
remaining adult crocodylians, relative to their body size (Erickson et al. 2012, 2014). Notably, these four slender-
snouted species maintain the pennate muscle-fiber arrangement and lateralized jaw insertion of the largest jaw
elevator muscle (e.g., Musculus pterygoideus ventralis; Endo et al. 2002) common to all other crocodylians
(Tordansky 1964; Endo et al. 2002; Holliday and Witmer, 2007). By contrast, the lineage of G. gangeticus evolved
fusiform-fibered jaw muscles with medially shifted insertion points (e.g., M. pterygoideus ventralis; Endo et al.
2002), which are advantageous for rapid—at the expense of forceful—jaw closure (Porro et al. 2011). In addition,
the jaw musculature of G. gangeticus features a remarkably well-developed M. pseudotemporalis superficialis
when compared to other slender-snouted crocodylians (Endo et al. 2002). Hypertrophy of this muscle suggests
that it plays a greater role in jaw elevation in G. gangeticus, potentially compensating, to some extent, for the
evolutionary shift away from the high-force generating, plesiomorphic arrangement of crocodylian jaw-closing
musculature (Holliday and Witmer, 2009).

Exceptional bite-force capabilities would seem to be a peculiar feature of fish-eating taxa, not only because of
their apparently delicate jaws and teeth but also because it allows them to generate exceptionally high tooth contact
pressures (= maximum bite force/tooth contact area) when they engage with prey. Coupling high bite-force
capacities with narrow tooth cross sections causes these pressures routinely to be more than 10-fold greater than
those required to indent cortical bone, which is among the stiffest of vertebrate tissues (Carter and Beaupré 2001;
Turner et al. 2001; Erickson et al. 2012). That needle-toothed fish-eaters are capable of generating tooth pressures
far in excess of those necessary to puncture their aquatic and marine prey (Erickson et al. 2012) suggests that semi-
and highly-piscivorous crocodylians are mechanically over-capable for their feeding niches (Erickson et al. 2012,
2014; Gignac et al. 2019). Theoretically, this places their jaws and teeth closer to rupture when feeding on large
prey, as demonstrated by beam theory and finite element analyses (Busbey, 1995; McHenry et al. 2006; Porro et
al. 2011, 2013; Ballell et al. 2019). Why this should be the case likely has more to do with the phylogenetic inertia
of evolving from large-bodied, generalist ancestors than it does with the functional value of driving delicate teeth
through the compliant bodies of aquatic prey (Erickson et al. 2012). These forms seem to avoid damaging their
svelte rostrodental features by behaviorally electing to consume relatively smaller and more compliant food
resources (Erickson et al. 2012; 2014). Thus, although their slender and elongate rostrodental morphologies appear
to have been shaped by their environments, convergence did not necessarily alter the full suite of their feeding
capabilities (Erickson et al. 2012, 2014; Gignac and O'Brien 2016).



What constitutes convergence of the crocodyliform jaw apparatus upon principally aquatic feeding modes? The
relationships outlined above support phylogenetically broad, deep-time sampling that suggest rostra and dentitions
have been plesiomorphically decoupled from the post-orbital region of the skull of crocodylians (Gignac and
O'Brien, 2016) and their evolutionary precursors (Felice et al. 2019; Gignac et al. 2019; O'Brien et al. 2019). If
generally applicable, then a common evolutionary sequence—pieced together from extant trait combinations—
emerges: crocodyliforms may first converge upon needle-toothed and slender or long-snouted prey-capture
morphologies without similarly extreme alteration of their musculoskeletal apparatus (e.g., Crocodylus johnstoni,
Mecistops cataphractus, Tomistoma schlegelii; lordansky, 1964; Endo et al. 2002); this may be followed by
retroarticular process elongation and jaw elevator muscle evolution in the most specialized lineages (e.g.,
Gavialoidea; Brochu, 2001; Endo et al. 2002) as the trade-off of plesiomorphic, high bite-force capacities gives
way to apomorphic, rapid jaw-closing velocities. Gavialis gangeticus is unlike all other crocodylians in that it
possesses the most extreme of these character states (Iijima, 2017). A future focus on addressing the development,
function, and evolution of gavialoid feeding biomechanics will go a long way to further clarifying convergence in
the aquatic feeding of crocodyliforms, foremost, and secondarily aquatic tetrapods more generally.

Intraoral transport, processing and swallowing

After a prey item is seized at the anterior part of the jaws, it is shifted posteriorly in the oral cavity using inertial
feeding. Gravity alone, or the use of rapid, jerking head movements in coordination with jaw elevation and
depression (Cleuren and De Vree 1992), accelerates the prey item, harnessing its inertia to shift it backwards in
the oral cavity (Taylor 1987). The tongue is affixed to the floor of the oral cavity and does not participate
substantially in intraoral prey transport (Busbey 1989; Cleuren and De Vree 1992). While feeding in water,
crocodylians elevate the head above the water line to employ inertial feeding (Abercromby 1913; Johnstone 1973;
Taylor 1987). A prey item can first be shifted to the posterior region of the dentition for the application of
additional, more forceful bites, but ultimately it is moved towards the gular valve and esophagus for swallowing
(Gans 1969; Pooley and Gans 1976).

Crocodylians are capable of capturing submerged prey without swallowing water owing to a soft palatine flap that
forms a seal against the tongue (Flemming and Fontenot 2015). This gular valve excludes water from entering the
esophagus and trachea. It is assumed that for most crocodylians the valve also prevents swallowing of prey while
submerged because even semi- and highly piscivorous species are seen to elevate their heads above the water line
to achieve deglutition (Taylor 1987). However, subaquatic swallowing is routinely and directly observed in captive
individuals (e.g., Crocodylus johnstoni, C. porosus, Tomistoma schelegelli; St. Augustine Alligator Farm
Zoological Park 2020). Deglutition occurs by using cyclical muscular contractions of the gular region (Cleuren
and De Vree 1992). Prey items are pushed past the gular valve and into the esophagus using active protraction and
retraction of the hyoid apparatus in small, repetitive orbits (Busbey 1989; Cleuren and De Vree 1992). This
behavior is often assisted by forward thrusts of the head (especially underwater), gravity, or jaw depression and
elevation to exaggerate the range of hyoid motion (Taylor 1987; Cleuren and De Vree 1992). Fish are typically,
but not always, maneuvered so that they enter the esophagus head first (Thorbjarnarson 1990; Sharma et al. 2013).



Paleosuchus trigonatus

Gavialis gangeticus Tomistoma schlegelii  Crocodylus johnstoni Mecistops cataphractus Crocodyius intermedius

Figure 1. Images of adult skulls in dorsal view exemplifying snout proportions in Paleosuchus trigonatus (Field
Museum of Natural History specimen no. [FMNH] 68879; upper right), which has a snout aspect ratio—mid-
rostral width [white dashed line] divided by snout length [black dashed line]—of 0.51, near the species mean of
0.53 for the clade Crocodylia (Erickson et al. 2012). The five semi- and highly-piscivorous species with narrow
snouts are ordered from left to right by ascending value of snout aspect ratio: Gavialis gangeticus (FMNH 82861)
and Tomistoma schlegelii (University of California Museum of Paleontology specimen no. 81702) are considered
longirostrine (Brochu, 2001), whereas Crocodylus johnstoni (Texas Memorial Museum specimen no. [TMM] M-
6807), Mecistops cataphractus (TMM M-3529), and C. intermedius (FMNH 75658) are considered to be slender-
snouted. All skull images are scaled to the same head width for easier comparison, following O'Brien et al. (2019).
Photographs taken by P.M.G.; TMM M-6807 and M-3529 are dorsal view, 3D projections based on computed
tomography scans completed by the University of Texas at Austin.



Birds

Introduction

Birds are characterized by the presence of feathers, the modification of the forelimbs to wings, toothless beaked
jaws, hard-shelled eggs, a high metabolic rate along with a specialized, high-performance respiratory system, and
a four-chambered heart. Birds comprise the most diverse terrestrial vertebrate group, with more than 18,000
described species (Barrowclough et al., 2016). Based on fossil, morphological, physiological and molecular
biological evidence, birds are considered extant theropod dinosaurs—and accordingly, represent the extant sister
group of crocodylians (Janke and Arnason 1997; Prum 2002). Birds are primarily terrestrial amniotes and most
have retained the ability to fly, but some branches have adapted to aquatic lifestyles to different degrees and have
evolved, on multiple independent occasions, strategies for exploiting aquatic food sources (Schwenk and Rubega
2005; Rico-Guevara et al. 2019), including mechanisms as diverse as suspension feeding (filter feeding), surface
skimming, scything, pursuit fishing, spearing of prey and, in at least one case, suction feeding.

Food detection

Birds primarily use vision to detect food (Goldsmith 1990). In fact, birds might be the most visually dependent
group amongst vertebrates, reflected by the relatively large size of their eyes compared to those of other vertebrates
of similar mass (Zeigler and Bischof 1993). Most birds are tetrachromatic, with green, red, blue and ultraviolet
(UV) sensitive cone photoreceptors in the retina (Wilkie et al. 1998). The photoreceptors of birds bear colored oil
droplets which narrow spectral sensitivity and reduce the overlap in sensitivity between cone types, which in turn
is hypothesized to improve color discrimination (Govardovskii 1983; Vorobyev 2003; Olsson et al. 2015). Bird
eyes have adapted to a wide spectrum of functional demands (Zeigler and Bischof 1993). Many aquatic birds, for
instance, have evolved very flexible lenses that allow accommodation of their eyes to air and water (Gill 1995).
Next to vision, tactile cues play a central role for food detection in many aquatic feeding birds, and the number
and distribution of mechanoreceptors on the beak and tongue are correlated with the respective feeding behavior
(Gottschaldt 1985). For example, mechanoreceptors are concentrated on the beak tip in shorebirds that engage in
probing (Bolze 1968; Pettigrew and Frost 1985). By contrast, mechanoreceptors are concentrated on the tip and
the lateral ridges of the beak, as well as on the fleshy tongue in mallards that use suspension feeding (Berkhoudt
1979). A correlation of the distribution of mechanoreceptors and feeding mode allows fast feedback-responses to
fine-tune the feeding behavior to a given situation. The role of olfaction has, for a long time, been underestimated
in birds, but empirical studies have shown that the sense of smell plays an important role in food detection in many
avian groups (Roper 1999). Olfactory information is processed in the olfactory bulbs of the central nervous system
and anatomical investigations have revealed that the olfactory bulbs are significantly enlarged in birds using
olfactory cues to detect prey compared to non-olfactory-oriented birds (Bang and Cobb 1968), a trait that has
evolved several times independently in different bird branches. For example, some vultures, such as the turkey
vulture, have large olfactory bulbs and are known to localize food by smell (Smith and Paselk 1986). Similarly, it
was shown experimentally that odoriferous baits attract various sea-bird species. For instance, cod-liver oil slicks
deployed on the water surface induced specific search behaviors in storm-petrels and other sea-birds (Lequette et
al. 1989; Verheyden and Jouventin 1994). Acoustic location of prey has been shown to be employed by (mostly
nocturnal) hawks and owls (Rice 1982). Although the auditory systems also seem to be well-developed in aquatic
feeding birds and acoustic communication is important to them, prey detection by acoustic cues seems to play a
minor role. A sonar system for prey detection was once hypothesized for penguins (Poulter 1969), but no
morphological or physiological evidence has been found to support this idea (Wever et al. 1969).

Food capture

Convergently with other groups of aquatic and marine vertebrates, such as cetaceans, tadpoles, actinopterygians,
chondrichthyans and cyclostomes, birds have evolved elaborate mechanisms to filter small food particles from the
water by suspension feeding. Suspension feeding birds, such as mallards, flamingoes and some sea-birds, are
equipped with rows of fine keratinized lamellae along the margins of their bill, which can strain small particles
from the water (Jenkin 1957; Zweers and Wouterlood 1973; Kooloos et al. 1989; Sanderson and Wassersug 1990).
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To induce water flow into the mouth, mallards and flamingoes oscillate their piston-like tongue in an anterior-
posterior direction as the mouth opens and closes with each tongue cycle. Ingested water is released through the
lateral lamellae of the beak where food particles are retained (Fig. 2). Keratinized spines located on the posterior
margin of the tongue finally dislodge the entrapped food particles from the lamellae and draw them toward the
esophagus as the tongue is retracted (Jenkin 1957; Zweers et al. 1977; Kooloos et al. 1989; Sanderson and
Wassersug 1990). Similarly, some prions (Pachyptila desolata, P. vittata, P. salvini), are likely to use cyclic
movements of their large muscular tongue to induce water flows across their filter apparatus (Klages and Cooper
1992). Additionally, prions, along with the short-tailed shearwater (Puffinus tenuirostris), have also been reported
to use a method whereby they swim with their head and gaping beak patially submerged, allowing water to
continuously flow in through the anterior region of the gape and leave through at the posterior corners of the beak.
with food objects being retained at the palatal papillae in prions, or within the filter apparatus consisting of lateral
lingual papillae that overlap with the lateral palatal papillae in the short-tailed shearwater (Prince 1980; Morgan
and Ritz 1982; Klages and Cooper 1992). The suspension feeding mode in prions shows striking convergence of
both form and function with the mode used by right whales, Eubalena sp., shedding light on the origin of their
trivial name: “whale-birds” (Sanderson and Wassersug 1990).

Suspension feeding does not rely on visual detection of prey, but rather on mechanosensation (and possibly
gustation, see Berkhoudt 1985), where sensitive beaks and tongues allow fast feedback responses during feeding
bouts (Berkhoudt 1979). Similarly, scything and skimming rely on tactile cues, but in contrast to suspension
feeding, these feeding modes are used to catch larger prey (Becker et al. 2002; Swennen and Yu 2005). Scything
has evolved independently in few branches of wading birds, including spoonbills (Platalea sp.) and avocets
(Recurvirostra sp.), that typically feed in shallow waters (Becker et al. 2002). Although spoonbills and avocets
have very different beak morphologies, their scything mechanism shows striking similarities. Scything birds
submerge their slightly opened elongated beaks and sweep their heads from side to side while wading through the
water (Becker et al. 2002). As the slightly opened beak contacts potential prey objects, mostly fish and crustaceans,
they are quickly captured by the closing beak and swallowed (Swennen and Yu 2005).

Skimming is a unique feeding behavior where the skimmer flies straight and close over the water surface with the
mouth slightly open and the lower beak partially submerged. Food objects that are contacted by the lower beak
are seized as a result of a fast reflex beak closure (Tomkins 1951; Martin et al. 2007). Skimming is found in the
scissorbills (Rynchops sp.) that are characterized by a special morphological adaptation for skimming, a
substantially-elongated lower beak, which might largely prevent feeding methods other than skimming (Tomkins
1951; Black and Harris 1983).

In contrast to suspension feeding, scything and skimming, vision becomes essential for birds that target and strike
at individual prey items. Herons (Ardeidae), for example, are mostly ambush predators and target their prey
(usually fish, crustaceans or amphibians) while standing still in shallow water, or standing on platforms close to
water (Kushlan 1976). After estimating the position of the prey accurately, they strike by a sudden, rapid
straightening of the long neck that thrusts the head forwards and downwards towards the prey (Katzir and Intrator
1987; Lotem et al. 1991). The head can reach mean velocities of over 270cm/s and, immediately before the bill
contacts the prey, the beak is slightly opened to seize it (Katzir and Intrator 1987). While smaller prey items are
usually grasped by the closing beak, larger prey items are often stabbed and speared by the sharply pointed beak
tips (Forbes 1982).

Similarly (and convergently evolved) to herons, snakebirds (Anhinga sp.) possess long necks, elongated sharply
pointed beaks and also capture aquatic prey by rapidly straightening their neck to grasp—or more commonly—spear
it (Owre 1967) (Fig. 3). Just like herons, snakebirds strike at prey with a slightly open beak. However, in contrast
to herons and egrets, snakebirds do not strike from an emergent position relative to their aquatic prey, but are
instead skilled foot-propelled divers that quietly ambush their prey (usually fish) underwater to catch it using a
sudden strike (Owre 1967).

Probably the most spectacular prey capture mode amongst aquatic feeding birds is the plunge-dive. In short, a
plunge-dive is a hunting strategy whereby birds dive head-first from the air into water (Duffy et al. 1986; Carl
1987; Chang et al. 2016), and adaptations to it have convergently evolved in sulids (with gannets and boobies),
terns (Sterninae), kingfishers (Alcedinidae), pelicans (Pelecanidae) and cormorants (Phalacrocoracidae). The
northern gannet (Morus bassanus), for example, can dive from heights of up to 45m, attaining speeds at the impact
with water of more than 20m/s. Such a dive would most probably be lethal to humans, but plunge-divers exhibit
kinematic and morphological adaptations, such as a sharp, arrow-like body posture with a long and slender beak
that, together, minimize drag and keep impact forces relatively low (Chang et al. 2016; Crandell et al. 2019). In
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fact, the sum of adaptations in plunge-divers results in only very low decelerations when hitting the water surface
(Ropert-Coudert et al. 2004). Once submerged, the birds immediately grasp the targeted prey with their beak or
use their momentum to travel underwater to attain a desired depth of up to 10m (Ropert-Coudert et al. 2004). If
the initial plunge-dive does not immediately result in successful prey capture, the birds can actively pursue the
targeted prey item for a short time by using their feet or wings for propulsion (Ropert-Coudert et al. 2004). After
a prey item is captured, the birds rise to the water surface, mostly passively due to their high buoyancy.

Other aquatic birds actively hunt prey underwater without plunge-diving. In fact, pursuit feeding is one of the most
common feeding modes and has evolved many times independently in different branches of birds (Shealer 2002).
In pursuit hunts, prey (usually fish or crustaceans) is typically detected visually, stalked and grasped by the beak
after a short chase. Pursuit hunters are fast and skilled divers that, depending on the species, use paddling by
webbed feet, wing beats, or a combination thereof to propel themselves forwards (Townsend 1909; Owre 1967;
Raikow et al. 1988). Many pursuit hunters show morphological adaptations to efficiently seize slippery prey, such
as a terminal hook on the upper beak (Owre 1967; Anderson et al. 1974; Shealer 2002) or keratinous papillae and
spines on beaks, palate and tongue (Kobayashi et al. 1998; Matsumoto and Evans 2017). However, fast approaches
to a prey might induce a positive pressure gradient in front of the birds’ head that could push floating prey away
(i.e. a “bow wave”) or at least alert the prey organism to the approach of a predator (Taylor 1987). How pursuit
hunting birds circumvent hydrodynamic effects imposed by fast accelerations towards aquatic prey has not yet
been studied in detail, but the generally streamlined body posture, in combination with a long and slender beak,
might keep negative hydrodynamic effects low (Parfitt and Vincent 2005; Crandell et al. 2019). Other aquatic
vertebrates often use suction feeding to overcome negative hydrodynamic effects (see the section on turtles in this
chapter). As of yet, only one bird species has been reported to use suction feeding: the little auk, Alle alle, a 150 g
diving seabird of the North Atlantic (Enstipp et al. 2018), which actively chases small prey (copepods) underwater
and engulfs them in the final stage by actively induced suction flows. Their suction feeding mechanism has not
yet been studied in detail, but video recordings show that gular depression (sub-lingual pouch extension) shortly
follows beak opening and induces prey ingestion (Enstipp et al. 2018). This movement pattern is very similar to
the general pattern observed in other suction feeding vertebrates, including chondrichthyans, actionpterygians,
dipnoans, lissamphibians, turtles and mammals: jaw opening is followed by gular (hyobranchial) depression
(Lauder 1980; Bemis and Lauder 1986; Deban and Wake 2000; Lemell et al. 2002; Wilga and Sanford 2008; Kane
and Marshall 2009). Accordingly, the little auk nicely shows once more that suction feeding has evolved multiple
times independently by the convergence upon particular motion patterns.

Although suction feeding seems to be an important adaptation for aquatic predators, the masters of underwater
pursuit hunting in birds, the penguins (Spheniscidae), are unlikely to use suction feeding (Charrassin et al. 2001;
Takahashi et al. 2004). Penguins are capable of long and deep dives during which they catch prey such as shrimp
and fish that are seized by the beak. Not much is known of the biomechanics of penguin feeding, but experiments
with transponders have shown that penguins not only catch prey during their dives but also swallow prey under
water (Charrassin et al. 2001; Takahashi et al. 2004).

Food transport, processing and swallowing

After successful food capture, most aquatic-feeding birds must raise their head above the water level and use
terrestrial transport mechanisms, such as fast dorsally directed head rotation while loosening the grip upon the
prey item to throw it from the beak tip to the back of the oral cavity for swallowing (Owre 1967; Forbes 1982;
Swennen and Yu 2005) (i.e. inertial transport, see also the parts of this chapter dealing with lizards and
crocodylians). Extensive intraoral processing is rare in birds, given that most of the physical processing action is
performed in the gizzard (Van Gils et al. 2003; Fritz et al. 2011). Still, some aquatic feeding birds do direct a series
of bites to the prey held in the beak. For example, herons have been reported to “chew” fishes so as to break their
spines, scales and other protective mechanical adaptations (Forbes 1982). Similarly, the high frequency-beak
movements of mallards might, next to their role in suspension feeding, be used to mechanically reduce food items
before swallowing. However, all these processing functions occur with the head raised out of the water. Only few
birds are known to intraorally transport and swallow food underwater. The little auk catches large numbers of
copepods individually, but how aquatic transport and swallowing is accomplished remains unknown. Penguins are
exceptional as they might, next to auks, be the only birds that can intraorally transport and swallow underwater.
Key to allowing intraoral transport in penguins is the interplay between the tongue and the palate (Matsumoto and
Evans 2017). Both palate and tongue are studded with large, sharply pointed keratinous papillae pointing rearwards
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and once prey is seized by the beak, cyclic pro- and retraction of the tongue moves any food object posteriorly
(Kobayashi et al. 1998; Matsumoto and Evans 2017).
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Figures:

Figure 2. Foraging flamingoes (Phoenicopteridae). Flamingoes typically forage by partly submerging their beak
which is equipped with rows of fine keratinized lamellae along the upper bill. Oscillations of their piston-like
tongue induce water flow across the fine lamellae whereupon food particles are entrapped. Photo by David Hensley
on Unsplash.

13



Figure 3. Snakebird (Adnhinga sp.) with speared prey. Snakebirds are skilled divers and are equipped with a long
neck and elongated, sharply pointed beak. After stalking prey, it is targeted and captured by rapidly straightening
the curved neck to finally spear it. Photo by R. Mac Wheeler on Unsplash.
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Lepidosauria

Introduction

The taxon Lepidosauria contains over 9,900 species (Uetz 2010) and includes two orders, the Squamata and
Rhynchocephalia. The Squamata comprises lizards, snakes and amphisbaenids, while the Rhynchocephalia is
represented solely by the extant genus Sphenodon. Although body size, shape, and lifestyle varies significantly
within lepidosaurs, they all possess overlapping keratinous scales. Some lepidosaurs are ferocious predators that
chase prey larger than themselves, while others are ambush predators, insectivores, scavengers, omnivores or
herbivores (Schwenk 2000a). Some lepidosaurs are fast runners and skilled climbers, others live a fossorial
lifestyle. Limbs can be well-developed, but have been lost independently in many groups, such as in snakes,
amphisbaenids, anguids and pygopodids. The ancestral lifestyle of lepidosaurs is certainly terrestrial, but some
groups live close to water, are semiaquatic or have evolved fully aquatic lifestyles.

Food detection

Lepidosaurs have a full arsenal of sensory systems for detecting food at their disposal (Schwenk 2000a) but vision
might be the major sensory system for detecting food sources in most cases. Diurnal lepidosaurs are assumed to
be capable of color vision. In fact, some studies show preferences of some lizards for food items of a certain color
(Benes 1969; McGovern et al. 1984).

Next to vision, most lepidosaurs rely heavily on chemosensory cues to detect food (Schwenk 2000a).
Chemosensation is achieved via three main systems: (i) gustation, (ii) olfaction, and (iii) the vomeronasal system.
Gustation is mostly used for the discrimination of food once items have been seized (Berkhoudt 1985; Schwenk
1985). Gustatory cues are transmitted by taste buds which are located in the oropharyngeal cavity, including the
tongue in many species. By contrast, olfaction is used to detect more volatile chemicals; that is, to detect food
from a distance (Kratzing 1975; Bull et al. 1999). Olfaction is mediated by the olfactory epithelia that cover the
nasal cavities. The vomeronasal system consists of the paired vomeronasal organs that lie dorsal to the anterior
portion of the palate. Each vomeronasal organ houses a cavity that opens into the oral cavity and is lined with a
chemosensory epithelium (Parsons 1970), and it is this epithelium that is stimulated by environmental chemicals
gathered by the tongue during a behavior known as tongue flicking (Halpern and Kubie 1980; Schwenk 1995;
Schwenk 2000a). Tongue flicking is best known for snakes and some lizards, but it is employed by virtually all
lepidosaurs (Schwenk 1995; Schwenk 2000a). Infrared organs are known from snakes and are used for the
perception of electromagnetic waves with a length of 8,000-12,000 nm (Grace et al. 1999), which corresponds
with the wavelength radiated from the surface of endothermic animals, such as mammals and birds (Goris 2011).
However, such infrared “vision” is so far known only for terrestrially-feeding snakes.

Aquatic snakes possess specialized mechanoreceptors (scale sensilla) that detect water motion and are likely used
for prey detection (Van Der Kooij and Povel 1996; Westhoff et al. 2005; Catania et al. 2010; Crowe-Riddell et al.
2016). Scale sensilla of aquatic snakes and the lateral line system of fishes and aquatic lissamphibians might be
regarded convergently evolved mechanosensitive systems. Although lepidosaurs show an impressive range of
sensory systems available for food detection, mechanoreception, vision, and chemoreception are likely the most
important sensory systems for detecting and localizing food under aquatic conditions (Drummond 1983; Kutsuma
et al. 2018).

Food capture

Aquatic feeding is exhibited by many squamate clades. Snakes, in particular, are known to have secondarily
evolved aquatic or semiaquatic lifestyles and aquatic food uptake (Cundall and Greene 2000; Moon et al. 2019),
but several lizards have convergently acquired semiaquatic lifestyles and are capable of aquatic feeding (Carpenter
1966; Mayes et al. 2005; Mesquita et al. 2006; Langner 2017).
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Aquatic feeding has evolved multiple times, and independently in most major snake groups. It is found among
boas, pythons, elapids, viperids and colubrids (Young 1991; Cundall and Greene 2000; Bilcke et al. 2006).
Accordingly, snakes show a broad spectrum of convergent morphological, behavioral and physiological
adaptations for catching prey under water. Several levels of aquatic commitment are known among snakes: from
snakes that occasionally strike aquatic prey from land, to semiaquatic snakes that regularly enter aquatic habitats
in search of prey, to permanently aquatic snakes that forage exclusively under water (Drummond 1983).
Regardless, whether a snake is semi- or fully aquatic, it has to overcome the same functional challenge: because
of their morphological constraints snakes, in general, are not capable of suction feeding. Such morphological
constraints include a reduced hyobranchial skeleton and associated musculature (McDowell 1972; Alfaro 2002;
Herrel et al. 2008) that is used in other aquatic vertebrates for rapid oropharyngeal volume expansion in suction
feeding. As observed in other tetrapods that forage on elusive aquatic prey, at least some amount of suction feeding
has been hypothesized to be advantageous for avoiding the bow wave generated in front of the accelerating head
that would push prey away or alert prey of the approaching predator (Taylor 1987). Nonetheless, the evolutionary
success of aquatic feeding in snakes implies that they are capable of efficient aquatic feeding in the absence of
being able to suction feed. So how do aquatic snakes strike prey and how do they cope with the physical constraints
imposed by a medium that is about 850 times as dense and 50 times as viscous than air?

The ability of some snakes to execute very fast strikes underwater suggests that bow waves do not impose a
universal constraint on aquatic feeding behavior (Alfaro 2002). In other words, snakes have not evolved strategies
to completely avoid bow waves during prey strikes, but they have evolved strategies to limit negative
hydrodynamic effects to small enough values to permit the successful catching of prey (Herrel et al. 2008; Van
Wassenbergh et al. 2009; Segall et al. 2019). Two main strategies are used by aquatic-feeding snakes to catch
elusive prey: lateral and frontal strikes (Fig. 4, 5). Lateral strikes are achieved by swinging the head to the side.
Sideways movements can be continued until the head is directed 180° from its original orientation (Drummond
1983). Depending on the snake species and the foraging situation, lateral strikes can be (i) slow and repetitive or
(i1) sudden and fast (Young 1991; Alfaro 2003). Repetitive sideways movements of the head with the gape open,
referred to as “lateral head sweeping®, is mostly used by snakes that feed in water with high prey densities and use
tactile cues to search for prey (Drummond 1983; Alfaro 2002; Alfaro 2003). In contrast, fast lateral strikes are
used if the snake directs its attack to a specific prey item, and can achieve peak velocities comparable to those of
high-performance terrestrially-striking snakes (Smith et al. 2002; Alfaro 2003; Catania 2009). As the lateral strike
is performed with the mouth gaping, the hydrodynamic disadvantage (e.g., pressure drag and bow wave) is reduced
(Fig. 5B) compared to the situation with the mouth closed (Young 1991; Braun and Cundall 1995). Additionally,
as surface area exposed to the fluid consists only of the lateral head area in lateral strikes, this capture mode is also
feasible for snakes with relatively large and wide heads (Young 1991; Vincent et al. 2009). However, compared
to frontal strikes, lateral strikes are usually not particularly accurate, probably because of the lack of visual overlap
between the left and right eye, which makes estimates of prey distance difficult (Herrel et al. 2008). However, a
particularly elaborate and effective lateral strike mechanism has been reported for the tentacled snake, Erpeton
tentaculatum, which is a typical ambush predator and exploits the typical escape response (C-start maneuver) of
fish to catch them efficiently. To do so, the tentacled snake feints with its trunk to elicit a C-start-response in a
nearby fish, which startles towards the snakes approaching jaws, or a position the snake anticipates and strikes
toward (Smith et al. 2002; Catania 2009; Catania 2010).

Frontal strikes in aquatic snakes are based on a fast forward acceleration of the head with the jaws open
(Drummond 1983; Van Wassenbergh et al. 2009). The forward acceleration of the head results from fast
straightening of the curved trunk and neck, and prey is captured by the closing jaws (Drummond 1983; Alfaro
2003) (Fig. 4). Previously, it had been hypothesized that underwater strikes with open jaws may be hindered by
drag and may generate bow waves that displace prey, making this method of capture more challenging (Young,
1991; Vincent et al. 2005; Moon et al. 2019). However, in silico (Van Wassenbergh et al. 2009) (Fig. 5) and
experimental (Segall et al. 2019) studies have shown that the hydrodynamic disadvantages are limited and that the
head shapes of forward-striking snakes minimize the hydrodynamic constraints. Van Wassenbergh et al. (2009)
showed that hydrodynamic drawbacks are minimized when snakes strike at large prey, as the inertia of large prey
reduces the effect of the bow wave. Furthermore, precise aiming prevents the prey from deviating to a path that
eludes the corners of the mouth. Indeed, most aquatic snakes forage for relatively large prey organisms (e.g., fish
or amphibians) and frontal strikers have excellent underwater vision that allows precise aiming (Schaeffel and de
Queiroz 1990; Alfaro 2002). Segall et al. (2019) showed that hydrodynamic drawbacks of frontal striking snakes
can be further minimized by morphological adaptations, such as having narrow (Van Wassenbergh et al. 2009) or
short (Segall et al. 2020) heads, if such modifications decrease the area exposed to the fluid. In fact, aquatic snakes
have evolved, independently and on multiple occasions, narrower anterior regions of the head (Segall et al. 2016)
and a shorter head (Segall et al. 2020).
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Other strategies employed by aquatic snakes to overcome hydrodynamic effects imposed by the inability to
perform suction feeding comprise trapping burrowing fishes in their burrows or crevices (Voris and Voris 1983;
Young 1991) or very slow feeding modes, as for example found in the turtle-headed snake that feeds on fish eggs
(Shine et al. 2004).

In contrast to snakes, aquatic feeding in lizards remains only superficially studied. The best-known example of
aquatic feeding lizards is probably the marine iguana, Amblyrhynchus cristatus, from the Galapagos Islands.
Marine iguanas spend most of their time on land but undertake prolonged dives to scrape algae from submerged
rocks (Carpenter 1966; Wikelski and Trillmich 1994). The mechanics of its scraping behavior have not been
studied in detail, but based on the high inertia of algae tightly fixed to the substrate, it might be assumed that
scraping algae from submerged rocks is not fundamentally different from grazing on land. Varanids, in contrast,
are largely carnivorous and a few species are able to exploit aquatic food sources, including elusive prey such as
fish, shrimps, or crabs (Mayes et al. 2005; Kulabtong and Mahaprom 2014). These varanids locate aquatic prey
by chemical cues and actively chase them (Mayes et al. 2005). The aquatic ingestion mode of varanids is unknown,
but due to adaptations of the hyobranchial musculoskeletal system, it probably does not involve suction feeding
(Smith 1986). Instead, varanids might use laterally- or frontally-directed strikes similar to those of aquatic snakes
or crocodylians (see the respective sections of this chapter), or a modified mechanism of suction feeding based on
fast mouth opening, analogous to the method used by the Chinese giant salamander (Heiss et al. 2013). The earless
monitor, Lanthanotus borneensis, is largely terrestrial, but it is known to be a skilled swimmer that regularly visits
creeks to prey on fish and crustaceans (Harrisson 1961; Harrisson and Haile 1961; Langner 2017). Its feeding
mechanism has, to date, not been studied in any detail, but Lanthanotus might use similar strategies to the closely
related varanids. Other aquatic foraging lizards include the teiids Crocodilurus amazonicus and Dracaena
guianensis (Mesquita et al. 2006), the scincids Tropidophorus hainanus and Sphenomorphus cryptotis and the
shinisaurid Shinisaurus crocodilurus (Fig. 6) (Ziegler et al. 2008), but their aquatic feeding mechanisms have not
yet been studied. However, lizards might have evolved multiple ways of feeding underwater. For example, it has
been shown that sometimes only small alterations of a terrestrial behavioral repertoire are necessary for exploiting
aquatic food sources, as exemplified by Hawaiian Anolis lizards that have learned to use fast forward lunges to
catch guppies that swim to the water surface of artificial fish tanks (Hawaii Hobbyist, 2019). In theory, the behavior
exemplified by the Hawaiian Anolis lizards might be just a few functional steps away from more elaborate aquatic
prey capture strategies.

Food transport, processing and swallowing

Following prey capture and subjugation, snakes usually use a mechanism referred to as the “pterygoid walk”,
where alternate pro- and retraction of left and right jaws, plus the respective pterygoid bone, pull the prey item
posteriorly (Kardong 1977; Moon 2000). The pterygoid walk can be used equally well in terrestrial and aquatic
conditions. This snake-specific intraoral transport mechanism is more efficient in animals with relatively longer
quadrate bones as the width and height of the posterior part of the head impacts the length of the lever arm involved
in the pterygoid walk: the wider the head, the more efficient are intraoral transport and swallowing (Young 1991;
Vincent et al. 2009). Accordingly, aquatic snakes seem to be subject to a functional trade-off between prey capture
and intraoral transport: narrow or short heads might reduce hydrodynamic drawbacks during a frontal strike, but
render intraoral transport and swallowing slow (Vincent et al. 2009). On the other hand, broad or elongated heads,
with longer quadrate bones, allow rapid intraoral transport and swallowing, but make frontal strikes
hydrodynamically more challenging. Aquatic snakes might have solved this trade-off in two ways: lateral strikers
can possess a wide head without suffering hydrodynamic drawbacks (Vincent et al. 2009) and frontally striking
snakes have a streamlined, narrow anterior-, but a wider posterior region of the head and/or longer quadrate bones
(Segall et al. 2016, Rhoda et al. 2020). Anyway, we might still be far from fully understanding the form-function
relationships and functional trade-offs characteristic of aquatic feeding snakes. Specifically, while many studies
have focused on semiaquatic snakes, such as natricines (e.g. Blicke et al. 2006; Van Wassenbergh et al. 2009;
Vincent et al. 2009), others have taken a wider phylogenetic approach and have included semiaquatic and fully
aquatic species (e.g. Segall et al. 2016, 2019, 2020). The functional demands imposed on the semiaquatic species
might differ fundamentally from those acting on the fully aquatic ones. In fact, the fully aquatic species tend to
have short heads and the more semiaquatic species have long and narrow heads, suggesting that, in addition to the
hydrodynamic constraints, semi-terrestrial habits induce additional constraints (M. Segall, pers. comm., June
2021). Phylogenetic mapping of morphological and functional solutions for overcoming the functional trade-off
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between aquatic strike and intraoral transport show that they have evolved multiple times independently (Segall
etal., 2016).

Aquatic-feeding lizards probably use slightly modified terrestrial intraoral transport mechanisms with a submerged
or emergent head, and move food posteriorly towards the esophagus by employing cyclic tongue loops (Schwenk
2000a). Similar terrestrial feeding styles have been shown to be used by some semiaquatic turtles for intraoral
transport (Natchev et al. 2010). Alternatively, lizards might raise their heads above the water line to make use of
inertial transport (Smith 1982; Smith 1986) (Fig. 6) by quick dorsal or lateral head movements while temporarily
releasing the grip on the prey, for example, literally throwing the prey through the mouth to the esophagus—
analogous to mechanisms employed by crocodylians (Cleuren and De Vree 1992, 2000). Hypotheses on aquatic
transport in lizards remain speculative at this point, signaling the urgent need for empirical studies.

Figures:

4 2

T Wy
; :

=

)

|
|
|
A 5|
I
I
il .L‘

S
|

Figure 4. Frame shots from a high-speed recording showing the semiaquatic snake Natrix tessellata striking
frontally at a goldfish. The strike lasts approximately 100ms. Courtesy of Sam Van Wassenbergh and Jonathan
Brecko.
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Figure 5. Computational fluid dynamic (CFD) simulation of a frontal (A) and a lateral (B) aquatic strike of Natrix
tessellata. The frontal strike simulation (A) is along the posterior to anterior axis of the midsagittal plane (A),
while the lateral strike (B) is along a series of frontal view planes (4 mm interval) at one time instant (40 ms),
showing right-left flow velocity. In this CFD simulation, the snake model translated with a forward velocity of 1
m/s and started to close its mouth at time = 40 ms. The prey contacted the lower jaw at time = 53 ms. Modified
from Van Wassenbergh et al. (2009).
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Figure 6. Frame shots of a Shinisaurus crocodilurus individual that raises its head above the water line to
intraorally transport and swallow the fish that was previously caught under water. Courtesy of Marvin Mulder.
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Testudines
Introduction

Turtles are one of the oldest known reptile orders, appearing about 240 million years ago, shortly after the
Permian—Triassic extinction event. The phylogenetic position of turtles is still not fully resolved because
morphological, developmental and genetic studies have been unable to reach a consensus on the relationships of
the group within sauropsids (e.g., Anquetin 2011; Bever et al. 2015). Eunotosaurus africanus is generally accepted
as a stem turtle (Bever et al. 2015), followed by Pappochelys rosinae (Schoch and Sues 2015) and Odontochelys
semitestatcea (Li et al. 2008). In Pappochelys the plastron is not yet evident, but robust gastralia are present,
indicating the origin of the plastron through fusion of the ventral ribs (Gilbert et al. 2007). Odontochelys represents
the next step in shell evolution and has a fully developed plastron, with the dorsal shell consisting of neural plates
and expanded ribs. This kind of evolutionary step (broadening of dorsal ribs) is also recognizable in the embryonic
development of extant turtles (e.g., Sheil and Greenbaum 2005; Scheyer et al. 2013).

Also unresolved is the question of what was the original habitat of the stem turtles. Eunotosaurus probably lived
in terrestrial habitats (Bever et al. 2015), Pappochelys and Odontochelys have been described as being semiaquatic,
living along lake shores with frequent visits to water (Schoch and Suess 2015). However, Joyce (2015) argued that
Odontochelys was likely a fully terrestrial stem turtle, and, at most, an inhabitant of swampy freshwater
environments. The oldest known completely-shelled turtles (i.e. the Upper Triassic Proterochersis and
Proganochelys), were likely semiaquatic (Gaffney 1990); however, Joyce and Gauthier (2004) and Scheyer and
Sander (2007) argued for a terrestrial habitat preference for Proterochersis and Proganochelys because of their
forelimbs bearing short hands (Joyce and Gauthier 2004) and because of similarities in shell bone histology to that
of extant terrestrial turtles (Scheyer and Sander 2007). In sum, turtles most likely had a terrestrial origin, thus
representing an important taxon for the study of feeding in secondarily aquatic vertebrates.

Turtles are among the most morphologically specialized vertebrates. They have evolved an unusual body plan,
with most of their body encased in a protective box of bone and keratin. Collectively, within the two testudinian
suborders, Pleurodira (side-necked turtles) and Cryptodira (hidden-necked turtles), there are 14 extant families
and around 470 species (Rhodin et al. 2017). These show adaptations to different lifestyles and are found from
marine to freshwater to terrestrial habitats, as well as from temperate to tropical regions. All pleurodirans and
many cryptodirans are fully aquatic, and only the cryptodiran superfamily Testudinoidea (Emydidae,
Geoemydidae, and Testudinidae) has successfully reconquered terrestrial habitats (Fig. 7). Dietary preferences
range from completely carnivorous to completely herbivorous, but most extant species are omnivorous. The two
major foraging methods are sit-and-wait foraging and active foraging; in water typical aquatic feeding modes range
from ram feeding to suction feeding.

Food detection

Among turtles, visual, chemical, and tactile cues may be involved in food detection, with visual and olfactory
senses being predominantly used in water. Turtles have photoreceptors containing colored oil droplets that appear
to play a role in contrast enhancement and in protection from glare. The turtle eye is especially sensitive to red
light (Granda and Dvorak 1977). Similarly to tadpoles, aquatic turtles have retinal visual pigments
(porphyropsins), which leads to a red shift and a considerable improvement of sensitivity in water (Reuter and
Peichl 2008). Marine turtles are emmetropic (normal sighted) in water and myopic (nearsighted) in air. Freshwater
turtles show the opposite trend, being emmetropic in air but their eyes have a sufficiently developed
accommodative range to be able to fully compensate for the lack of refraction at the cornea in water (Kroger and
Katzir 2008). Accordingly, the turtle eye is well suited for food detection under aquatic conditions.

Chemical cues can be detected via olfaction, vomeronasal chemoreception and gustation. Underwater nasal
chemoreception is in general used for exploratory behavior, food location and discrimination, as well as
reproductive behavior (Schwenk 2008). The nasal cavity in turtles typically consists of a dorsal chamber containing
the olfactory epithelium and a ventral “intermediate region” in which the vomeronasal epithelium lies (Tucker
1971). Sea turtles (Cheloniidae and Dermochelyidae) are known to rely heavily on chemical cues to detect food
sources and, in contrast to most marine animals, they surface to breathe and thus potentially have access to
olfactory cues in both air and in water (Endres et al. 2009). Gustation is mediated by taste buds that are located
within the oropharyngeal cavity. Taste buds are developed to a variable degree in the various turtle branches. For
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example, semiaquatic or terrestrial species are well equipped with taste buds (Heiss et al. 2008, 2011; Lintner et
al. 2012), whereas highly aquatic species lack them on their poorly developed tongue (Lemell et al 2002; Beisser
et al. 2004) and sea turtles appear to lack taste buds completely (Iwasaki et al. 1996a, 1996b). When present, taste
buds can be distributed randomly throughout the oropharyngeal cavity (Heiss et al. 2011), or may show patterns
of regional concentration that are correlated with the respective mode of food prehension. For instance, the
semiaquatic turtle Cuora amboinensis shows aggregations of taste buds on the pracchoanal palate and grasps food
by its jaws (Heiss et al. 2008). Accordingly, the first contact with the food item occurs at the tip of the beak (i.e.
the pracchoanal region) that has high taste bud densities, allowing rapid feedback response and the avoidance of
unpalatable items.

Next to vision and chemosensation, some aquatic turtles use mechanosensitive elements, such as mechanosensitive
skin flaps and barbels on the anteroventral areas of the neck and head, to detect prey. Such mechanosensitive
elements are sensitive to water motions and are, for instance, found in Chelus fimbriatus, a typical aquatic ambush
predator (Wise et al. 1989). The skin flaps on the ventral region of the neck and the barbels (ventral to the
mandibles) are innervated by peripheral nerve fibers and have been reported to be sensitive to small disturbances
(Hartline 1967).

Food capture

When feeding in water, suction feeding is the predominant mode employed. Although most fish and larval
salamanders use a suction feeding mechanism with uni-directional flow (water flows in through the mouth opening
and out through the gill openings), reptiles and other secondarily aquatic vertebrates rely on a bidirectional flow
system, wherein water flows in through the mouth g but is then expelled through the nostrils or slightly opened
jaws (Lauder and Prendergast 1992). Such a bidirectional system implies a decrease in feeding performance due
to lower negative pressure generated within the buccal cavity (Lauder and Shaffer 1986). This impairment must
be overcome by morphological specializations in secondarily aquatic lineages that lack gill openings. Such
specializations in turtles comprise a flat and streamlined skull, as found in trionychids and chelids, which is very
effective for fast forward movement of the head during capture as a bow wave can be minimized. Another trait of
aquatic feeders is the enlarged supraoccipital bone which supports the jaw adductor musculature, along with an
enlargement of the upper temporal area. Such a configuration can be used for generating the high bite forces
(Herrel et al. 2002) typical of durophagous or carnivorous biting specialists. Additionally, such traits are
advantageous for closing the mouth against water resistance during rapid forward movement of the head (e.g., in
Chelus fimbriatus, Lemell et al. 2002). Further, morphological features typical of vertebrates related to feeding in
aquatic habitats (Bramble and Wake 1985) include: a large, rigid, and well-ossified hyoid skeleton with massive
hyoid musculature for rapid depression of the hyoid apparatus during the oropharyngeal expansion phase of the
suction strike; a flat and smooth palate; a small tongue; and a short gape with labial folds for stabilizing the water
flow inside the mouth cavity. All of these features are exhibited by freshwater turtles. However, marine turtles do
not feature such morphologies, which is related to their feeding preferences. The skulls of marine turtles are more
suited for forceful biting while feeding on relatively slow moving and sometimes armored prey (Jones et al. 2012).
The tongue usually does not play a role during food manipulation in purely aquatic feeders. In such turtles the
tongue tends to be reduced in size and in surface structure so as not to obstruct suction kinematics. Chelus
fimbriatus is a good example of this configuration (Lemell et al., 2010) because its tongue is reduced to a tiny
evagination anterior to the larynx and lacks any dorsal morphological differentiation. In more generalist aquatic
to semiaquatic species, the tongue plays no role during prey capture but is used in some cases for further
manipulation phases, similarly to more terrestrial species (Fig. 8).

In semi-aquatic species, skull design more closely resembles that of terrestrial species, being relatively tall and
narrow. But some features indicate adaptation to an aquatic medium; for example, many of these taxa are moderate
suction feeders, using suction to compensate for the bow wave forming in front of the head as it is accelerated
forwards towards the prey (Natchev et al. 2009). Aquatically-adapted features include a flat palate, as in the
predominantly aquatic Cuora amboinensis, in contrast to a vaulted one, as in the predominantly terrestrial Cuora
galbinifrons (Natchev et al. 2009, 2010). The tongue of amphibious species is simple and poorly endowed with
glands, and bears low to moderately high papillae that lack intrinsic muscles. These papillae are longer in more
terrestrial species. Such traits are also obvious in salamanders, in which the surface topography of the tongue
changes seasonally with the shift from an aquatic to a terrestrial lifestyle (Heiss et al. 2017).
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When turtles feed under water, the kinematics (such as the timing of gaping and hyobranchial depression) show
many similarities with other suction feeding vertebrates. A typical feeding sequence requires multiple gape cycles
from ingestion to swallowing, so there is always some variation in kinematic patterns during prey capture and
manipulation phases. Although these movements are probably driven by a central pattern generator, sensory
feedback is important for any adjustments associated with the respective feeding phase and the type and properties
of the food (hard, soft) (Schwenk 2000b). An absolutely necessary feature for successful ingestion is the
anteroposterior sequence in peak excursions of head elements, which are mouth opening, hyoid depression and
esophageal expansion. In aquatic-feeding turtles the hyoid apparatus has become enlarged to increase the volume
of the mouth cavity during the expansion phase, as occurs with the suspensorium of teleost fish; the tongue, in
contrast, has become reduced in size to minimize turbulence during prey uptake. Esophageal expansion appears to
be convergent with the expansion of the opercular cavity of teleost fish, and serves to maintain the unidirectional
flow posteriorly until the jaws have closed. This esophageal bulging commences via lateral dilatation of the second
ceratobranchials, with further expansion achieved passively by the force of the incoming water. Pipid frogs show
a similar modification for temporarily storing water sucked in during prey capture. The post-glottal pharynx of
Hymenochirus boettgeri (Sokol 1969) and the highly extensible buccopharyngeal region of Pipa pipa (Fernandez
et al. 2017) serve as a temporary reservoir for a large volume of water.

The most specialized prey capture strategy in aquatic turtles may be that of the luring mechanism employed by
Macrochelys temminckii (Drummond and Gordon 1979; Spindel et al. 1987). Macrochelys has developed an
unusual sit and wait feeding strategy: while remaining motionless they present a red, wiggling lure situated at the
center of their widely opened jaws. This lure is a highly mobile, vermiform appendage of the tongue. If curious
potential prey animals (usually fish or other turtles) approach closely enough they are caught by a sudden and
violent strike.

Intraoral transport, processing and swallowing

Further prey processing stages of aquatic turtles, such as intraoral transportation and swallowing, have not yet
been sufficiently investigated. In aquatic feeding specialists, the prey is either reduced or sucked further
backwards, or it is transported from the esophagus directly to the stomach by waves of contraction. The kinematic
pattern of manipulation and intraoral transport phases is essentially identical to that typical of the capture phase,
albeit much slower. Inertial feeding (sensu Gans 1969) is typically used for intraoral transport (Lemell and
Weisgram 1997, Van Damme and Aerts 1997). During transport, the jaws release the object and the head shifts
anteriorly while the inertia of the object restricts its propensity to move. Hyobranchial depression supports these
head movements by holding the prey in place or sucking it further backwards. During these manipulation cycles,
reduced material, such as cracked shells of mollusks, can be expelled. The jaws are held slightly open to allow
flushing of the residual water, with or without any content. Lemell et al. (2002) described two transport modes for
Chelus, based upon the analysis of x-ray videos. They distinguished between two suction mechanisms: in the first
the complete hyobranchial system undergoes several slight movements to carry the prey further backwards toward
the esophagus. The second transport mode is characterized by a single, massive hyobranchial depression with
much slower velocity, resulting on the prey item being sucked further in, as far as the posterior end of the pharynx,
where it is held in place by the horns of the second branchial arch while the water is expelled. The tongue usually
does not play a role during manipulation in purely aquatic feeders, but in semiaquatic species it does. Entirely
lingually-based aquatic transport, with patterns of jaw, head and hyolingual movements resembling those of
terrestrial prey positioning/transport, likely driven by the same motor-program, is executed in the manner
described for the predominantly terrestrial C. galbinifrons (Bels et al. 2008, Natchev et al. 2010). Bels et al. (1998)
compared food ingestion of the estuarine Malaclemys terrapin with that of the truly marine Dermochelys coriacea.
Whereas Malaclemys is able to modulate at least the manipulation phases according to the particular prey type by
using the tongue for further transport, Dermochelys uses actively generated water flow along with tongue
movements. Rhythmic movements of the hyolingual apparatus carry food to the posterior end of the pharynx where
it is swallowed by the action of the pharyngeal constrictors and moved to the stomach by peristaltic contractions
of the esophageal musculature.
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Figure 7. Cladogram modified from Joyce and Gauthier (2004) illustrating the assumed habitat preferences of the
major clades of crown turtles and their hypothetical ancestors. Joyce and Gauthier (2004) advocated terrestriality
as the ancestral lifestyle for the entire clade, with convergent acquisition of aquatic habits in sauropterygians and
crown turtles, and a subsequent reversal to terrestrial habits in the Testudinidae.
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Figure 8. Scanning electron microscopic images of tongue surfaces of strictly aquatic (top) to semiaquatic to
terrestrial (bottom) turtles. From left to right: top row Chelus fimbriatus (Lemell et al., 2010), Acanthochelys
pallidipectoris (Beisser et al., 1995), Pelusios castaneus (Lemell et al., 2000); bottom row Cuora amboinensis
(provided by CJ Beisser), Rhinoclemmys pulcherrima (Beisser et al., 2004), Cuora galbinifrons (Natchev et al.,
2010), Manouria emys emys (Heiss et al., 2011). Compare the increase of size and number of dorsal papillary
structures from highly aquatic to terrestrial.
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Conclusions

With numerous independent invasions of aquatic environments and trophic niches, sauropsids
exemplify successful alternatives to a life on land. Retaining predominantly jaw-prehension
feeding modes, aquatic lizards, snakes, crocodilians, and birds tend to grasp their way to food
acquisition. On the one hand, evolution of specializations to enable subaquatic head
acceleration in especially piscivorous reptiles, such as expansive necks and slender jaws seem
to dominate convergent predatory phenotypes. On the other hand, many aquatic bird species
modified their jaw prehension by harvesting small objects suspended in the water column via
filter feeding. To induce a water flow for filtration, these sauropsids evolved piston-like
tongues that oscillate as the jaws open and close, enabling beak lamellae to capture food
particles as water is expelled. Turtles deserve special attention as a stand out reptile group for
their use of suction feeding, which is achieved by oropharyngeal volume expansion—a
feature shared among other sauropsids only by the little Auk.

The feeding strategies and functional morphologies explored in this chapter are certainly not
unique to sauropsids, however. For example, highly elaborate mechanisms for generating
suction flows by rapid oropharyngeal volume expansion have evolved independently in such
diverse groups as cartilaginous and bony fishes, salamanders, caecilians, anurans, cetaceans,
and pinnipeds. Similarly, suspension feeding by complex food-particle trapping systems can
be found in agnathans, cartilaginous and bony fishes, tadpoles, and cetaceans. What seems so
remarkable is not necessarily that sauropsids have converged on these tried-and-true feeding
systems, but that such phylogenetically diverse groups have evolved to exploited similar
approaches to food capture so regularly. In this way, sauroposids are just another attestation to
the role that aquatic environments have had in shaping the body systems of even distantly
related vertebrates.
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