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Résumé

L’environnement dans lequel les espéces animales vivent joue un réle important
dans leur évolution. Les contraintes physiques sont particuliérement intéressantes car
elles induisent souvent une pression évolutive qui pousse les especes, méme ¢loignées, a
développer des réponses adaptatives similaires. Les contraintes physiques liées a la vie
en milieu aquatique ont un impact important sur les trajectoires évolutives des especes et
notamment sur leur comportement et leur morphologie. De nombreux cas de
convergences ont ¢t¢ démontrés, comme I’évolution d’une forme profilée chez les
poissons, les mammiferes marins et certains oiseaux aquatiques. Ces contraintes, appelées
contraintes hydrodynamiques, sont particulierement présentes lors de la réalisation d’un
mouvement. On peut caractériser deux contraintes principales : la trainée et la masse
ajoutée. La trainée est la résistance que le fluide oppose au mouvement de I’animal. La
masse ajoutée elle, est la masse d’eau déplacée lorsque le corps se met en mouvement
donc lors d’une accélération. Ces contraintes sont particulierement présentes lors de la
capture d’une proie dans 1’eau. Ainsi, beaucoup d’animaux aquatiques ont développé un
systéme de succion qui leur permet d’aspirer leur proie afin de limiter ces contraintes.
Cependant, certains animaux, comme les serpents, ne peuvent pas développer ce type

d’adaptation. Pourtant, plus de 200 espéces de serpents attrapent des proies dans I’eau.

A travers ce manuscrit, nous nous intéressons aux stratégies adaptatives
développées par les serpents aquatiques afin de devenir de performants prédateurs. Deux
hypothéses sont explorées : 1’adaptation morphologique de la téte des serpents ainsi
qu'une adaptation comportementale qui permettraient de réduire les contraintes
hydrodynamiques. Des analyses morphologique et comportementale sont réalisées sur
plusieurs espéces de serpents aquatiques afin de tester ces hypothéses. Les contraintes
associées aux différentes formes de téte et comportements mis en évidence sont
caractérisées a 1’aide d’expériences d’hydrodynamique. L’interdisciplinarité¢ qui est le
ceeur de ce manuscrit permet d’apporter un regard nouveau sur ces questions qui

intriguent tant les biologistes que les physiciens.
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General introduction

Water as a driver of evolution: the example of aquatic snakes

Water plays a central role in the evolution of species. The first living organisms
originated in water more than 3 billion years ago under the form of prokaryote cells. The
chemistry and biology of the first cells were consequently driven by the properties of
water and all organisms, both extinct and extant, are composed of cells that are mostly
made of water. When multicellular forms emerged in water, they evolved in a way to be
adapted to the properties of the fluid. The first amphibious organisms developed ways to
be less dependent on this environment and conquered the terrestrial environment but
remained highly dependent on water. Later, organisms managed to limit this dependency
to drinking water and became completely terrestrial. Yet, several groups of terrestrial
organisms have returned to the aquatic medium (e.g. aquatic mammals such as whales,
dolphins, pinnipeds...). These organisms were initially adapted to terrestrial conditions,
and needed to re-adapt to life under water. This return to an aquatic lifestyle required a
drastic re-arrangement of organisms, from the organization of the skeleton to
physiological processes (e.g. osmoregulation) (for an overview of recent examples see
Houssaye & Fish 2016). But they also needed to cope with the physical properties of this
fluid.

Water is a medium that is physically constraining in comparison with air, mainly
because of its density, its viscosity, and its incompressibility (see Table 1). These
properties induce a drastic change in the forces an aquatic animal has to deal with. For
example, the propagation of signals such as chemicals, sound or vision will be highly
impacted by the properties of the fluid. Thus, organisms that have returned to a life under
water but that were initially adapted to hearing and smelling in air have had to adapt their
sensory systems or to develop new senses such as pressure change detection (i.e.
mechanosensory organs) (Crowe-Riddell et al. 2016). Locomotor abilities are also highly
affected by the physics of water. On land, organisms have to deal principally with gravity

whereas in water, gravity is largely compensated by buoyancy, since the density of the
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water which is close to the density of the animal. However, as the density is the same,
aquatic organisms have to develop a system to control their buoyancy to counterbalance
their tendency to float at the surface. Moreover, the incompressibility principle implies
that any movement of an organism will induce the surrounding fluid to move and/or will
induce a motion of its own body (Sfakiotakis et al. 1999). Thus, a secondary return to an

aquatic lifestyle has constrained animals to adapt their locomotion.

Media Dynamic viscosity u Density p Kinematic viscosity v
(at 20°C) (Pa.s™) (kg.m?) (m%s7)
Air 18.08x10°® 1.205 15.00x10°®
Freshwater 1.002x1073 0.998x10° 1.004x10°®
Sea water 1.072x1073 1.024x10° 1.047x10°®

Table 1: Comparison of the physical properties of air, freshwater and seawater, from

(Vogel 1994).

Locomotion is one of the most important characteristics of animals as it is
involved in many behaviors that are directly related to the fitness of an individual, such
as to find a mate, to defend a territory, to escape a predator, or to find food. The latter two
are particularly interesting behaviors as they push the animal to the limit of its
performance, as it has to outperform the predator that is chasing it or the prey that is being
chased. This Red Queen scenario or evolutionary arms race (van Valen 1973) impacts the
locomotor abilities of these animals, pushing them to be highly performant. However,
added to this co-evolution race are the physical constraints associated with locomotion
under water. There are two main forces that act in opposition to the movement of an
animal during locomotion in open water (Daniel & Webb 1987): hydrodynamic drag and
acceleration reaction. The hydrodynamic drag is usually described separating two
components: viscous drag (or skin friction) and pressure drag. The role of each of these
in the force balance during locomotion depends on the properties of the flow, which are

governed by the Reynolds number (Re).
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The Reynolds number allows to characterize the fluid flow, either as laminar (i.e.
all the particles of the fluid move in an orderly and unidirectional way) or turbulent (i.e.
chaotic movement of the particles). This number is defined as the ratio of the inertial

forces over the viscous forces, and its numerical definition is:

where U is the velocity of the flow (or the object), v is the kinematic viscosity of the fluid
(cf. Table 1) and / is a “characteristic length”, which corresponds to any measure that
reflects the dimensions of the flow (or the object). The latter feature is adaptable
depending on the case. For example, for a flow in a circular tube, either the radius or the
diameter of the pipe can be considered as the characteristic length. For an immersed
object, by convention, the greatest length that is facing the flow is considered as the
characteristic length (Vogel 1994). A small Reynolds number is associated with laminar
flow, where the viscous forces are dominant, and a large Reynolds number characterizes
a turbulent flow. According to the equation (1), a small object moving at low speed has a
small Reynolds number, meaning that the main forces involved will be viscous forces.

For large object at high velocity (i.e. large Re) the inertial forces will play a major role.

The critical value of Re depends on the geometry of the object. In the case of
aquatic locomotion, some studies consider that turbulence occurs when Re > 103 — 10*
(Gazzola et al. 2014; Landau & Liftshitz 1959). Thus, low Reynolds numbers, below this
transition value, usually only apply for organisms at the microscopic or millimetric scale
(e.g. bacteria swimming at 0.0lmm.s™!, Re = 107; sea urchin sperm at 0.2 mm.s™!, Re =
3.10%; copepod at 0.2m.s!, Re = 300) (Vogel 1994). In other cases, Reynolds numbers
are almost always in the turbulent regime (Fig. 1). The Reynolds number is very useful
to simulate or build an experiment that mimics any behavior at a convenient scale. As an
example, the fluid flow around a blue whale can be reproduced at a smaller scale by
adapting the speed and/or the viscosity of the fluid, the same can be done for a bacteria
swimming. Moreover, the respective contribution of the two components of the
hydrodynamic drag and the acceleration reaction during locomotion in animals are highly

dependent of the Reynolds number and so is the drag coefficient (Fig. 1).
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Figure 1: Scale of Reynolds number for swimming animals of different sizes, from larvae
to large mammals. An approximate representation of the relative importance of force
components during aquatic locomotion depending on the Reynolds number is given
(based on Webb 1988; Gazzola et al. 2014, Vogel 1994). Note that the values are fictional
as they depend not only on the Reynolds number, but also on the shape of the object and

the kinematics of the motion, but the curves generally behave the same way.

The two components of drag have distinct characteristics. The viscous drag (or
friction drag or skin friction) is related to the viscosity of the fluid and is always part of
the forces applied to an animal during locomotion (Webb 1988). In simple terms, the
viscous fluid will stick to the surface of the animal, and when the animal initiates a
movement, the fluid will exert a force that will be opposed to this movement (Vogel 1994)
(Fig. 2). At a microscopic scale, viscous drag is the main force that resists the movement.
At a macroscopic scale, this force is reduced to a layer at the surface of an animal, which

is called the “boundary layer”.

small friction large friction
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Figure 2: Illustration of viscous drag on a smooth and rough surface. Streamlines (blue)

and arrows indicate the direction of the flow. Red arrows represent friction forces.
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During locomotion in a fluid at high Reynolds number, a high pressure zone is
generated at the front of the animal, and the flow tends to separate from the animal at the
rear producing a recirculation zone that generates a low-pressure zone resulting in a
pressure gradient between the front and the rear of the body (Fig. 3). This asymmetry in
the pressure field results in a force that is opposed to the movement, this force is called
the pressure drag and it is the second component of the drag. The pressure drag is also
named form drag as mostly depends on the area that is facing the flow and thus, on the
shape of the object. The pressure drag also depends on the Reynolds number and the
respective importance of viscous and pressure drag can be approximated using the

Reynolds number. The usual expression for the drag force is:

1 X plU \*
F; = > CypSU“; where C; = <T ) = f(Re), (2)

where Cy is the drag coefficient that depends on the shape of the object and on the
Reynolds number, p is the density of the fluid, S is the surface area that faces the flow
and U is the velocity of the flow (or the object).

high pressure zone

low pressure zone

turbulences

detachment of the flow

streamlined shape

=

Figure 3: Pressure drag behind a sphere and comparison with a streamlined shape. For
a streamlined body, the pressure drag is reduced because the flow can re-attach at the

rear.
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If the movement involves an acceleration then another force opposes motion, the
acceleration reaction. When an object is accelerating, it accelerates a certain volume of
the surrounding fluid. This volume has a certain mass, which is added to the own mass of
the object during the acceleration; this mass is called the added mass. This mass of fluid
that is accelerated depends on the properties of the fluid, the volume occupied by the
object, the form of the object, and the acceleration (Vogel 1994; Webb 1988). The

definition of the acceleration reaction is:

F = (m+ M)a; where M = C,pVa, 3)

where m is the mass of the object, M is the mass of the fluid that is accelerated, a is the

acceleration, C, is the added mass coefficient and V' is the volume of the object.

The Reynolds number, the drag and the acceleration reaction, all are dependent of
some aspect of the size and shape of the object. Thus, by changing the shape of the object,
it should be possible to reduce the energy lost due to hydrodynamic constraints (Webb
1988) which are mainly caused by the separation of the flow at the rear of the object.

Figure 4: Visualization of the turbulent wake in 2D at the rear of a simplified model of a
car visualized using particle image velocimetry. The flow is going from the left to the
right. The colormap represents the velocity of the flow in m.s™. The plane is located at the
middle height of the car. The image on the left is the wake of a non-modified car and on

the right propulsive jets have been added to reduce the drag (Varon 2017).
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Adapting the shape to reduce the separation effect is called “streamlining”, it consists of
a modification of the rear part of the object to allow the flow to re-attached at and thus to
avoid the pressure differential that causes pressure drag (Fig. 3). This is a huge challenge
for fluid mechanicists working on airplane, car and boat design (Fig. 4) but it is also a

challenge in an evolutionary context.

Aquatic animals also have to deal with these hydrodynamic constraints during
locomotion. Locomotion is involved in almost all the fitness-relevant activities of a fully
aquatic animal, meaning that their survival depends on their locomotor abilities. These
animals have to move to find food, to find a mate, to escape predators, and this, at a
minimal energetic cost. Foraging (i.e. from searching for food to the ingestion of the prey)
is particularly interesting for several reasons. The first is the involvement of feeding in
fitness; feeding is the behavioral sequence leading to the energy intake of an animal which
will basically fuel any behavior and activity of the animal (Bennett 1980; Vitt & Congdon
1978; Huey & Pianka 1981). Second, there are two main foraging strategies in animals:
“sit-and-wait” and “active searching” (Huey & Pianka 1981; Eckhardt 1979) that involve
different types of locomotion. The active searching involves swimming at constant speed
over a long period of time whereas sit-and-wait involves a burst of acceleration toward
the prey. Regarding the hydrodynamic constraints, both induce drag but the sit-and-wait
strategy also implies acceleration reaction forces. As foraging has a central role for
survival and as it requires specific adaptations to deal with the hydrodynamic constraints,
it is a perfect model to study how the physical constraints related to the environment can

impact the evolution of the phenotype of a species.

Adaptations to the aquatic media are numerous; the most famous example being
the streamlined body of aquatic animals (Howell 1971) (Fig. 5). These animals are very
distant in terms of their phylogenetic relationships, yet they have evolved similar shapes.
This illustrates that evolution of body shape is constrained by the physical characteristics
of the medium and that optimal solutions are limited for animals such as vertebrates. This
phenomenon is called evolutionary convergence or convergence. As Lewontin wrote in
his book: “It is no accident that fish have fins, aquatic mammals have altered their
appendages to form finlike flippers, ... and even seasnakes, lacking fins, are flattened in

cross-section. It is obvious that these traits are adaptations for aquatic locomotion™.
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(Lewontin et al. 1984). This streamlined phenotype allows these animals to reduce the
pressure drag (Webb 1988). It can be noted that, despite their shared body shape, these
animals use different swimming behaviors: most fish, most reptiles, and most aquatic
mammals use undulatory swimming, where the propulsor is the tail which is called lift-
based propulsion, whereas birds use their limbs as paddles using what is called drag-based
propulsion (Webb 1988). Semi-aquatic animals such as penguins, turtles, pinnipeds, have
to deal with both land and water-related constraints including gravity and hydrodynamic

constraints. Consequently most of them use drag based swimming (Fish 1993).

N W

fish (shark) mammal (dolphin) reptile (ichthyosaur)  bird (penguin)

Figure 5: Morphological convergence of the streamlined body of phylogenetically distant
groups, inspired from Howell (1971).

Adaptations for swimming efficiency and so for drag reduction and thrust
maximization have been extensively studied in animals, both experimentally and
computationally (Gazzola et al. 2014; Stakiotakis et al. 1999; Webb 1971a; Webb 1971b;
Tytell 2004; Fish 1993). Similarly, adaptations for feeding have also been studied as the
kinematics are different in different predators and especially for those feeding on elusive
prey. As the prey evolves in a way to detect the predator before being captured, the
predator needs to be faster than the prey. Thus, the prey capture behavior requires an
acceleration phase that involves acceleration reaction forces and consequently the animal
is pushing a certain amount of water. This plus the increased pressure at the front could
potentially push the prey away from the mouth of the predator (Vincent et al. 2004;
Vincent et al. 2005; Van Wassenbergh et al. 2010; Young 1991; Herrel et al. 2008; Taylor
1987). To circumvent this, aquatic animals have developed either a “pincer jaw” which
consists in a pair of long and slender jaws and use sideways motion to capture the prey
(e.g. gharials, ichthyosaurs, some dolphins, garpikes). The long and slender shape allows
avoiding displacing too much water with the mouth during the closure. However, this

long apparatus has some disadvantages during locomotion as it will increase the pressure

11
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drag if not aligned in the direction of the movement (Taylor 1987). Another strategy has
evolved and is used by most of the aquatic predators: suction feeding (Deban & Wake
2000; Wainwright et al. 1989; Muller & Osse 1984; Lauder & Prendergast 1992; Van
Damme & Aerts 1997; Werth 2006). Suction feeding consists in generating a negative
intra-oral pressure by an expansion of the bucco-pharyngeal cavity which is typically
generated by a rapid depression of the hyoid apparatus. Thus, the prey is drawn into the
mouth of the predator with the engulfed water (Fig. 6).

Figure 6: Sequence of suction feeding in salamander (Andrias davidianus) (Heiss et al.

2013), a turtle (Chelius fimbriatus) (Lemell et al. 2002) and a fish (Serranocirrhitus

latus) (Oufiero et al. 2012). Time is indicated in ms on each picture.

These two strategies occur in distantly related species and as such they are examples of
convergent phenotypes in response to the physical constraints of capturing prey under
water. It may then seem like underwater feeding is closed case requiring no further study.

Yet, there is a third case that has not been explored in great detail. Some animals have

12
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not developed any of these strategies but they are nevertheless successful aquatic

predators: aquatic snakes.

Snakes are among the most ecologically and evolutionary successful groups of
vertebrates (Gans 1961). Despite their uniform appearance (i.e. their limbless body) they
have invaded all possible habitats; some are terrestrial ranging from the desert to high
elevation in the mountains; arboreal, aquatic, ranging from freshwater to marine; and
some have fossorial habits (Fig. 7).

ARKIVE™
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Figure 7: Ecological and morphological diversity of snakes. Top line from left to right:
Asian vine snake (Ahaetulla prasina); Gaboon viper (Bitis gabonica) © Tyron Ping;
sidewinder (Crotalus cerastes), bottom line: Blyth’s earth snake (Rhinophis blythii) and

leucistic elegant sea snake (Hydrophis elegans) © Giuseppe Mazza.
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Among the approximately 3364 extant species of snakes, more than 10% use the aquatic
medium either for occasional foraging or on a regular basis (e.g. sea snakes or some
homalopsids (Murphy 2012). The return to an aquatic life has occurred several times

independently during the evolutionary history of snakes (Fig. 8).

Marine Freshwater

Higher taxon Species  spedes species
Aniliidae Anilidae 1 0 1
Tropidophiidae Tropidophiidae 25 0 0
—— — Xenophiidae
——————Bolyeriidae Bolyeridae 2 0 0
Sanziniinae
Calabariidae
1 Ungaliophiinae .

%and%iinae Boidae
Erycinae Erycinae 15 0 0
Boinae Boinae 4 0 5
Anomochilidae Anomochilidae 3 0 0
Cylindrophiidae Cylindrophiidae 10 0 1
Uropeltidae Uropeltidae 51 0 0
Xenopeltidae Xenopeltidae 2 0 1
Loxocemidae Loxacemidae 1 0 0
Pythonidae Pythonidae 40 0 6
Acrochordidae Acrochordidae 3 3 3
Xenodermatidae Xenodermatidae 17 0 1
Pareatidae Pareatidae 4 0 0

Viperinae
_l E Azemiopinae Viperidae Viperidae 297 1 1
Crotalinae

Homalopsidae Homalopsidae 55 14 30
Prosymninae Prosymninae 16 0 0
Psammophiinae Psammophiinae 50 0 0
Afractaspidinae Atractaspidinae 21 0 0
Aparallactinae " Aparallactinae 50 0 0
Pseudaspidinae | L@MProphiidae po pciiinge 2 0 0
Lamprophiinae Lamprophiinae 65 0 7
o Pseudoxyrhophiinae Pseudoxyrhophiinae 86 0 1
Elapidae Elapidae 37 70 4
Calamariinae Calamariinag 84 0 1
Pseudoxenodontinae Pseudoxenodontinae 13 0 2
Sibynophiinae ) Scaphiodontophiinae 2 0 0
Grayiinae Colubridae  Grayiinae 4 1 4
Colubrinae Colubrinae 677 0 1
Natricinae Natricidae 210 24 66
Dipsadinae Dipsadidae 731 7 34

Figure 8: Phylogeny of families and subfamilies of snakes from Pyron et al. 2013 and a
table with the number of species that have invaded the aquatic medium in each clade
adapted from Murphy 2012. (Note that Sibynophiinae and Scaphiodontophiinae are

SYRONnYmous).

Among these species, some are fully aquatic such as sea snakes (Hydrophiinae)
and sea kraits (Laticaudinae) that are part of the Elapidae and represent 70 species. Other
groups are highly aquatic and spend most of their time under water such as some
Homalopsidae or Acrochordidae. These species present specific adaptations related to
their aquatic lifestyle such as salt glands (Dunson & Dunson 1973), mechanoreceptors

(Crowe-Riddell et al. 2016; Povel & Van Der Kooij 1997), or a lateral compression of
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the body and a paddle-like tail (Lillywhite 2014). However, these snakes do not present
any of the two typical strategies to reduce the hydrodynamic constraints associated with
prey capture. They do not have a typical “pincer-jaw” and they cannot perform suction
because of their highly reduced hyoid apparatus, due to the specialization of their tongue
for chemoreception (Schwenk 1994; Langebartel 1968). This prevents them from
expanding their bucco-pharyngeal cavity to generate suction. Nevertheless, there is a
large number of snake species that manage to capture elusive prey under water, implying
that they have potentially evolved another strategy to circumvent the hydrodynamic
constraints related with prey capture under water. One might think that the slender profile
of snakes makes them streamlined enough to reduce the drag associated with prey capture
but aquatic snakes tend to chase their prey with the mouth opened (Vincent et al. 2009;
Fabre et al. 2016; van Netten 2006; McHenry et al. 2009). This behavior should have a
dramatic impact on the pressure drag as the frontal area that faces the flow largely

increases when the snake opens its mouth.

The central question of this thesis is then: how do snakes cope with the
hydrodynamic constraints to successfully capture a prey underwater? Two hypotheses
have been explored; the first is a convergence in head shape towards a more streamlined
phenotype that confers a hydrodynamic advantage to the aquatically foraging snakes.
Snakes are limbless animals that use their head to capture prey. Thus, their head is under
a strong selective pressure. The cost of prey capture underwater is related to the pressure
drag and the added mass; thus a modification of the head shape is expected. Furthermore,
the hypothetical solutions to reduce drag and added mass are limited, and so convergence
is expected (Taylor 1987; Young 1991; Webb 1984). This hypothesis is tested in Chapter
1 by using 3D geometric morphometrics on a broad sample of species, comparing 62
aquatically foraging species with 21 phylogenetically close species that do not forage

under water.

In Chapter 2, the potential hydrodynamic advantage of a convergent head shape
is explored using a fluid mechanics experiment in which the shapes associated with the
aquatic and the non-aquatic species are 3D printed. Next, a setup was built to mimic a
frontal underwater attack. Force measurements and particle image velocimetry are used

to assess the hydrodynamic forces and fluid flow in relation to each head model.
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In Chapter 3, the variability of head shape among aquatically foraging species was
analyzed in greater detail to assess whether the different phenotypes are related with other
ecological or anatomical features. I also explored whether this variability is an example
of many-to-one mapping of form to function. A many-to-one mapping occurs when
several phenotypes give rise to the same functional response (Wainwright et al. 2005).
Here, the hydrodynamic characteristics is the function so different head shapes were 3D

printed and tested to assess the hydrodynamic forces associated with each phenotype.

The second hypothesis about how snakes deal with the hydrodynamic constraints
is by an adaptation of their prey capture behavior. Indeed, two strategies of attack have
been described in aquatically foraging snakes: the lateral and the frontal strikes (Herrel et
al. 2008). The aim of this part is to link morphology and function by focusing on the link
between head shape and the prey capture strategy; in other words, is a specific shape

related with a specific behavioral strategy? This question is tackled in Chapter 4.

The ultimate goal of this work is to draw the link between morphology, behavior
and hydrodynamics in aquatically foraging snakes in light of the morphology-
performance-fitness paradigm (Arnold 1983) (Fig. 9).

9
head shape —2— behavioral strategy L prey capture efficiency
morpholtegy fitness
9
[ ]
hydrodynamics

per formarnce

Figure 9: Scheme of the hypothetical relationships between the hydrodynamic
constraints, the morphology of the head shape and the behavior of aquatically foraging

snakes. In purple are represented the components of Arnold’s paradigm.
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Does aquatic foraging impact head shape evolution in snakes?

2016, Proceeding of the Royal Society London, B Biological Sciences 283(1645)

Abstract

Evolutionary trajectories are often biased by developmental and historical factors.
However, environmental factors can also impose constraints on the evolutionary
trajectories of organisms leading to convergence of morphology in similar ecological
contexts. The physical properties of water impose strong constraints on aquatic feeding
animals by generating pressure waves that can alert prey and potentially push them away
from the mouth. These hydrodynamic constraints have resulted in the independent
evolution of suction feeding in most groups of secondarily aquatic tetrapods. Despite the
fact that snakes cannot use suction they have invaded the aquatic milieu many times
independently. Here we test whether the aquatic environment has constrained head shape
evolution in snakes and whether shape converges on that predicted by biomechanical
models. To do so, we used 3D geometric morphometrics and comparative,
phylogenetically informed analyses on a large sample of aquatic snake species. Our
results show that aquatic snakes partially conform to our predictions and have a narrower
anterior part of the head and dorsally positioned eyes and nostrils. This morphology is
observed irrespective of the phylogenetic relationships among species suggesting that the
aquatic environment does indeed drive the evolution of head shape in snakes, thus biasing

the evolutionary trajectory of this group of animals.

Key words: aquatic snakes, head morphology, hydrodynamics, constraints, convergence,

geometric morphometrics
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Introduction

Physical constraints imposed by the environment play an important role in the
evolution of species. Evolution can be predictable when the constraints caused by the
physical environment are strong (Herrel et al. 2008). When different species are faced
with similar constraints, convergence in morphology or behavior is predicted (Winemiller
et al. 1995; Schluter 2000). The study of convergence can help understand whether and
how the constraints imposed by the physical environment drive phenotypic
diversification. The physical properties of water induce strong constraints on physiology,
anatomy and behavior resulting in a suite of adaptations in animals that have secondarily
invaded the aquatic environment (Taylor 1987; Gans 1969; Vogel 1994). In spite of these
hydrodynamic constraints, numerous species with diverse phylogenetic backgrounds
have invaded aquatic habitats. The range of phenotypic responses in vertebrates is,
however, limited by functional and structural constraints, leading to convergence as is
observed for underwater locomotion (Videler et al. 1999; Howell 1971; Fish 1993) or
feeding (Taylor 1987).

Underwater prey capture is extremely challenging. Indeed, any movement through
water is resisted by the drag and inertial forces acting on the body of the animal. These
forces are greater than in air because of the greater density and viscosity of the fluid.
When animals attempt to catch prey underwater, the forward motion of the strike will
involve the generation of a pressure wave that has two main adverse effects: it tends to
push the prey away from the predator (Van Wassenbergh et al. 2010), and may trigger
the escape response of the prey. Indeed, very fast escape responses, called C-starts or S-
starts in fish, can be triggered by chemical cues emitted by prey or predators (Chivers &
Jan 1998; Feminella & Hawkins 1994) or by physical cues such as water displacement
(Faber et al. 1989; Zottoli 1977; Zeddies & Fay 2005). Both the diffusion of chemical
compounds and physical cues highly depend on water displacement and consequently,

predators have to limit the amount of water that they displace when chasing or attacking

a prey.

To circumvent these constraints, aquatic predators have developed strategies such

as suction feeding that help compensate for the displacement of water by the predator.
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This behavior involves an expansion of the bucco-pharyngeal cavity owing to the
displacement of the hyobranchial apparatus (i.e. the apparatus that supports the tongue in
terrestrial tetrapods). Thus, a low pressure zone is created inside the mouth of the predator
that drags the surrounding water and prey into the mouth. This is one of the most
widespread aquatic prey capture strategies in vertebrates (Deban & Wake 2000;
Wainwright et al. 1989; Muller & Osse 1984; Lauder & Prendergast 1992; Van Damme
& Aerts 1997). Snakes, however, have a reduced hyoid apparatus because of the
specialization of their tongue for chemoreception (Langebartel 1968; Schwenk 1994) and
consequently are not able to expand their bucco-pharyngeal cavity. Despite this
limitation, a secondary return to an aquatic lifestyle has occurred independently in many
snake genera (Murphy 2012). Moreover, numerous species of snakes are proficient in the
capture of elusive aquatic prey and some species have become entirely piscivorous
(Alfaro 2002; Lillywhite 1996; Murphy 2007; Glodek & Voris 1982; Heatwole 1987).
As drag is highly dependent on the shape of the head, and impairs the swimming or
targeting efficiency of the predator (Taylor 1987; Van Wassenbergh et al. 2010) the
‘ideal’ aquatic snake should have a slender, streamlined, narrow and long head (Young
1991; Taylor 1987; Savitzky 1983). However, prey capture is not the only selective
pressure acting on head morphology in snakes. Indeed, snakes use their head not only to
capture prey but also to handle and swallow them. Prey handling and swallowing prey
are performed by means of a ‘pterygoid walk’ (Cundall & Gans 1979; Boltt & Ewer 1964)
which is more efficient in snakes with wider heads and longer quadrates (Young 1991).
Thus, the ‘ideal” morphology for an aquatic snake is likely determined by the trade-off

between a streamlined head that is still able to swallow large or bulky prey efficiently.

Previous studies that have compared head shape in snakes have mainly focused
on skull bones or scalation and/or used linear measurements to quantify morphology
(Vincent et al. 2004; Marx & Rabb 1972; Savitzky 1983; Camilleri & Shine 1990;
Vincent et al. 2006; Murphy 2012; Hibbitts & Fitzgerald 2005). In the present study we
test the hypothesis that the physical constraints related to underwater prey capture
constrain head shape evolution in aquatic snakes. We hypothesize that the head shape of
snakes that are able to capture elusive prey underwater has converged to an 'optimal'

shape. We predict that these snakes will present narrower and longer heads compared to
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snakes that do not capture prey under water. Our predictions follow previous work on
aquatic snakes (Hibbitts & Fitzgerald 2005; Young 1991) but here we provide a large and
diverse sample of aquatic snakes in order to test the generality of these predictions in
snakes that capture elusive aquatic prey. We use 3D geometric morphometric approaches
(Gunz & Mitteroecker 2013; Adams 2014) to quantify the shape of the entire head as the
hydrodynamics of movement under water will likely impact the overall shape of the head.
We include species representing all families of snakes in which aquatic prey capture has
evolved. These species are compared with closely related species of snakes that do not
eat aquatic prey, within an explicit phylogenetic framework. Finally, we describe the head
shape associated with species that capture elusive prey under water and compare it to a
priori predictions based on previous studies (Young 1991; Taylor 1987; Hibbitts &
Fitzgerald 2005; Savitzky 1983) and biomechanical models (Herrel et al. 2008).

Materials & Methods

Specimens

3D scans of the heads of 419 snakes were obtained using a high resolution surface
scanner: a Stereoscan’® Breuckmann white light fringe StereoSCAN3D with a camera
resolution of 1.4 megapixels, available at the Museum National d’Histoire Naturelle,
Paris (Fig. 10). The specimens came from different collections; the collections of the
Museum National d’Histoire Naturelle, the Field Museum of Natural History, the
American Museum of Natural History, the California Academy of Sciences, the personal
collection of Anthony Herrel, and the personal collection of Antoine Fouquet. Only
specimens with a well-preserved head and closed mouth were scanned. At least five

specimens per species were used in this study where possible (Appendix 1).

We included 83 species of snakes in total. We considered as ‘aquatic’ species of
snakes that consume elusive aquatic prey (e.g. fish, amphibians, crustaceans...) and as
‘non-aquatic’ those that do not eat aquatic prey (See Appendix 1 for references on the
diet). We tried to choose at least one aquatic species among each family of snakes in

which a return to an aquatic lifestyle has occurred. Non-aquatic species were chosen to
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be phylogenetically close to the aquatic species in our analysis (Pyron et al. 2013). In
total, we compared 62 aquatic species with 21 species that do not feed on elusive aquatic
prey (Appendix 1). The phylogenetic tree of Pyron (Pyron et al. 2013) was pruned in
Mesquite 3.03 (Maddison & Maddison 2015) to only keep the species included in our
data set (Appendix 2).

Agkistrodon contortrix Laticauda colubrina Tachymenis peruviana

Figure 10 : Example of 3D scans of the head of some specimens of snakes analyzed in

this study from three different species with three different views.

Geometric morphometrics

To quantify shape variation between species, we recorded the 3D coordinates of
10 landmarks and 6 curves (Fig. 11) using the 'Landmark’ software package (Wiley et al.
2005). These landmarks include both anatomical landmarks and maxima of curvature
(Appendix 3). To assess the repeatability of the landmark positioning, we placed the set
of landmarks ten times on three specimens of the same species and checked if the
variability between specimens was higher than the variability related to the landmark
positioning (Appendix 4). To obtain an accurate description of the head shape, we created
a template consisting of 921 landmarks including 10 anatomical landmarks, 74 sliding-
landmarks on curves and 837 sliding-landmarks on the surface of the head (Fig. 11) (Gunz
& Mitteroecker 2013). This template was positioned based on the anatomical landmarks
and curves for each specimen. Next, semi-landmarks were projected onto the surface of
the specimen and allowed to slide while minimizing the bending energy between the
template and the specimen (Botton-Divet et al. 2015; Gunz & Mitteroecker 2013). The
sliding procedure was performed using the Morpho package (Schlager 2013) in R (R
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Development Core Team 2014). After sliding, all landmarks were rendered symmetrical,
a Procrustes superimposition was run (Rohlf & Slice 1990) and an average head shape
per species was calculated in MorphoJ (Klingenberg 2011). A principal component
analysis (PCA) was then run using the Rmorph library (Baylac 2012) to evaluate the
overall shape variation in the dataset. The first 11 principal components (PC) accounting
for more than 95% of the shape variability were extracted and used for further analyses

(Table 2).

Figure 11: Template used for the geometric morphometric analyses. Anatomical
landmarks are indicated in red, semi-landmarks on curves in blue and surface semi-

landmarks in green.

Analyses

We first assessed whether a phylogenetic signal was present in the data set using
the multivariate version of the K-statistic (Blomberg et al. 2003; Adams 2014). This test
was performed using the ‘geomorph’ library (Adams & Otarola-Castillo 2013) in R. Next,
the univariate K-statistic was calculated to test for phylogenetic signal in the first eleven

PC axes using the ‘picante’ library in R (Kembel et al. 2010). Given that a significant
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phylogenetic signal was detected, a phylogenetic MANOVA was performed on the first
eleven PC axes to test for differences in shape between species that capture elusive
aquatic prey and those that do not. Subsequently we ran phylogenetic ANOVAs to
evaluate which axes contributed to the observed differences in head shape. To evaluate
whether size impacted the results we ran a MANCOVA with the Logl0-transformed
centroid size as a covariate. Finally, a linear discriminant analysis (LDA) was performed.
We extracted the shapes associated with species that capture elusive aquatic prey and
those that do not (Fig. 12). Reclassification rates using a leave-one-out cross validation
were then calculated. To relate the observed shape differences to differences in
hydrodynamics we opened the jaws of the shapes extracted from the LDA in silico
(Blender 2.75). The gape angle was set at 70° for both models based on in vivo video
recordings of snakes striking (Herrel et al. 2008; Bilcke et al. 2006; Vincent et al. 2005).
Next, we measured the size of the jaws as well as the projected frontal surface area (area
of the mouth facing the current) to assess the drag associated with both shapes during
prey capture (Table 3). Finally, we also measured the projected frontal surface area for
identical gape distance (Table 3). All statistical analyses were performed using R (R
Development Core Team 2014). The significance level of all statistical tests was set at

5%.

Results

The first and the second axes of the PCA respectively accounted for 49.3% and
13.7% of the overall variability (Table 2). We detected a phylogenetic signal in our
morphological dataset (P =0.001) with a multivariate K that was less than one (Kmult =
0.34). The univariate K-statistics are significant for the majority of the PC axes with K-

values around 0.3 (Table 2).

The phylogenetic MANOVA reveals significant differences between the head
shapes of snakes that capture elusive aquatic prey and those that do not (Wilk’s lambda
=0.47, F181=7.25, Ppny= 0.0009). Phylogenetic ANOVAs run on each of the PC axes
highlight a significant difference between the two groups on the axes 2 and 9 (Table 2,
Appendix 5). Both ecology and size impact the head shape of snakes (MANCOVA:
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ecology: F1,790="7.83, P <0.001; size: F1,79=3.25, P=0.001) but the interaction between
both was not significant (MANCOVA: Fi79=0.68, P=0.7).

Proportion of variance (%) Univariate K statistics  Phylogenetic ANOVA
Cumulative

Proportion . K P-value Fis1 P-value
proportion

PC1 49.3 493 0.37 0.0009 3.23 0.1
PC2 13.7 63.0 0.34 0.0009 30.62 0.0009
PC3 7.3 70.3 0.41 0.0009 0.64 0.5
PC4 6.6 76.9 0.28 0.001 0.46 0.5
PC5 5.6 82.6 0.24 0.1 4.82 0.06
PCo6 4.0 86.6 0.25 0.04 0.001 0.9
PC7 3.0 89.7 0.30 0.3 0.15 0.7
PC8 1.8 91.5 0.26 0.02 0.43 0.5
PC9 1.5 93.0 1.45 0.0009 8.25 0.02
PC10 1.1 94.2 0.37 0.004 1.03 0.4
PC11 0.8 95.0 0.30 0.0009 2.88 0.1

Table 2: Results of the statistical analyses performed on the first eleven principal

components. Statistical significance highlighted in bold.

The following shape description is based on the linear discriminant analysis that
allowed us to extract mean head shapes for species that capture elusive prey under water
and those that do not (Fig. 12). The linear discriminant analysis shows a difference
between the aquatic group and the non-aquatic one (F1g1 = 9.54, P = 0.002). The LDA
reclassification rates are high (LDA: aquatic group = 89%; non-aquatic = 71%) meaning

that the linear discriminant function accurately describes the differences between groups.

As the ‘non-aquatic’ group is non-homogeneous (i.e. species were selected to
because they are closely related to an aquatic species or group of species only) we here
focus only on differences between aquatic and non-aquatic species and the shape
observed in the aquatic group. The shape associated with the 'non-aquatic' group is
globally oblong with the head-neck transition that is clearly marked. The shape associated
with snakes that capture elusive prey under water is strikingly different (Fig. 12). The
anterior part of the head is proportionally narrower in the aquatic species whereas the
posterior part is larger in comparison with the non-aquatic foragers. The height, width

and length of the anterior part are lower in the aquatic snakes. The posterior part of the
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head is longer and the jaw is proportionally shorter in the aquatic species. Additionally,
the shape of the mouth profile is more curved in the aquatic species. The eyes are
proportionally smaller and more dorsally positioned in the aquatic species whereas they
are positioned on the lateral side of the head in the 'non-aquatic' species. Likewise, the
nostrils are in a more dorsal position and closer to each other in the 'aquatic' species
whereas they are positioned more laterally in the 'non-aquatic' ones. In absolute terms and
both when controlling for gape angle and gape distance, the size of the parts of the head
that face the fluid flow are smaller in the aquatic group, both in terms of projected frontal
surface area and linear measurements. The only feature that is greater in the aquatic group
is the maximal width of the mouth which is the distance between the commissures of the

mouth (Fig. 12, Table 3).

Lateral view

Waidhbdishlrd w85

Dorsal view

Aquatic shape Non-aquatic shape
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Figure 12: Results of the linear discriminant analysis illustrating the head shapes
associated with species capturing elusive aquatic prey on the left and the non-aquatic
ones on the right. Anatomical landmarks are indicated in red, semi-landmarks on curves
in blue and surface semi-landmarks in green. Vectors are colored by deformation

intensity from dark blue to red and from the aquatic to the non-aquatic shape.
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Aquatic Non-aquatic

Same gape  Same gape

angle distance
Projected surface area 33.9% 19.7%

1. area of the upper jaw 17.6%

2. area of the lower jaw 17.5%

3. length of the upper jaw 17.6%

4. length of the lower jaw 17.7%

5. width at the middle of the upper jaw 7.5%
6. width at the middle of the lower jaw 8.7%

7. maximal width of the mouth 9%

Table 3: Quantitative comparison between the aquatic head shape and the non-aquatic
one. Measurements are indicated by number on the first scheme. The shapes associated
with both ecologies are at the same scale. The non-aquatic gape was adjusted to be equal
to the aquatic shape gape distance or gape angle. Values in the table indicate the

percentage of extra surface or length.

Discussion

We detected a significant phylogenetic signal in our dataset meaning that the head
shape of the snakes in our data set is at least partly constrained by shared ancestry. As the
multivariate K was lower than one, species resemble each other less than expected under
Brownian motion evolution. One possible explanation of such a result is convergent
evolution to specific environmental constraints (Blomberg et al. 2003). The analyses of
the overall shape variation in the dataset highlighted differences in head shape between
the species that capture elusive prey under water versus those that do not. We found two
PC axes (PC2 and PC9) that statistically differentiate between aquatic and non-aquatic
snakes irrespective of phylogeny. This demonstrates that the selective pressure associated
with the underwater capture of elusive prey is strong enough to drive convergence in head

shape across snakes despite a significant phylogenetic signal. Although snakes that
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capture elusive prey under water have evolved independently many times in the
evolutionary history of snakes, most studies to date have focused on a single family, the
natricines (Drummond 1985; Hibbitts & Fitzgerald 2005; Bilcke et al. 2006; Vincent et
al. 2009; Herrel et al. 2008). Our results show that convergence in head shape is
independent of phylogeny and suggest that the aquatic medium has indeed constrained

the evolutionary trajectory of these animals.

Snakes that capture elusive prey under water tend to have narrower heads as
predicted a priori, but only for the anterior part of the head. The head is also
dorsoventrally flattened in comparison with species that do not capture elusive aquatic
prey. This dorso-ventral compression of the head is a feature that has been suggested to
be associated with an aquatic life-style and the need to be more streamlined in aquatic
reptiles in general (Taylor 1987). Proportionally, aquatic snakes have an enlarged
posterior part of the head. This could reflect a solution to the trade-off between the need
for a more streamlined head to circumvent the physical constraints of underwater prey
capture, and the need to be able to swallow large or bulky prey. The jaw is shorter in
species that capture elusive aquatic prey in contrast to results of previous studies (Hibbitts
& Fitzgerald 2005). Moreover, the mouth is more curved, which, once the mouth is
opened (Table 3) allows a large opening while limiting the surface area facing the flow.
The reduction of both length and width of the front part of the head were predicted by
Taylor (Taylor 1987). Indeed, these parts of the head play a major role in prey capture in
snakes. The opening of the mouth during underwater prey capture produces considerable
drag that can decrease capture success (Taylor 1987; Young 1991; Hibbitts & Fitzgerald
2005; Van Wassenbergh et al. 2010). As the hydrodynamic drag force is proportional to
the surface area of the object that moves perpendicularly to the flow, a reduction in both
length, width and surface area of the mouth likely decreases the drag associated with the
open-mouth capture typically observed in these animals as suggested by the lower
projected frontal surface area (Van Wassenbergh et al. 2010; Taylor 1987). In contrast,
the head of aquatic snakes is proportionally larger posteriorly. This may ensure an
efficient ‘pterygoid walk’ in aquatic snakes despite their reduced jaw length. According
to Young (Young 1991), the width of the posterior part of the head impacts the length of

the lever arm which is involved in the pterygoid walk; the larger the width the more
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efficient the swallowing. Moreover, this ensures a smooth head-neck transition in aquatic
snakes. The jaw tips (i.e. landmarks 4 and 5) are not prominent which could possibly be
an advantage during swimming as this may avoid the detachment of the flow behind the

head.

As the nostrils are more dorsally positioned in aquatic snakes, this could allow
them to breathe at the surface of the water while remaining submerged (Somaweera
2004). Likewise, the more dorsal position of the eyes could allow them to target prey or
to see predators that are positioned above (Trapp & Mebert 2011; Povel & Van Der Kooij
1997). Eyes in predators generally tend to have a more frontal position to increase their
binocular overlap, allowing them to better judge the distance to the prey. In contrast,
species that tend to have a more laterally positioned eyes have a wider visual field (Walls
1942). As most aquatic snakes rely on visual cues to detect and capture prey (Drummond
1985; Schaeffel & Mathis 1991; Schaeffel & de Queiroz 1990; Shine et al. 2004;
Brischoux & Lillywhite 2011) their eyes may have moved closer together to allow a better
perception of depth and distance (Hibbitts & Fitzgerald 2005).

Our results show that the head shape of snakes that capture elusive prey under
water has indeed converged. Nevertheless, the shape observed does not exactly
correspond to our a priori predictions. Most of previous work on this subject predicted
that the hydrodynamic forces should favor an elongated snout (Hibbitts & Fitzgerald
2005), a smaller or narrower head (Young 1991) and a decrease of the overall head width
(Herrel et al. 2008), at least in frontal strikers. The head of the 'aquatic' snakes in our
study is indeed proportionally narrower, but only in the anterior part. The enlargement of
the posterior part of the head and the smaller size of the jaw is in contrast with the
prediction of prior studies. However, simulation studies showed that an increase in head
width is not likely to impair the strike speed of a snake (Van Wassenbergh et al. 2010).
As such the head shape observed in aquatic snakes combines a narrow anterior part which
will reduce drag, and a wide posterior head which allow an efficient prey transport. Direct
measurements of the hydrodynamic forces and bow wave generation are needed,

however, to test these ideas.
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Interestingly, a considerable amount of variation in head shape is present among
the snakes that capture elusive prey under water suggesting that multiple solutions to the
same problem may exist. Snakes that capture elusive aquatic prey are known to use mostly
one of two types of behaviors: frontally versus laterally directed strikes (Herrel et al.
2008). The strike behavior greatly influences the flow of water around the head and the
associated drag forces during a prey capture event (Young 1991). Moreover, similarity in
shape does not per se result in a similarity in performance (Miles 1994) and the ecological
relevance of variation in shape remains to be tested. The exploration of the relationship
between morphology, the behavior, and the hydrodynamics of prey capture is a promising
avenue to better understand how the physical environment may constrain the evolution

of form in aquatic species.
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Hydrodynamics of the frontal strike in aquatic snakes: drag, added

mass and the possible consequences for prey capture success.

2017, submitted

Abstract

Natural selection favors animals that are the most successful in their fitness-related
behaviors, such as foraging. Secondary adaptations pose the problem of re-adapting an
already 'hypothetically optimized' phenotype to new constraints. When animals forage
underwater, they face strong physical constraints, particularly when capturing a prey. The
capture requires the predator to be fast and to generate a high acceleration to catch the
prey. This involves two main constraints due to the surrounding fluid: drag and added
mass. Both of these constraints are related to the shape of the animal. We experimentally
explore the relationship between shape and performance in the context of an aquatic
strike. As a model, we use 3D-printed snake heads of different shapes and frontal strike
kinematics based on in vivo observations. By using direct force measurements, we
compare the drag and added mass generated by aquatic and non-aquatic snake models
during a strike. Our results show that drag is optimized in aquatic snakes. Added mass
appears less important than drag for snakes during an aquatic strike. The flow features
associated to the hydrodynamic forces measured allows us to suggest a mechanism

rendering the shape of the head of aquatic snakes well adapted to catch prey underwater.

Key words: snakes, fluid mechanics, forces, morphology, prey capture
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Introduction

Aquatic animals have to overcome the strong viscous and inertial constraints
associated with underwater movement (Webb 1988). Physically, these constraints are
related to the kinematics of movement and the morphology of an animal (i.e. the shape of
the object that is facing the flow). For most aquatic vertebrates, viscous effects are
confined to a thin boundary layer surrounding the body, which couples the motion of the
animal with that of the surrounding fluid, and gives rise to the skin friction that penalizes
aquatic locomotion. In addition, fluid inertia causes the boundary layer to separate from
the animal's body, creating the recirculation zones associated to pressure drag (Vogel
1994). The specifics of the flow separation determine the relative importance of pressure
to skin friction drag (Hoerner 1965). In addition to drag, which depends on the velocity
of the animal, the hydrodynamics are also dependent on acceleration of the added mass
(Daniel 1984; Brennen 1982). This corresponds to the mass of fluid that is accelerated
together with the animal and which exerts a reaction force. Both drag and added mass
also depend on the size and shape of the body (Daniel 1984), and it can thus be expected
that the morphology of aquatic animals is optimized to reduce drag and added mass.
However, organisms have a morphology that is also constrained by evolutionary history,
functional trade-offs, and developmental programs thus restricting the range of possible
morphological adaptations. Environmental and biological constraints act in parallel on an
organism and may all impact their evolution, sometimes leading to convergent
phenotypes (Bilcke et al. 2007; Kelley & Motani 2015; Howell 1971; Winemiller et al.
1995). These convergences are numerous across the animal kingdom, yet their impact on
function has only rarely been tested (Van Wassenbergh et al. 2010; Stayton 2011; Young
1991; Herrel et al. 2008; Hibbitts & Fitzgerald 2005). We here use the case of
convergence in head shape in aquatic snakes (Segall et al. 2016) to provide an
experimental test of the suggested functional advantages of observed similarities in the

head shape of aquatic snakes.

Snakes are an ideal model to study convergence as they have invaded the aquatic
medium multiple times independently throughout their evolutionary history. However,
they do not show any of the usual adaptations to aquatic prey capture (e.g. they cannot

perform suction feeding due to their reduced hyoid) (Herrel et al. 2008). This lack of
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suction feeding capacity likely results in an even stronger selective pressure on their head
shape as the shape of the head will determine the magnitude of the hydrodynamic
constraints (Webb 1984; Webb 1988; Young 1991). Convergence of the head shape in
aquatic snakes has been demonstrated previously (Esquerré & Keogh 2016; Hibbitts &
Fitzgerald 2005; Vincent et al. 2009; Herrel et al. 2008; Segall et al. 2016), and a
hydrodynamic advantage of this convergence in shape has been suggested (Herrel et al.
2008; Segall et al. 2016; Fabre et al. 2016; Young 1991). Here we explore whether this
convergence in head shape (Segall et al. 2016) can be explained as an 'optimization' for
the capture of mobile prey under water. The hydrodynamic constraints involved during a
strike, namely pressure drag - skin friction being negligible in the regimes of interest here
(Van Wassenbergh et al. 2010) - and added mass, are related to the shape of an object
(Brennen 1982; Daniel 1984). Thus, we should be able to detect a difference between the
hydrodynamic forces associated with the head shape of snakes that capture elusive prey

underwater and the non-aquatically foraging species.

Another constraint related with the capture of prey under water is the
mechanosensitivity of aquatic prey like fish. The lateral line system of fish is composed
of mechanoreceptors that can detect very small pressure variations —with an estimated
threshold of 0.1 to 1mPa at Imm (van Netten 2006; McHenry et al. 2009). This system
triggers a reflex escape response in the prey once a pressure threshold has been reached.
Previous studies have suggested that a snake moving underwater generates a bow wave
that might be able to trigger the reflex response of the prey (Herrel et al. 2008; Van
Wassenbergh et al. 2010). We decided to test this hypothesis and we predict that aquatic
snakes should be stealthier than the non-aquatic snakes during the strike maneuver such

that the detection of the predator by the prey would be delayed.

We use direct force measurements on different models of snake heads derived
from a previous analysis based on the comparison of 83 species of snakes (Segall et al.
2016). We compared models with the mouth open, as aquatic snakes keep their mouth
opened during frontal strikes (Vincent et al. 2009; Fabre et al. 2016; van Netten 2006;
McHenry et al. 2009; pers. obs). Our experimental setup mimics a ‘sit-and-wait’ frontal
strike under water, meaning that the model remains motionless before the strike and is

then suddenly accelerated to reach an almost constant speed for a short time. The force
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applied on the head during the strike was recorded to characterize the added mass and
drag, which determine the hydrodynamic efficiency of a strike. In addition, another sensor
was placed at the end of the strike track to assess the distance at which a prey is likely to
detect the presence of the snake during capture. Particle Image Velocimetry (PIV) was
used to visualize the fluid flow around the different shapes during a strike. We also
characterized the evolution of the vortex intensity during a strike for each shape, as it is
closely related to the hydrodynamic force generation by a moving object (Thiria et al.

2006; Saffman 1992; Ringuette et al. 2007).

Material & Methods

3D models

We used two models of head shape of snakes corresponding to two ecological
groups, the “aquatic” group, which captures prey under water, and the non-aquatic group,
which does not forage under water. The shapes associated with these two groups were
extracted from a 3D geometric morphometric published previously (Segall et al. 2016)
in which the head shape of 62 species of aquatic snakes were compared to 21 non-
aquatically foraging species. To extract size from shape a Generalized Procrustes
Analysis was performed resulting in the two model being at the same scale. Next a linear
discriminant analysis was performed to extract the shapes that best discriminate between
groups. The models were then 600 times enlarged. Next, the mouth of our models was
opened to an angle of 70° to be biologically relevant in a prey capture context (Herrel et
al. 2008; Bilcke et al. 2006; Vincent et al. 2005). This was done by dividing the heads
into three parts corresponding to the ‘skull’ and the jaw that are the parts that are opened
during a strike and the rest of the head. We used the same landmarks to divide in a
homologous way the head in both models. Then, a rotation of 35° for the jaw and skull
parts was performed in Blender™. The models were elongated at the level of the neck by
approximately 10 cm, in order to avoid an artificial flow separation near the back of the
head that could impact the measurements. The two models were then 3D printed using

Stratasys Fortus 250 MC 3D printer with ABS P430 as material (Fig. 13a.).
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Figure 13: a. Frontal, side and top views of the 3D models of head shape of aquatic and
non-aquatic snakes used during the experiments. b. Drag term 2F; /pS depending on the
velocity term of the strike (U?) for the two head models tested. Linear regression lines are
drawn. The y coefficients correspond to the drag coefficient of each shape. c. Comparison
of the added mass associated with the two different head shapes depending on the
acceleration of the strike (m.s”). The added mass is the amount of water that is pulled
along with the head relative to the volume of the model (pVmoder). d. Comparison of the
respective contribution of the added mass and drag during the acceleration phase
depending on the head shape and the acceleration during the strike. Drag coefficient:
open symbols, added mass coefficient: closed symbols. For each graph: squares: non-
aquatic model, circles: aquatic model. e. Distance (cm) at which the prey could
potentially detect the snake depending on the maximal velocity of the strike (m.s™). The
dashed lines represent the lowest velocity or acceleration found in the literature for an

aquatic strike in snakes. Squares: non-aquatic model, circles: aquatic model.
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Experimental setup

The same setup was used for the force measurements and PIV. The 3D printed
models were positioned horizontally in a water tank. A force sensor FUTEK LSB210+/-
2 Lb was attached to the 3D printed head using an aluminum rod and recorded the axial
forces applied to the head during a strike. The other side of the sensor was attached to a
bracket (sensor 1, Fig. 14) that was itself hooked on the movable part of an airborne rail.
Springs were used to simulate the head acceleration during a frontal strike. We applied
different compressions of the springs to generate a range of strike velocities and
accelerations. The length of the path was 20cm. A position sensor (optoNCDT1420,
Micro-Epsilon) was set at the end of the path to record the position and extract the head
displacement. In addition, another more sensitive force sensor FUTEK LSB210 100g was
set at the end of the path (sensor 2, Fig. 14). We monitored the pressure fluctuations that
occur at the end of the strike path in front of the snake head using a round plastic plate of
7cm of diameter attached to a force sensor. This sensor provided information about the
distance at which a prey could potentially detect the presence of a snake during a strike.
The force and position sensors were synchronized and recorded at 1kHz. Approximately

60 trials were done for each model.

Drag coefficient and added mass

The profile of the force exerted on the head (red line in the Fig. 14) presents a first
peak, which corresponds to the rapid acceleration phase driven by the decompression of
the spring, followed by a plateau-like phase that signals a nearly constant velocity
between the release of the spring and the end of the track. The latter appearing clearly as
a negative peak on the force measurement when the moving cart of the rail hits the stop.
The plateau phase of the first force sensor provides a measure of the drag force (Fig. 14)
as it corresponds to the nearly constant speed phase during which drag is the major
element of the measured force. The drag coefficient (Cq) of our models was calculated

using the standard definition (Vogel 1994):
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where F; is the drag force, pis the density of water, U the velocity of the object and S its
projected frontal surface area, which was measured at 12.89cm? for the aquatic model and
14.72cm? for the non-aquatic model. The term 2F;/pS was plotted against U? and the
coefficient of the linear regression corresponds to the drag coefficient of the models (Fig.

13).

The added mass was calculated from the peak force that corresponds to the
acceleration phase during which the spring is pushing the cart of the air-bearing rail (Fig.
14). During this phase the force measured by the sensor includes not only the
hydrodynamic drag, but also an inertial contribution given by F; = (m + M)X, where ¥
is the acceleration, m is the mass of the 3D printed models and M is the added mass.
Using a quasi-steady assumption for the drag term, a reasonable estimate of the drag

contribution to the force peak measured by the sensor during the acceleration phase is
%Fd (the drag being zero at the beginning when the velocity is zero and reaching a value
of F; when the cart detaches from the spring at the beginning of the plateau; see Fig. 14).
The peak force F, is thus equal to the sum of the inertial force F; and half of the drag force
measured at the beginning of the plateau F,;. Using an average value for the acceleration

a = (X) obtained from the x(t) data of the position sensor, we obtain this equation to

estimate the added mass M (Fig. 13):

)

To compare the respective contributions of the added mass and the drag during

the acceleration phase (see Fig. 13), we defined a dimensionless added mass as:

2 Ma

= S pU? (6)

CAM

It should be noted that the previous equation is different from the traditional
definition of the coefficient C, appearing in the added mass expression C,pV (Vogel

1994).
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Detection distance

To compare the effect of the head shape on the detection by a possible prey we
used the output of the second force sensor (sensor 2, Fig. 14). This sensor can detect
pressure variations of approximately 0.3Pa. To estimate the position at which the prey
could detect the predator, we defined the detection distance d (plotted in Fig. 13¢ as a
function of the maximum velocity of the strike) as the position at which the force in sensor
2 deviates from the unperturbed value by more than one standard deviation of the sensor

output before the strike (Fig. 14).
Particle Image Velocimetry

We used 2D Particle Image Velocimetry (PIV) with a high-speed camera, Dantec
Dynamics SpeedSense M, to obtain a time-resolved recording of the strike from the
bottom of the tank (Fig. 14). Water was seeded with polyamid particles of 20 um in
diameter and a Quantronix® Darwin-Duo laser was used to produce the light sheet. Image
acquisition was performed at 733Hz. We choose to record three different planes on each
head to obtain a complete picture of the fluid flow around the head during the attack (see
Appendix 7). We applied the same compression to the springs (i.e. maximal compression)
in order to get a fair comparison for the different shapes. Acquisition was performed using
the Dantec DynamicStudio 2015a software. The PIV vector computation was performed
using LaVision 7.2 with a 16 x 16 pixel® interrogation window and 50% overlap.
Additional post-processing and analysis was done in Matlab using the PIVMat toolbox
(Moisy 2006). A more quantitative analysis has been performed by computing the overall
primary circulation I' = [ w*dA in each PIV plane (o being the positive vorticity in Fig.
15b.). The evolution of the dimensionless circulation //UL as a function of time, where
L is the characteristic length scale of the acceleration regime of the strike maneuver (that

is constant for all experiments) and U is the velocity of the strike has been plotted in Fig.
15b.
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Statistical analyses

To test for differences between the drag coefficients of the two shapes, we ran a
Pearson correlation on the force component of the drag coefficient (2F, /pS) with the
square velocity (U?). An ANCOVA with mass as a co-variate was performed to test for
statistical differences in the drag coefficient between the two models. We also ran an
ANCOVA with the added mass as the response variable, the acceleration as covariate and
the model as factor. Finally, to compare the detection distance, we ran an ANCOVA with
the distance as the response variable, the model as a factor, and the velocity as covariate.
All the variables were Logio-transformed and the statistical analyses were performed

using R (R Development Core Team 2014). The significance level was set at 5%.

Results

Drag and added mass

The drag coefficient of the non-aquatic shape is higher than the coefficient of the
aquatic model, respectively 0.64 and 0.26 (Pearson’s correlation: nonaq: df = 67, P <
0.001, R2=0.996; aq: df=64, P <0.001, R>=10.995; ANCOVA: F2,132=671.1, P<0.001)
(Fig. 13b). The added mass measurements show a large scatter at low accelerations
(between 0 and 10m.s™) for both models: the measured added mass ranged between 25%
and almost 250% of the mass of water occupied by the model. At higher accelerations,
between 10 to 25 m.s~, there is less scatter and the added mass decreases slowly towards

a value of ~50% of the volume occupied by the model for both shapes (Fig. 13c).

The statistical analysis shows that the added mass is slightly larger for the aquatic
model than for the non-aquatic one (M’aq: 112 & 46%; M nonaq: 108 = 57) and that it is
dependent on the acceleration (ANCOVA: F»132 = 5.36, P = 0.005; shape: P = 0.01;
acceleration: P = (0.024). Due to the observed scatter at low accelerations we performed
an additional ANCOVA taking into account only the added mass values corresponding

to accelerations above 10m.s2. When doing so there is no longer any statistical difference
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between the two shapes but still a significant effect of acceleration (ANCOVA: Fz74=
23.38, P <0.001; model: P =0.107; acceleration: P <0.001).

Both added mass and drag are involved during the acceleration phase of a strike,
however, their respective contribution changes depending on the acceleration and the
shape of the head. For the non-aquatic shape, between 0 and 10m.s”, the added mass is
more important than the drag but beyond 10m.s”, the drag is more important than the
added mass (Fig. 13d). Whereas, for the aquatic shape, the added mass is very important
at very low accelerations and it decreases rapidly beyond 5m.s”. For the aquatic shape,

the added mass is almost equivalent to the drag beyond 15m.s".
Detection distance

We were not able to get any accurate measures of the detection distance for low
velocities (i.e. U > 0.5m.s"). There is moreover no statistical difference between the
distance at which the prey could detect the presence of the snake depending on their head
shape. However, this distance depends on the maximal velocity of the strike, the faster
the strike, the earlier the detection of the predator (ANCOVA: F>34= 5.05, P = 0.008;
model: P = 0.65; Umax: P =0.008) (Fig. 13e).

Flow characterization

The frontal strike maneuver involves strong flow separations due to the high shear
produced by the impulsive acceleration (Fig. 15). The flow features can be characterized
by examining the vortex structures formed at the corner of the mouth and on both tips of
the jaw and of the skull. We created videos of the vortex formation during a strike,
obtained from PIV on three planes around the snake heads (Appendix 6), in order to

compare both models (see video 1, video 2, video 3). The PIV measurements show the

formation of vortices during the strike maneuver. In Fig. 15a. we compare the vorticity
field at the end of the acceleration phase (at t = 0.8s) in the three measurement planes;
bottom view, jaw view, and skull view (Appendix 7) for the aquatic and non-aquatic
heads. Looking at the bottom view, the difference of the flow pattern between the two

models is clearly observable; the advantage of the aquatic model seems to be related to a
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smaller primary vortex. The picture is not as straightforward considering the jaw and skull
view, where opposite observations on the primary vorticity production can be pointed out
qualitatively: on the jaw view the primary vorticity patch appears slightly more detached
from the jaw in the non-aquatic case, whereas in the skull view this observation can be
made for the aquatic case. Fig. 15b. shows the quantitative analysis of the primary
circulation. First, we can see that the bottom view the aquatic model induces a slightly
(~10%) lower overall circulation over the whole acceleration phase. Second, on the jaw
view, it can be remarked that a much lower overall circulation is produced by the vorticity
detached from the tip of the jaw in the aquatic case (around 40% of the non-aquatic value
at the end of the acceleration phase). The picture in the skull view is the opposite, the
aquatic case generating more overall circulation. We note also for the skull view that the

computed value for the circulation fluctuates much more.
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Figure 15: a. Snapshots of the vorticity field w. around the snake head models at the end
of the acceleration phase for the aquatic (first line) and non-aquatic (second line) models,
in the three measurement planes: bottom, jaw and skull views are shown on the first to
third columns, respectively. The color bar for the vorticity field is given in s~ '. b.
Evolution of the dimensionless integrated positive circulation during the acceleration

phase depending on the time for both models in each of the three views considered.
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Discussion

The foraging success of an aquatic snake is at least partly related to the response
of the potential prey. Contrary to our predictions, our results show that the relative
distance at which a prey can possibly detect a snake does not depend on the snake's head
shape. Yet, this distance does increase with velocity for both models. However, we cannot
conclude on the biological relevance of the absolute distance measured in the present
experiment in terms of prey capture success for several reasons. First, the threshold of
pressure detection of a fish depends on the species, and it is also difficult to compare to
the threshold that can be defined from our force sensor. Second, our setup is based on a
very idealized strike, different from a real frontal strike, especially because most of
aquatic snakes strike when they are very close to their targeted prey (e.g. 0.5-0.8cm
Erpeton tentaculatum (Catania 2009); T. couchii 4.87cm; T rufipunctatus 2.81cm (Alfaro
2002); less than 3cm Hydrophis schistosus (Voris et al. 1978)). The detection distance
measured here is around 6 to 10cm, so we could consider that the prey detects the snake
almost instantaneously when the strike is initiated. Capture success is thus likely more
related with the hydrodynamic profile of the snake head shape than being dependent on

the reaction of the prey.

Drag is well known for its role in steady locomotion such as cruising, however, it
is also involved in transient behaviors such as the capture maneuver studied here.
Certainly, the aquatic model appears more adapted to capture aquatic prey using a frontal
strike than the non-aquatic model in terms of drag. The drag coefficient of both models
with the mouth closed is smaller or equivalent to the drag coefficients reported for aquatic
mammals in the literature (Fish 1993) (Appendix 6). These coefficients are close to those
of streamlined bodies (Koehl 1996) and practically equivalent for both models, which
means that the cruising regime is not so much constrained by the shape of the head.
However, during prey capture, when the mouth is open, the drag coefficient increases
dramatically. Despite this, the aquatic model has a drag coefficient that is almost 3 times
smaller than the non-aquatic model. As mentioned above, drag in this fast impulsive
maneuver is mainly pressure drag, which is intimately linked to the flow separation in the
near wake of the snake head as it moves. Through the PIV measurements, we can observe

the vortices that are formed very early during the strike (see videos).
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However, the relationship between the drag coefficient and the vortex profile is
not straightforward. A full time-resolved 3D reconstruction of the flow would be needed
to compute a total force that could be compared quantitatively to the output of the direct
force measurements. This is however beyond the scope of the present paper. The planar
PIV data allows us nonetheless to conjecture on the possible fluid dynamic origin of the
differences in drag coefficient measured between the two models. Looking at the bottom
view in Fig. 15, the advantage of drag of the aquatic model could to be related to a smaller
primary vortex, the non-aquatic case showing a more fluctuating and disordered field.
Moreover, the vorticity production at the tip of the jaw shows a clear quantitative
difference and is consistently higher for the non-aquatic model. However, the skull view
shows the opposite pattern of vorticity; the non-aquatic snake produces fewer vortexes
with an integrated primary circulation that is less important than for the aquatic model.
However, the involvement of jaw and skull vorticity could be under or overestimated with
a 2D view given that in reality it is a 3D phenomenon. Further analysis should explore
the 3D pattern of the fluid flow as the results of such an experiment would allow to make
a more direct link between drag and the vorticity profile of the flow around the head.
From the present results we can only conjecture that a reduction of the recirculation
bubble behind the jaw appears to be the main physical mechanism explaining the physical

advantage of the head shape in aquatically foraging snakes.

The added mass depends on the acceleration; the higher the acceleration, the
smaller the added mass for both models. The non-aquatic model generates slightly less
added mass than the aquatic model for lower accelerations, but this difference disappears
at higher accelerations (i.e. a > 10m.s?). Thus, theoretically, aquatic snakes should strike
at high acceleration to reduce the added mass generated by their motion. Only few data
are available on underwater strike kinematics in snakes but it appears that accelerations
during frontal strikes are typically higher than 20 m.s in aquatic snakes (Smith et al.
2002; Vincent et al. 2005; Alfaro 2002). Beyond 20 m.s, the added mass is very small
for both models and there 1s no longer any difference between the models, meaning that

the shape does not affect the added mass at such high accelerations.

Interestingly, aquatic snakes appear optimized in terms of drag but not so much

with respect to the added mass. This could be the result of opposite requirements to
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optimize added mass and drag in animals. It is possible that the reduction of both
hydrodynamic constraints involves morphological features that are mutually exclusive as
has been highlighted for fish (Webb 1984). Alternatively, the head shape of snakes may
already minimize added mass within the context of the anatomical and phylogenetic
constraints acting on these animals. Webb (1984; 1988) showed that an optimal body
shape for transient propulsion, such as a snake strike, would be an elongated, streamlined,
and flexible body along with skin and “dead weight” reduction, which corresponds to a
snake-like configuration. However, to our knowledge, no study has focused on the shape
of the head and its role. Drag increases with acceleration whereas added mass decreases
suggesting that snakes may have adapted their body form to facilitate transient propulsion
(elongated, streamlined body, paddle-like tail...) and their head shape to reduce the drag
at high accelerations, resulting in an overall optimized morphology for underwater prey

capture.

Additionally, drag and added mass do not contribute equally during a strike
depending on the kinematics. Based on our observations, we assume that drag is more
important than added mass. As Daniel (1984) mentioned, in the case of animals
accelerating from rest, as during a strike, both drag and added mass are acting and it is
possible to evaluate the relative importance of each. We did so by looking at their
respective coefficients. The results show that at high accelerations, which are biologically
relevant for snakes striking (Vincent et al. 2005; Smith et al. 2002; Alfaro 2002; Alfaro
2003; Drummond 1983), the added mass coefficient decreases until it reaches the drag
coefficient values, which remain constant. However, there is no difference in the added
mass between the two shapes. This suggests that drag is more largely impacted by the
difference in shape than the added mass coefficient, which mainly depends on the
acceleration of the strike itself. An optimal evolutionary strategy for an aquatically
foraging snake could thus be to reduce its drag coefficient by adapting head shape and to

reduce its added mass coefficient by adapting its body to generate high accelerations.
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Abstract

We explored the morphological diversity in a group of animals that has converged in head
shape to circumvent strong physical constraints: the aquatically foraging snakes. Despite
the observed convergence considerable variability in head shape across species was still
detected. Given the importance of head shape on fitness, we hypothesized that this may
be an example of many-to-one mapping of form to function. Thus, the different head
shapes of aquatic species are expected to result in equivalent hydrodynamic performance.
We also investigated features that could drive the evolution of this diversity, such as diet,
presence of glands, and habitat use. We used 3D geometric morphometrics on a large
sample of species to extract five shapes that are representative of the variability. We 3D
printed these shapes and measured the drag coefficient of each shape using an experiment
that mimics a snake strike. We found that prey shape is partly constraining the head shape.
However, instead of a many-to-one mapping of form to function, we highlight a one-to-
one mapping of form to function and a many-to-one mapping of function to ecology as
these snakes are all successful at catching aquatic prey despite the variation in head shape

leading to different hydrodynamic efficiencies.

Key words: evolution, convergence, function, shape, snakes, ecology
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Introduction

The goal of evolutionary biology is to understand the origins and evolution of
biological systems. By documenting patterns across evolutionary time, insights can be
gained on the selective forces that drive the evolution of a given phenotype (Greene 1983;
Howell 1971). Related species may resemble each other more than distantly related
species because of their shared evolutionary history (Darwin 1859). However, some
distantly related species resemble each other more due to the convergent evolution of
certain phenotypes in similar ecological contexts (Winemiller et al. 1995). This
convergence is often driven by strong extrinsic constraints driving the phenotype towards
a limited number of solutions (e.g. streamlined animals) (Howell 1971; Hoso et al. 2007,
Esquerré & Keogh 2016; Kelley & Motani 2015). Yet, phenotypes may also functionally
converge (i.e. many-to-one mapping) with many different phenotypes giving rise to the
same function (e.g. the 4-bar linkage in fish) (Wainwright et al. 2005). Predicting
evolutionary trajectories is further complicated because of functional trade-offs imposing
conflicting demands on a single structure (e.g. transient and burst swimming; speed and

stamina) (Webb 1988; Vanhooydonck et al. 2001; Webb 1984).

We propose here to study the head shape in aquatically foraging snakes to address
the question of whether this system shows a many-to-one mapping of form to function. It
has been demonstrated previously (Segall et al. 2016) that the shape of the head in snakes
that capture prey under water has converged. This shape convergence was suggested to
help minimize drag and thus optimize prey capture success in these animals (Segall et al.
n.d.). We further demonstrated that this convergent shape does indeed provide snakes

with a functional advantage (i.e. drag reduction).

Unexpectedly, however, the variability in head shape in aquatically foraging snakes is
rather large ranging from relatively long and thin to more short and bulky heads.
Consequently we asked ourselves whether many-to-one mapping of form to function
occurs in aquatically foraging snakes; i.e. do these different head shapes all result in the
same hydrodynamic profile. Moreover, we ask ourselves how this variability is
structured? Apart from the hydrodynamic constraints, what other factors may drive the

evolution of head shape in aquatically foraging snakes?
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Head shape variability could, for example, be driven by the habitat of the species,
i.e. the media in which they spend most of their time (Savitzky 1983; Esquerré & Keogh
2016). The morphospace overlap between aquatic and non-aquatic foragers could be
related to the more terrestrial habits of some species. We defined ‘aquatic foragers’ as
species that capture elusive prey underwater. According to this definition, a terrestrial
species that occasionally but actively hunts fish is considered as an aquatic forager. It
seems pretty intuitive that the selective pressures acting on an entirely aquatic snake are
different from those acting on a terrestrial snake that occasionally forages underwater.
Thus, we predict the species in our morphological space to be, at least partly different

based on their habitat use.

Another hypothesis that could explain the variability among the aquatic foragers
is their diet and more precisely the shape of their preferred prey. Indeed, snakes are gape-
limited predators that swallow large prey whole (Gans 1961). Thus their head shape may
be related to their prey shape given that several studies have previously demonstrated an
effect of dietary preference on the shape of the head of snakes (Vincent et al. 2007;
Forsman 1991; Camilleri & Shine 1990; Queral-Regil & King 1998). Here we predict
that whereas elongated prey should not impose specific constraints on head shape, bulky
prey eaters would benefit from wide heads and long jaws (Forsman 1991; Fabre et al.
2016; Brecko et al. 2011). Finally, the presence of glands such as Duvernoy’s or venom
glands could impact the overall head shape of snakes. The Duvernoy’s gland is also a
venom gland but is less complex in structure (Fry et al. 2008). However, marked
differences between both types of glands exist in terms of their size, shape and position
in the head. Moreover, true venom glands show a specialized musculature that allows to
compress the gland (Fry et al. 2008; Fry et al. 2003) and that may impact head shape. In
addition, gland secretions may facilitate prey handling by tranquilizing and, in some
cases, killing the prey (Kardong 2002; Weinstein et al. 2009). However, venomous snakes
tend to have long handling times and sometimes chew or reposition prey before
swallowing (Weinstein et al. 2009; Mori 1998). This may require larger muscles and

venomous snakes may thus be expected to have bulkier heads.

Despite its importance, functional diversity has rarely been empirically tested

(Collar & Wainwright 2006). We here propose an experimental approach to assess

56



Chapter 3 — From convergence to many-to-one mapping

whether the morphological variability observed in the shape of the head has functional
consequences in terms of underwater prey capture. Specifically, we measure the drag that
is generated by different head shapes under water. We hypothesize that the different head
shapes result in similar functional features given that they all capture elusive prey under
water. We expect the drag coefficient, which is the most important constraint during
aquatic locomotion and foraging (Segall et al. n.d.) to be similar in animals with
differently shaped heads foraging on elusive aquatic prey thus providing an example of

many-to-one mapping of form to function (Wainwright et al. 2005).

To address these questions, we gathered a large dataset containing the head shape
of 62 species of snakes that forage underwater. We used 3D geometric morphometrics
and comparative analysis to test for effects of ecological factors on head shape evolution.
Next, we extracted a set of head shapes that we 3D printed to measure the drag coefficient
that is associated with each shape; drag being the main constraint involved during an

underwater prey capture event in snakes.

Material & Methods

Specimens

3D scans of the heads of 316 snakes were obtained using a high resolution surface
scanner: a Stereoscan3D Breuckmann white light fringe StereoSCAN3D with a camera
resolution of 1.4 megapixels, available at the Museum National d’Histoire Naturelle,
Paris. Only specimens with a well-preserved head and closed mouth were scanned to
allow shape comparisons. Five specimens per species were used in this study where
possible (Appendix 1). Our sample consists of 62 species of snake species that consume
elusive aquatic prey (e.g. fish, amphibians, crustaceans...) (Appendix 1). We chose at
least one aquatic species among each family of snakes in which a return to an aquatic
lifestyle has occurred. The phylogenetic tree of Pyron (Pyron et al. 2013) was pruned in
Mesquite 3.03 (Maddison & Maddison 2015) to only keep the species we included in our
data set (Fig. 16).
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Figure 16: Phylogeny of the selected species based on Pyron et al. 2013. For each species
is associated a side and top view of their head, the shape of their most common prey, their

ecology, and the gland type.
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Geometric morphometrics

To quantify shape variation between species, we recorded the 3D coordinates of
10 landmarks, both anatomical landmarks and maxima of curvature, and 6 curves using
the 'Landmark' software package (Wiley et al. 2005). A template consisting of 921
landmarks, including 10 anatomical landmarks, 74 sliding-landmarks on curves and 837
sliding-landmarks on the surface of the head was created (Fig. 11, Appendix 3) to obtain
an accurate description of the head shape of the snakes (Gunz & Mitteroecker 2013). The
template was positioned on each specimen, semi-landmarks were projected onto the
surface of the specimen and allowed to slide while minimizing the bending energy
between the template and the specimen using the Morpho package in R (Botton-Divet et
al. 2015; Gunz & Mitteroecker 2013; Schlager 2015; R Development Core Team 2014).
Next, MorphoJ (Klingenberg 2011) was used to render all landmarks symmetrical, a
Procrustes superimposition was run (Rohlf & Slice 1990) and an average head shape per
species was calculated. A PCA was run to evaluate the overall shape variation in the
dataset. The first 7 principal components (PC) accounting for more than 90% of the shape

variability were used for further statistical analyses (Table 4).

3D models

We chose to test five models of head shape of snakes, which correspond to the
extremes of the two first axes of the principal component analysis and the mean shape;
PC1 and PC2, representing respectively 53% and 11% of the overall variability. The
models were enlarged to a length of approximately Scm. Next, the mouth of our models
was opened to an angle of 70° to be biologically relevant in a prey capture context (Herrel
et al. 2008; Bilcke et al. 2006; Vincent et al. 2005). This was done by dividing the heads
into three parts corresponding to the ‘skull’ and the jaw, which are the parts that are
opened during a strike and the rest of the head. The same landmarks were used to divide
the head in all models. Then, a rotation of 35° for the jaw and skull parts was performed
in Blender™. The models were elongated at the level of the neck by approximately 10
cm, in order to avoid an artificial flow separation near the back of the head that could
impact the measurements. The five models were then 3D printed using Stratasys Fortus

250 MC 3D printer with ABS P430 as material (Fig. 17).
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Experimental setup

Force measurements were obtained for each 3D printed model using an
experiment that simulates the attack maneuver. The snake head model was positioned
horizontally in a water tank. A force sensor FUTEK LSB210+/-2 Lb was attached to the
3D printed head using an aluminum rod and recorded the axial forces applied to the head
during a strike. The other side of the sensor was attached to a bracket (sensor 1, Fig. 14a)
that was itself hooked on the movable part of an airborne rail. Springs were used to
simulate the head acceleration during a frontal strike. We applied different compressions
of the springs to generate a range of strike velocities and accelerations. The length of the
path was 20cm. A position sensor (optoNCDT1420, Micro-Epsilon) was set at the end of
the path to record the position and extract the head displacement. Approximately 60 trials

were done for each model.

Drag coefficient

The profile of the force exerted on the head (red line in the Fig. 14b,c) presents a
first peak, which corresponds to the rapid acceleration phase driven by the decompression
of the spring, followed by a plateau-like phase. The plateau phase of the force sensor
provides a measure of the drag force (Fig. 14b,c) as it corresponds to a phase during which
only drag constrains the motion. As in the previous chapter, the drag coefficient (Cq) of

our models was calculated using the standard definition (Vogel 1994):

2Fg4

C, =
d pUZS b

4)

where F; is the drag force, pis the density of water, U the velocity of the object and S its
projected frontal surface area, which was measured as 13.57cm?, 13.68cm?, 15.17cm?,
14.23cm?, 14.41cm? respectively for the PClmin, PClmax, PC2min, PC2max, mean
shape models. The term 2F;/pS was plotted against U? and the coefficient of the linear

regression corresponds to the drag coefficient of the models.
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Statistical analyses

Before exploring our hypotheses, we wanted to know if the overall variability on
our dataset (90% of the total variability) could be divided in several sub-distributions
using the Gaussian Mixture Model (GMM) in the mclust package in R (Fraley et al. 2012).
Next, we tested three a priori hypotheses of features that could impact head shape: 1)
namely the presence or absence of a venom gland, 2) habitat use (aquatic, semi-aquatic
and terrestrial), and 3) prey shape (bulky vs. elongated). Phylogenetic statistical tests were
used as our species cannot be considered as independent from one another given their
common evolutionary history. Thus, we ran phylogenetic MANOVAs on the first seven
PC axes to test whether head shape is impacted by these features. Subsequently we ran
phylogenetic ANOV As to evaluate which axes contributed to the differences in shape. To
highlight a statistical difference between drag coefficients of the five shapes, we ran
Pearson’s correlation tests on the force component of the drag coefficient (2Fw/pS) with
the square velocity (U?). An overall ANCOVA was performed to test for statistical
differences in of the drag coefficient between the five models with model mass as a
covariate. Then, pairwise ANCOVAs were ran to compare the models two-by-two, a
sequential Bonferroni correction was applied to the P-values of each comparison. The
statistical analyses were performed using R (R Development Core Team 2014) with a

significance level set at 5%.

Results

Morphometry

The distribution of the species in the morphospace described by the first two
principal components representing 64.5% of the overall variability revealed no obvious
patterns (Fig. 17). To test whether any natural groups are present we applied a Gaussian
Mixture Model on 90% of the variability. This analysis returns a unique component

suggesting little or no structure within the shape data.
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Figure 17: Scatter plot of the principal components one and two (PCI & PC2)
representing respectively 53.4% and 11.1% of the head shape variance among the 62
aquatically foraging snake species. Each letter represents a single species, the letter
indicates the ecology of the species as illustrated on the figure. The shape associated with
each extreme of the PC axes is represented in grey. Illustrated in color are the extreme
shapes with the mouth opened that were used for the drag experiment and their resulting

drag coefficients (Cd).

The phylogenetic signal is significant in our dataset (P = 0.005, Kmult = 0.34)
meaning that the head shape is partly constrained by the evolutionary relationships
between the species. Unexpectedly, neither habitat use (Wilk’s lambda = 0.17, Fgs5 =
2.49, Pphy= 0.64) nor the type of gland (Wilk’s lambda = 0.36, F3 53 =3, Ppny= 0.98) appear
to drive head shape evolution in aquatically foraging snakes. The effect of prey shape
was, however, significant (Wilk’s lambda = 0.69, F 60 = 3.34, Pphy= 0.03). Univariate
analyses show that this difference is significant on PC6 which carries 3.4% of the overall
variability in head shape (Table 4). This axis does not carry any phylogenetic signal
suggesting that the difference in head shape described by this axis is entirely due to

differences in prey shape. Unexpectedly, the linear discriminant analysis shows that
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elongated prey eaters have a shorter and bulkier head with smaller eyes, and with the eyes
and nostrils being more dorsally positioned. The bulky prey eaters, in contrast, have a

more elongated head that is relatively narrower anteriorly (Fig. 18).

Proportion of variance (%) Univariate K statistic Phylogenetic ANOVA

Proportion Cumulapve K P-value Fi.60 P-value
proportion
PCl1 534 534 0.40 0.002 2.26 0.25
PC2 11.1 64.5 0.36 0.0009 433 0.10
PC3 7.9 72.4 0.42 0.0009 0.01 0.94
PC4 7.1 79.5 0.24 0.03 3.71 0.11
PC5 5.1 84.6 0.17 0.32 0.20 0.72
PC6 34 88 0.31 0.12 8.74 0.02
PC7 2.6 90.7 0.48 0.02 0.58 0.55

Table 4: Results of the statistical analyses performed on the first seven principal
components. The proportion of variance explained by each axis is indicated along with
the cumulative variance. To assess the strength of the phylogeny in each component we
use a K statistic. Phylogenetic ANOVAs are used to evaluate whether a statistical
difference can be detected between snakes that eat bulky prey and those that eat elongated

prey. Statistical differences are indicated in bold.

Figure 18: Results of the linear discriminant analysis performed on the 7 first principal
components illustrating the head shapes associated with species eating preferentially
bulky prey (in blue) and elongated prey (in grey) in top view, side view, and frontal view.

Dots are the semi-landmarks associated with the eyes, nostrils, mouth and neck.
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Drag coefficients

We printed five 3D models of snake heads corresponding to the maxima and
minima of the first and second principal components as well as the mean shape. The drag
coefficients of the different shapes are represented in Fig. 19 and the Pearson correlation
coefficients for all shapes are significant (all P <0.001). All head shapes are different in
terms of the drag they generate (ANCOVA: Fs5323=981, P <0.001; pairwise ANCOVAs:
P <0.001 for all comparisons). The shapes corresponding to the maxima of PC1 and PC2
are the ones with the smallest drag coefficients (around 0.2) whereas the coefficients of
the minima are both two times higher (around 0.5). The two maxima (PClmax and
PC2max) have a drag coefficient very close to the value obtained for the convergent shape
characterizing aquatic snakes and the minima are closer to non-aquatically foraging

snakes (Segall et al. n.d.).

1.4,
PC2min
Cd nonag=0.6431 ©Cd=0.5418 (
- . ! R2=0.99
. PClmin
| 2 Ca=04719 <
o “.4_\ R2=0.99
A T : -
@ 08 P Y I(\;A;a:n&%%i ﬁ o
= T e AT e R?=0.99 N
S 06 PR PN
. el Cd ag= 0.256
mt 3y PC2max
.‘%;f A e Cq=0.2645 ' <
R2=0.99
PClmax
s Cg = 0.2264 .‘
R?>=0.98
2 2.5

UZ

Figure 19: Drag term 2F/pS depending on the velocity term of the strike (U?) for the five
head models tested. The caption is on the right side of the figure. Linear regression lines
are drawn using dashed lines, the regression coefficients correspond to the drag
coefficient (Cd) of each shape and are indicated on the right side of the figure next to the
associated shape. R? indicate the strength of the regression. To compare with our
previous work, the drag coefficient of the non-aquatically (Cd nonaq) and aquatically
(Cd aq) foraging snakes are added using solid lines.
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Discussion

The morphological variability we observe among aquatically foraging species
does not show any obvious sub-group structure. This could be related to the strength of
the convergence that has been highlighted previously (Segall et al. 2016). Neither habitat
use, nor the presence of glands seems to explain the variability in the head shape of
aquatically foraging snakes. The absence of a significant effect of habitat use on the head
shape of species could indicate that the constraints related with the underwater prey
capture are stronger than other ecological requirements. In the same way, the presence of

a gland does not seems to affect head shape.

However, prey shape does seem to be related with head shape in aquatically foraging
snakes. However, the axis that discriminates between the two shapes represents less than
4% of the overall variability. The shapes associated with the two categories considered
are in contradiction to our a priori predictions and the results of previous studies
(Forsman 1991; Fabre et al. 2016; Brecko et al. 2011): bulky prey eaters have elongated
heads whereas elongated prey eaters have a bulky head (Fig. 18). From a biomechanical
perspective, however, the shape associated with the bulky eaters versus the elongated
prey eaters can make sense. The function of ingestion in snakes is accomplished by a
maneuver where the head of the snake advances over the prey using a series of alternating
steps of the skull which ultimately allows swallowing the prey (i.e. the so-called pterygoid
walk). The lever arm formed by the palato-maxillary complexes and the vertebral column
(Young 1991) is likely be modified along with the shape of the head. The example of a
trade-off highlighted by Wainwright in his review (Wainwright 2007) perfectly fits the
snake system: a large and short head means a small ratio between the input lever and
output lever, which means less steps to cover the length of the prey, even though each
step will need more muscle force. This configuration allows thus to reduce the number of
“lever cycles” needed to swallow a prey and, as snakes are quite vulnerable to predators
while eating, they can reduce their handling time when feeding on elongated animals.
Actually, when swallowing a prey of the same relative mass, the viperids (i.e. bulky head
species) perform better than colubrid snakes (i.e. elongated head species) by reducing the
number of jaw cycles (Lillywhite 2014). Moreover, Laticauda colubrina which has a very

bulky head only needs 7 seconds to swallow an entire eel (Radcliffe & Chiszar 1980).
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Hydrophis schistosa, a catfish specialist, needs on average 1.2 min to swallow a catfish
and 2.5 min for puffer fish, which is bulkier (Voris et al. 1978). However, this hypothesis
that remains to be tested as we lack data about the skull morphology and we do not know
how reliable the external head shape represents the length of the bones that compose the

skull of a snake.

The morphological variability in head shape is difficult to explain with the
ecological traits tested here despite the fact that they should be strong drivers of
morphological diversity. If selection on morphology is not as strong as we thought and as
the species still have to deal with the same strong physical constraint, we were expecting
a many-to-one mapping of form to function. Among the five shapes we tested, two have
a drag coefficient that is very close to the coefficient of the “average” aquatic forager
(Segall et al. n.d.). These species correspond to the part of the morphospace that
comprises the Acrochordidae, Homalopsidae and marine Elapidaec which are the most
aquatic species of our dataset. The three others have higher drag coefficients, one being
close to the “non-aquatically” foraging snakes (Fig. 19). A large drag coefficient means
that the strike will be more energetically costly for the snake and reduces its chances to
capture its prey. However, many species with a high drag coefficient have a diet that is
mainly composed of aquatic prey. All the species included in our dataset are successful
in aquatic foraging despite the hydrodynamic constraints. This means that, instead of a
classical many-to-one mapping of form to function, we have here an example of one-to-
one mapping of form to function followed by a many-to-one mapping of function to

ecology.

It would be of interest to map the fitness features related to prey capture behavior
onto the morphospace of the head shape of aquatically foraging snakes. Prey capture
success could, for example, be a good indicator of fitness. This would require an extensive
further study that would nevertheless be very informative and even essential to understand
whether the observed morphological and functional diversity is related to fitness. This
would then allow us to create an adaptive landscape that could open up new avenues for
further study. Finally, future investigations should focus on the role of behavior as a
buffer between shape, function, and ecology (Wainwright 2007). Previous studies have

highlighted two main behavioral strategies employed by aquatic feeding snakes; the

66



Chapter 3 — From convergence to many-to-one mapping

frontal strike and the lateral strike (Herrel et al. 2008). It seems intuitive that snakes that
have a head that is associated with a high drag coefficient would prefer to capture their
prey using a lateral strike whereas the ones with a small drag coefficient should probably
use a frontal strike. Unfortunately, we are not able to test this hypothesis due to a lack of
behavioral data for most of the species of our dataset. However, from what is known on
the literature, it seems that high drag coefficient species preferably use a frontal strike and
vice versa (Herrel et al. 2008; Franz 1977; Voris et al. 1978; Smith et al. 2002; Jayne et
al. 1988).

In conclusion, the narrow relationship between form function and fitness is not as
straightforward as proposed by Arnold (Arnold 1983). In our study, morphological
diversity is directly associated with functional diversity. Yet this functional diversity does
not correspond to a single functional 'optimum' as would have been expected in the case
of a many-to-one mapping of form to function. The resulting diversity of phenotypes all
have to deal with the same strong hydrodynamic constraints without any obvious
functional advantages associated with some head shapes. Despite this conundrum, all
species studied are successful aquatic predators managing to deal effectively with the

physical obstacle in order to succeed in their ecological task: feeding.
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Morphology, function and behavior: a complex relationship.

Abstract

The morphology of the head of aquatically foraging snakes is shaped by the
hydrodynamic forces that apply during a strike. Some shapes appear to be more
advantageous when performing a frontal strike than others. However, whereas some
aquatic snakes strike at their prey using a frontal strike, others use lateral strikes. In this
study, we hypothesize that each behavioral strategy is associated with a specific head
shape. We hypothesize that the couple shape-strategy is optimized and thus that the
performance of the strike should not be different between frontal and lateral strikers.
We first used high-speed video analysis to quantify performance in three previously
unstudied species of aquatic snakes. Next we used 3D geometric morphometrics to
quantify head shape in lateral and frontal strikers. A comparative analysis in a
phylogenetic framework was then conducted by completing our data set with behavioral
and performance data available in the literature. Our results show that the behavioral
strategies are associated with different head shapes but that there are no differences in

performance between the two strategies.

Key words: aquatic snake, behavioral strategy, frontal striker, lateral striker,

kinematics, head shape
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Introduction

Feeding under water is a challenge for animals, particularly when they prey on
elusive aquatic animals that present efficient anti-predatory systems (Chivers & Jan
1998; Feminella & Hawkins 1994; Faber et al. 1989; Zottoli 1977; Zeddies & Fay
2005). Not only does the predator have to deal with the escape response of the prey but
also with the hydrodynamic constraints that act against its strike (Young 1991).
Moreover, they are constrained by their morphology, which is the result of their
evolutionary history plus any adaptations that have occurred over evolutionary time
(Taylor 1987). The acquisition of an aquatic lifestyle has at least in part driven the
evolution of the head shape of aquatic snakes (Chapter 1, Segall et al. 2016). This
adaptation appears to be quite original as it has actually resulted in a variety of head
shapes. Furthermore, these head shapes are associated with variability in the
hydrodynamics (i.e. drag coefficient) which are thought to be intimately linked to
capture performance and ultimately fitness (Chapter 3). This variability in
hydrodynamic streamlining is ultimately related to an evolutionary success as all the
species, independently of their head shape, manage to capture elusive aquatic prey. The
main hypothesis explaining why animals with differently shaped heads and different
drag profiles are still successful is a behavioral adaptation of the prey capture strategy in

aquatic snakes.

Indeed, previous studies have highlighted different prey capture behavior in
aquatic snakes, namely a frontal and a lateral strike (Herrel et al. 2008). These strategies
seem to be dependent on the species (Alfaro 2003; Alfaro 2002; Bilcke et al. 2006). The
hydrodynamic constraints related with prey capture, namely drag and added mass are
both in some way related to the shape of the head (Chapter 2 & 3). Thus, the constraints
related with a frontal strike and a lateral strike should not be the same for a given shape
(Young 1991). Drag has been shown to have a major contribution to the hydrodynamics
of a strike and is related to the surface that is opposed to the movement (Eq. 4). In Fig
19, both frontal and lateral surfaces of different head shapes are presented and it is quite
obvious that, for each shape, lateral and frontal strikes are not likely to result in the
same hydrodynamic profile. Although the hydrodynamic constraints of a lateral strike

remain to be characterized, the behavioral adaptations of the prey capture strategy in
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aquatic snakes could potentially explain their evolutionary success despite the
morphological variability that has been observed. The aim of the present study is to link
morphology and prey capture behavior in aquatic snakes. The main hypothesis is that
the species using a frontal strike strategy have a different head shape than the species
that strike laterally. We expect that the frontal strikers present a head shape that allows a
reduction of the frontal area as it is related to drag. The second prediction is that, as the
head shape-strategy couple is supposedly optimized for each species, the performance
of the strike (here velocity and acceleration) should not be different for the species
performing frontal or lateral strike. We propose to explore this question by comparing
the head shape and the behavior, both strategy and kinematics, of aquatic snakes

species.

However, as mentioned in the conclusion of the previous chapter, the prey
capture behavior and kinematics remain poorly known in aquatic snake species thus
preventing a proper comparative analysis of the relationship between form, function
(i.e. kinematics) and the behavior. Most of the studies in the literature focus on natricine
species (Herrel et al. 2008; Bilcke et al. 2006; Alfaro 2002; Alfaro 2003; Hibbitts &
Fitzgerald 2005). To be able to perform a comparative analysis in an evolutionary
framework, we here describe and compare the behavior and kinematics of the strike in
three species of aquatic snakes: a sea snake, Hydrophis platura and two homalopsid
snakes, Cerberus schneiderii and Enhydris bocourti. We recorded several strikes on
aquatic elusive prey in several individuals of these three species using high speed
cameras to quantify the kinematics of the strike but also obtained regular speed videos
to understand the general foraging behavior. Next, we gathered information on the
kinematics and behavior of species for which the head shape has been characterized in
Chapter 1 and for which data are available in the literature. We ran a comparative
analysis in a phylogenetic context to understand the link between the morphology and

the behavior of aquatic snakes.

72



Chapter 4 — Behavioral adaptation

Material & Methods

Experimental setups and tracking

Experimental setups were built to gather information on three aquatic snake
species for which no quantitative data on aquatic strikes exist; Hydrophis platura,
Enhydris (Subsessor) bocourti and Cerberus schneiderii. A similar experimental setup
was used for both H. platura and E. bocourti, it consisted in a tank filled with 10cm of
water. Several fish were put in the tank before putting the snake inside. Two cameras
were positioned above in order to have a view of the entire tank. A camera Canon EOS
1100D was used to continuously record the snakes while in the tank to get the
behavioral features associated with the prey capture. A high speed camera (Phantom
Miro M110) was also set above the tank to record the strike at 500fps for H. platura and
1000fps for E. bocourti. The experimental setup for C. schneiderii consisted in a water
tank with only a high speed camera RedLake MotionMeter that recorded the strikes at
2501ps.

Hydrophis platura experiments

15 individuals of the yellow morph of H. platura from Golfo Dulce, Costa Rica,
were captured and brought to the field lab to be filmed while foraging. They were kept
in a tank with fresh ocean water and they were moved to the study tank for the
experiment. The tank dimensions were 80x30x50cm. After the experiment, the snakes
were put back with the other individuals in the housing tank. They were not fed while in
the housing tank as the experiments were ran over a short time period (less than two
weeks). The fish were captured in the mangrove of Golfito bay and were kept in a tank
with fresh ocean water. Several fish were put in the tank before the snake was
introduced. All individuals were tested at least three times. Among the 15 individuals,
six attempted to catch a fish at least once and five succeeded at least once, resulting in a
total amount of 19 successful strikes that were recorded among which 10 videos were

usable for tracking.
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Enhydris bocourti experiments

Thirteen individuals of E. bocourti kept at Amneville Zoo were used in the
experiments. They are housed either in separate tanks or by groups of two or three
individuals. The experimental tank dimensions were 75x50x50cm. The snakes were
usually fed with cyprinid fish kept in a housing tank with ad libitum food. One to four
fishes were put in the experimental tank before the tested individual was introduced. All
snakes were tested at least two times. Among the 13 individuals tested, four were
recorded capturing fish, resulting in 20 videos among which 13 videos were suitable for

the tracking.
Cerberus schneiderii experiments

Fourteen individuals were captured in the wild and brought to the field lab. Six
individuals successfully captured fish resulting in 12 films that were used for the

behavioral analysis and eight that were used for tracking.
Video analysis

The tip of the snout of the snakes was manually tracked on each high speed
video using the plugin MTrackJ of Imagel] (Meijering & Dzyubachyk 2012). All tracks
were filtered using a butterworth low pass data noise filter with a cutoff frequency of
25Hz. The maximal velocity and maximal acceleration of each successful strike were
extracted from the filtered data. These variables are commonly used in studies on prey
capture thus making the comparison with previous work possible. Both variables were
calculated in two ways; using the international system of units, respectively m.sec! and
m.sec”, and using a relative unit based on the head length (hl) of each individual,
respectively hl.sec! and hl.sec. The use of relative units allows comparing the
kinematics of the species while taking into account the differences that are related to
size. As behavioral characteristics, we chose to record the capture strategy; either if the
snake attack the prey frontally or laterally (Herrel et al. 2008). Along with the mouth
position before the initiation of the strike; either open or closed and the relative size of

the prey (in hl). The handling time was recorded whenever possible along with the
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number of pterygoid walks used to swallow the prey. We defined the handling time as
the time between the first contact with the prey and the time when the prey was
completely swallowed. This definition of the handling time is based on an ecological
concept; the snake likely wants to reduce the time spent with a prey in the mouth as

during that time they are vulnerable to predators.

Data from literature

The maximal velocity and maximal acceleration were gathered from the
literature along with the preferred strategy of the species (Table 5). Whenever a conflict
of data occurred, we averaged published data. Some quantitative measurements were
taken directly from published graphs using WebPlotDigitizer (Rohatgi 2017) when

further information was not directly indicated in the text.

Maximal Maximal
Species Strategy  velocity acceleration Reference
(m.s™h) (m.s?)
— Acrochordus javanicus lateral 3.04 1520 Brecko unpub.
—— Agkistrodon piscivorous frontal 1.62 75.5 Vincze(;g Set al.
. Enhydris bocourti lateral 1.34 64.81 this study
— Erpeton tentaculatum lateral 1.70 234.44 Smith et al. 2002
L ~ Homalopsis buccata frontal pers. obs
— Cerberus rynchops lateral Jayne et al. 1988
— Hydrophis platura lateral 1 40.77 this study
L —  Hydrophis schistosa lateral Voris et al. 1978
Natrix tessellata frontal 0.93 8.3 Bilcke et al. 2006
Nerodia cyclopion lateral 0.24 Bilcke et al. 2006
Nerodia harteri frontal Bilcke et al. 2006
Thamnophis rufipunctatus  frontal 7.92 30.05 Alfaro 2002
Thamnophis couchii frontal 1.14 394 Alfaro 2002
Thamnophis atratus frontal pers. obs

Table 5: Summary of the strategy and kinematics of the strike of aquatic snakes
available in the literature along with their phylogenetic relationship (left).
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Statistical analyses

To compare the performance of the strike between the three species, a
MANOVA was ran using the species and the strategy used (lateral or frontal) as factors
and the velocity and acceleration in head length as response variables. A MANCOVA
was ran to compare the performances of the strike in the international system of unit
using the size as a covariate and the species and the strategy as factors. If need, post hoc
tests with a reduced dataset to compare the species two-by-two, a sequential Bonferroni

correction was used.

To highlight a link between the behavioral strategy and the shape in the 14
species for which we were able to get data, we used the scatter plot resulting from a
PCA on the 62 aquatic species studied in Chapter 3 (Fig. 16). On this scatter plot, we
assigned color to the species for which we had data on the behavior. This figure will
allow us not only to see if there is a relationship between the strategy and the behavior
of the 14 species, but also to make prediction on the behavior of other species. Next, we
extracted the mean shape associated with both strategies and compared these

morphologies.

We performed a new principal component analysis with only the 14 species for
which we have behavioral data to test for differences in morphology. We used all the
components that represent more than 1% of the variability of the dataset namely the
four first components. To test for a relationship between head shape and behavior, we
ran a phylogenetic MANOVA on 14 species (Table 5). The phylogenetic relationship
between the species plays an important role in the evolution of their phenotype and thus
it should be considered. Then, we ran subsequent phylogenetic ANOVAs to highlight
which axis differentiates between the two strategies. A MANCOVA was ran on 8
species for which the kinematics of the strike have been characterized (Table 5) to test
whether the strategy, the shape and the size affected the strike performance. Velocity
and acceleration were used as response variables. The centroid size was used as an
indicator of overall size. All the continuous variables were log-transformed to ensure
normality, which was tested using Shapiro tests. As data on acceleration were missing

for Nerodia cyclopion, another ANCOVA with only velocity was performed to test for a
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potential effect of the strategy, the size and the shape in this 9 species dataset. The
statistical analyses were performed using R (R Development Core Team 2014) with a

significance level set at 5%.

Results

Description of the behavior and kinematics of Hydrophis platura

Despite their captive conditions and the probable stress of the manipulation, the
captured specimens of H. platura showed quite rapidly an interest in the fish when
placed in the experimental tank. Different sizes of prey were proposed among which
some were quite big (4-5 hl). None of the individuals showed an interest or attempted to
catch the bigger fish, although one individual did bite one of the big fish but
subsequently released it. The fish died some time later, probably from an injection of
venom during the bite. This bite was most probably defensive. The snakes caught a
range of prey sizes ranging from 0.8hl to 1.9hl, with an average of 1.2+0.3hl. The
ingestion was always head first, sometimes requiring a repositioning of the prey either
performed only with the mouth for the small prey or with help of the body, for the
bigger prey. The smallest specimens were ingested alive, directly after the strike
without any apparent pterygoid walk but mostly by movement of the mandibles. The
handling time was quite short, around 1-2 sec from the first contact with the prey until
the prey was completely swallowed (Movie 1). It was not rare that the snake chewed
several times the fish before or during ingestion. The bigger prey, however, where kept
in the mouth until they died and were subsequently swallowed using a few pterygoid
walks (3-4 cycles) (Movie 2). When struck near the head, the prey was immediately
ingested after the strike independent of the size of the prey (Movie 3). Unfortunately,
we did not get enough videos of ingestion to perform a proper statistical analysis.
Directly after ingestion, most snakes continued to forage and capture fish. The mean
capture success for H. platura was 33%, with a high inter-individual variability, from
25% to 100%, with the exception of one individual that attempted once to capture a fish

and failed, but never tried again.
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The prey capture behavior was quite stereotyped, the snake was floating at the
surface, and the body adopting an L-shape, the part of the L with the tail was used to
generate the movement while the other part was targeting the prey. The head hung
below the surface, slightly laterally orientated. When a fish entered in the field of vision
of the snake, either the snake attacked immediately or engaged a pursuit by a backward
swimming generated by the tail (Movie 4). The average distance at which the snakes
engaged in the capture behavior by orienting their head in the direction of the targeted
fish was quite short, 0.87+0.93hl. The L-shape behavior was part of a foraging sequence
initiated when the snake detected a fish and chased it over a short distance. However, it
happened that a fish approached a snake that remained motionless or explored the tank
which resulted often in the snake opportunistically capturing the fish without adopting
the L position (Movie 5). Strikes were always lateral, either in the horizontal plane
(Movie 6) or in an almost vertical plane (Movie 4). Hydrophis platura open their mouth
at the very beginning of the strike. If the prey was missed, they tended to keep their

mouth open for an “open-mouth searching” behavior.

Description of the behavior and kinematics of Enhydris bocourti

The mean capture success for E. bocourti was 74%, only few capture attempts
failed. However, it was not rare that a successful strike was decomposed in two phase: a
first strike toward the prey that failed then a redirection resulting in a successful capture
(Movie 7). Unlike H. platura, E. bocourti did not present a preferred prey capture
behavior. They are “sit-and-wait” foragers (i.e. they do not chase their prey) and struck
only once the prey was at a short distance, 0.70+£0.92hl. They struck laterally and
frontally in equal proportions for the successful attempts (Appendix 8, Movie 7 is an
example of the different strategies used by E. bocourti). Like H. platura, E. bocourti
opened its mouth when initiating the strike and kept the mouth open when they failed at
capturing a target. The mean size of the prey captured was 1.8+0.2hl. The handling time
was quite long, from 26s to almost 20min. Most of the time, they kept their prey in the
mouth for up to several minutes until the prey was immobilized, probably by the action
of the oral secretions. Then, they repositioned the prey and swallowed the prey head
first using 4 to 7 cycles of pterygoid walks. We recorded two attempts to swallow the

prey tail first which all resulted in the regurgitation of the prey. One individual
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recaptured its regurgitated prey and repositioned it for a head first ingestion, the others
just abandoned their prey. We noticed that if the prey was captured at the head region,
the ingestion began rapidly after the strike resulting in a total handling time of 26s for
the fastest individual. However, when bitten at mid-body or around the tail region, the
snake waited for the fish to be calm in order to be able to reposition it. As for H.

platura, we lack data on the ingestion phase to perform a statistical analysis.

Description of the behavior and kinematics of Cerberus schneiderii

Cerberus schneiderii, unlike the two other species, tended to strike from farther
away, 2.234+2.31hl. The capture tracks were quite long for this species (Appendix 9) and
thus we can consider C. schneiderii as a more active predator in comparison of H.

platura and E. bocourti who used a “sit-and-wait” strategy.

The strike performance of the three species is reported in Table 6.

H. platura E. bocourti C. schneiderii
N=10 N=13 N=38
Mean maximal 36.47 +11.82 2920 + 12.55 52.41 + 14.29

velocity (hl.s™)

Mean max

) oy 150549 +645.23 1398.54 £ 976.1 2287.04 £910.98
acceleration (hl.s™)

Mean maximal

) 1 1.00 +£0.38 1.34 +£0.57 1.09+0.3
velocity (m.s™)

Mean max

. ) 40.77 £ 17.46 64.81 £46.58 47.67 +18.99
acceleration (m.s™)

Table 6: Kinematics of the strike of the three species studied. The mean maximal
velocity and acceleration are presented in both head length and meters along with their

respective standard error. N represents the number of strikes analyzed.
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Strike performance

The strike performance in SI is not statistically different between species
(MANCOVA: Pillai: 0.1; P = 0.3) or strategies (MANCOVA: Pillai: 0.03; P = 0.66).
However, the relative performance in head length is statistically different between
species (MANOVA: Pillai: 0.39; P =0.01) but it is not between strategies (MANOVA:
Pillai: 0.05; P = 0.48). The only statistically significant difference between the
performances in head length is between Cerberus schneiderii and Enhydris bocourti

(MANOVA: Pillai: 0.43; P =0.005).

Meta-analysis

When the behavioral strategy is plotted on the two first principal components
(Fig. 20), we can see that the species for which we know the behavior are distributed
along the PC2 axis. The species that use a lateral strike are on the positive part of the
axis while the species that are located around the mean and negative part appear to use
frontal strikes (Fig. 20). We colored the morphological space occupied by both groups

and it appears that there is no overlap.

The statistical analysis performed on the 14 species shows a significant
difference in head shape between lateral and frontal strikers (Wilk’s lambda = 0.27,
F1,12=5.83, Ppny= 0.03,). When looking at the first four axes separately, it appears that
only the PC3 shows a significant difference (F1,12=9.33, Ppny= 0.03). This axis accounts
for 14% of the overall variability in head shape between these 14 species. We took the
average shape for each of the groups to compare the specific features associated with
the two strategies (Fig. 21). The difference between the two shapes is subtle. The heads
are approximately of the same width, except that the neck region of the frontal striker
shows a narrowing whereas the lateral striker keeps the same, maximal cross-sectional
area. The two shapes are about the same length but the anterior part of the head that
carries the eyes, nostrils and mouth is a bit shorter for the lateral strikers. The pattern of
the mandible for the lateral strikers is particular, it is almost rectangular whereas the

frontal striker jaw shape is curvier. The eyes are laterally positioned and a bit bigger in
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the frontal strikers. The lateral strikers show some similarities with the general head
shape of aquatic species described in the first chapter; the eyes are small and dorsally
positioned as well as the nostrils. The head of the lateral striker seems laterally
compressed whereas the head of the frontal striker is more dorso-ventrally compressed
(Fig. 21). The head shape was opened to an angle of 70° between the jaws to estimate
the frontal and lateral surfaces that will be opposed to the flow during a frontal strike
(Fig. 21). It appears that the frontal strikers have a frontal surface area that is 6.8%
greater than the frontal surface of the lateral strikers. Moreover, the lateral surface is

slightly larger (0.5%) for lateral strikers than for frontal strikers.
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Figure 20: Scatter plot of the principal components one and two (PCI & PC2)
representing respectively 53.4% and 11.1% of the head shape variance among the 62
aquatically foraging snake species. The species that are lateral strikers are colored in
pink and the frontal strikers are colored in green, the behavior of the species without
any color is unknown. It should be noticed that there is no overlap between the

morphological areas occupied by frontal and lateral strikers.
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Figure 21: Mean head shapes corresponding to frontal (left, green) versus lateral
strikers (vight, pink). The middle column represents the two shapes superimposed. Dots
represents the landmarks corresponding to the eyes, the nostrils, the mouth and the
head-neck limit. The two last rows represent the frontal and lateral surfaces that faces

the flow during a frontal strike. The opened models are at the same scale.

There is no statistical difference between the performance of lateral and frontal
strikers, and neither the shape (PC3) nor the size seem to impact significantly the

performance (MANCOVA: Fi4> 0.1, P> 0.3; ANCOVA: Fi5>0.07, P> 0.4).

Discussion

Comparison of the prey capture behavior of H. platura, E. bocourti and C. schneiderii

The three species are highly aquatic and all managed to catch fish in captivity.

The performances of the strike were not different between the species except between
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Cerberus schneiderii and Enhydris bocourti when considering the relative velocity and
acceleration. This could be due to their different foraging behavior. Indeed, C.
schneiderii tend to strike from farther away and is the most active forager among the
three species whereas E. bocourti tend to strike wen the prey is very close. As the prey
is more likely to detect a predator that is striking from far away, the species using this

strategy should perform better than the other to ensure the success of the strike.

Some similarities can be noted in the foraging behavior of E. bocourti and H.
platura, such as their tendency to immediately ingest their prey when the bite was
located on the head. However, when the bite was located elsewhere, and if the prey was
too big, the two species kept it in the mouth until they calm down. This can be
explained for E. bocourti as the secretions of the Duvernoy’s glands are used to
tranquilize the prey (Kardong 2002; Weinstein et al. 2009) but the process takes quite a
long time. Consequently, the risk of losing the prey is high if released too early.
However, H. platura is truly venomous and thus one would expect them to inject venom
into the prey and release it after death as described for Laticauda (Radcliffe & Chiszar
1980) and most terrestrial venomous snakes. The venom of marine Elapids has been
shown to have a different composition from their terrestrial relatives which could be
related to their specific piscivorous diet (Fry et al. 2003). However, the size and
dangerousness of the prey has to be taken into account and counterbalanced with the
probability of escape if released (Glaudas et al. 2017). As H. platura seems to feed
repeatedly on small prey which are not likely to harm the snake, the best strategy could
be to hold it. Laticauda feeds on relatively large eels that represents a possible danger
and as such the best strategy could be to release them. Moreover, it seems that this
species stays around its prey until the venom acts but remaining very careful and
avoiding any contact during that time (Radcliffe & Chiszar 1980). Plus, H. platura is a
pelagic snake thus the chances of losing the prey are higher than for L. colubrina which
mainly forages in crevices. Surprisingly, the prey capture success of H. platura is lower
than for E. bocourti. This difference could be due to the experimental setup. Indeed,
while E. bocourti, although wild caught specimens, were used to the experimental
conditions, H. platura seemed not able to realize its foraging behavior correctly. Most

of the failed attempts were due to their habit of following their prey by swimming

&3



Chapter 4 — Behavioral adaptation

backward which made them hit the wall of the tank with their tail during the capture
phase. Additional experiments should be done with a larger tank and two high speed
cameras to record the strike in 3D. Additionally, the experimental setup used for E.
bocourti can be improved by adding a dry area and some obstacles allowing the animals
to anchor their tail. During the experiment, we observed that they used to swim
backwards and appeared to try to grab something with their tail, probably to allow them
to be more balanced and thus to be able to more firmly maintain the prey or to pull it

outside of the water.

Relationships between form, function and behavior

The performance of the strike does not seem to be affected by the strategy used
by the species. The frontal strike is thought to be hydrodynamically disadvantageous in
comparison with the lateral strike (Young 1991), however, the species manage to
perform it at equivalent speeds and accelerations irrespective of the behavior. This can
be explained by if the shape and the strategy are related. Indeed the coupling of head
shape and strategy was one of the main hypothesis of this study. Given that head shape
is in part constrained by the evolutionary history of the species, the strategy should be
adapted to reduce to the hydrodynamic constraints, and mainly the drag, associated with
a strike. Thus, species with a head shape that performs badly with a frontal strike should
use a lateral strike and vice versa. When looking at the distribution of the species along
PC2 (Fig. 20), the lateral strikers occupy the positive part of the axis while the frontal
striker are on the more located around the mean or the negative part of the axis. This
means that the shape associated with PC2min should be more adapted to perform a
frontal strike. Thus, it should be associated with a smaller drag coefficient (Chapter 2).
However, the drag coefficient associated with the positive part of PC2 has a smaller
drag coefficient than the mean and the negative part of the axis, respectively 0.26, 0.40
and 0.54. The drag is associated with the project surface that is opposed to the motion,
the larger the surface the larger the drag. In figure 21, the frontal surface of the frontal
striker is larger and the lateral surface of the lateral strikers is larger which is
counterintuitive. Although the drag is related to the frontal surface (Eq. 4), it should be
noted that this relationship is not straightforward as in Chapter 3 there is no correlation

between the frontal surface and the drag coefficient. Furthermore, the hydrodynamic
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constraints associated with the frontal and lateral striker shapes have not been tested
and, as seen in Chapter 3, even what appears as a slight difference in shape resulted in a
different hydrodynamic profile. Consequently, it appears difficult to predict the
hydrodynamic constraints associated with each shape. Force measurements are
necessary to characterize the hydrodynamic constraints associated with frontal and

lateral striker head shape during frontal and lateral maneuvers.

To summarize, our results show that head shape and capture behavior are indeed
related; the lateral strikers and frontal strikes show specific head morphologies.
However, the behavior-shape association does not follow the results of the previous
chapter; the shape that is closer to a small drag coefficient when performing a frontal
strike are actually lateral strikers. This is quite counterintuitive. However, it is possible
that the drag coefficient of the frontal strikers when performing a lateral strike is larger
and that the drag coefficient of the lateral strikers is even smaller when striking
laterally. However, the strike performance is not statistically different for species
striking laterally or frontally, meaning that the frontal strikers manage to compensate
their hydrodynamic 'disadvantage'. In addition, we do not understand the possible
consequences of a 'sub-optimal' strategy on the fitness of the species. For now, data are
too sparse on fitness relevant indicators such as the prey capture success of aquatic
snakes but further investigations would be of great interest to assess whether the

behavior and morphology of frontal strikers are really sub-optimal in terms of fitness.
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General conclusion

The main goal of this thesis was to shed light on how the physical properties of
water may drive the evolution of species by focusing on snakes as a model system. The
hypothesis that has driven this work was that a complex network of relationships exists
between hydrodynamic constraints and the biological features of aquatically foraging

snakes (Fig. 9).

First, we tackled the question of whether foraging on elusive prey under water
has driven the evolution of the head shape of snakes. The main assumption was that
hydrodynamic constraints are critical during a strike. Indeed, the strike is the fast
transient maneuver that involves not only hydrodynamic drag but also an added mass
effect due to the acceleration reaction of the surrounding fluid. Thus, species that are
successful aquatic predators should have evolved in a way to circumvent or minimize
these constraints as they likely impact the efficacy and success of underwater foraging.
To test this hypothesis, we scanned a large sample of heads of snakes in 3D involving
more than 400 collection specimens, belonging to 21 species that do not forage under
water and compared to 62 species that forage, to some extent, on aquatic elusive prey.
This broad sample of species allowed us to compare the non-aquatically foraging snakes
to the aquatically foraging ones in an evolutionary context by using analyses that take
into account the relationship between the species (i.e. the phylogeny). The results from
these analyses showed that snakes that catch elusive prey under water have a head shape
that is different from species that do not, irrespective of the phylogenetic relationships
between species. In other words, the aquatic species look more similar to one another
than they resemble to their close non-aquatic relatives. This analysis provided us with a
shape that best characterized the aquatic species. This ‘aquatic shape’ indeed shows
some features related to an aquatic lifestyle such as dorsally positioned eyes and
nostrils. We thus confirmed that the ability to capture elusive aquatic prey was
associated with a convergence in the morphology of the head of snakes. However, we

did not assess whether this convergence actually resulted in a hydrodynamic advantage.
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In a second chapter we tried to characterize the hydrodynamic constraints
associated with a frontal underwater strike and to demonstrate that the head shape of the
aquatically foraging species allows reducing the drag imposed upon the head during
rapid striking. To do so, we built an experimental setup that measured the forces that are
applied to the head of a snake during a frontal strike under water. The flow around the
head was visualized using a Particle Image Velocimetry system. The mean
characteristic head shapes associated with aquatic and non-aquatic foragers were 3D-
printed and mounted on the setup. For both heads, we calculated the drag and the added
mass coefficient and their respective contribution during a strike depending on the
kinematics (i.e. strike speed and acceleration). It appeared that the added mass
coefficient decreases when the acceleration increases. For accelerations larger than
15m.s2, the added mass coefficient is smaller than the drag coefficient. As most aquatic
snake species strike with an acceleration that is higher than 15m.s?, the drag seems to
be the most important hydrodynamic constraint for them. Afterwards, we demonstrated
that the drag coefficient is higher for the non-aquatic shape compared to the the aquatic
one. Thus, we here highlighted not only that head shape does indeed impact the
hydrodynamics of striking, but also that the convergent head shape characterized in the

first chapter is related to a hydrodynamic advantage during a frontal strike.

At this point we have demonstrated that head shape and hydrodynamics are
linked and that the convergence occurred in the evolutionary history of snakes and
conferred a reduction in the drag coefficient of aquatically foraging species. Despite this
convergence, there was, however, a high variability of head shape in our dataset which
led us to raise the question of a potential many-to-one mapping of form to function (i.e.
drag coefficient) in this group. In other words, is it possible that different shapes led to
the same hydrodynamic advantage? We tested hypothesis was tested by measuring the
resistive forces applied on 5 head shape models during frontal striking. It appears that
the different head shapes did not converge in term of function; their drag coefficients
were very different from one another. Thus, some shapes appear to be more efficient to
capture prey under water using a frontal strike. The highest drag coefficients were very
close to the drag coefficient of the non-aquatic species. This was quite interesting as we

are facing a case of morphological variability that led to performance variability.
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Nevertheless that latter variability must result in successful aquatic prey capture as all
these species are known to feed on elusive aquatic prey. This puzzling case led us to

investigate the behavioral strategy of aquatic snakes.

In previous works, we only investigated the hydrodynamic constraints related
with a frontal strike. However, snakes also use another prey capture strategy: a lateral
strike. Thus, hypothesized that what appeared as a sub-optimal shape during a frontal
strike could be due to the use by the species presenting this phenotype of a lateral strike
strategy. To test this idea we gathered information on the prey capture strategy of as
many species as we could for which we had the associated head shape. However,
aquatic snakes are rather shy and are quite difficult to observe on the field as they
forage under water. Thus, the literature data are quite sparse, making it difficult to
perform a proper comparative analysis. Consequently we decided to collect data on
three additional species from previously under studied groups (sea snakes and
homalopsids). Our results highlighted that frontal and lateral strikers presented specific
head shapes that are quite different. After crossing these results with the previous
analysis we performed, it appeared that hydrodynamically good frontal strikers are
actually performing lateral strike whereas bad frontal strikers are using frontal strikes.
However, when looking at the performance associated with their strikes, we showed
that, despite what appeared to be sub-optimal strategies/shape relationship, the velocity
and acceleration of the strike were not different between frontal and lateral strikers.
Thus, in some way, all species manage to compensate their hydrodynamic disadvantage
to achieve the same levels of performance. Additionally, the hydrodynamics of a lateral
strike have not been characterized to date, and thus our conclusions are based on the
assumption that the frontal strike is more constrained than a lateral strike. Yet,
differently shaped heads will probably also show different hydrodynamic characteristics
(i.e. drag coefficient) when performing a lateral strike. In this context, it is possible that
the frontal strikers, which show a shape that seems highly constrained for this strategy,
are actually even more constrained during a lateral strike. Conversely, lateral strikers
which appeared more streamlined to perform a frontal strike, may be even better at

striking laterally.
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The characterization of the hydrodynamic forces of a lateral strike and the
comparison of the different head shape of aquatic snakes during a lateral strike was
explored by an intern that I co-supervised (Appendix 10). The experiments mimicked a
lateral strike by using a spring that pulls the head of the snake through a water tank. As
in Chapters 2 and 3, a force sensor was inserted inside the head to measure the forces
applied to the head during a lateral strike. The same five head shapes as in Chapter 3
were used for comparison. However, the experimental setup presents some important
differences with the one used in Chapter 2 & 3 as the motion is here driven by a spring
pulling during the entire strike whereas in the other experiment, the compression spring
released the moving part after a short accelerating phase and the system was then free of
the spring. The lateral experiment is, however, more similar to a real snake strike.
Thus, to be able to make a proper comparative analysis of the hydrodynamics of the two
strategies and to compare the head shape, the lateral strike setup was also adapted to
mimic a frontal strike. The inertial part of the strike cannot be neglected with this setup
and thus we cannot calculate directly the drag coefficient and the added mass as both
are at play. However, the global hydrodynamic forces can be compared. To do so, the
maximal force recorded was extracted for each strike and used for the comparison. To
make a fair comparison between the head shape and as inertia cannot be neglected, the

maximal force was divided by the mass of each model (Fig. 22)

As predicted in the literature (Young 1991; Taylor 1987), the hydrodynamic
constraints that apply on the head of a snake during a lateral strike are less important
than during frontal strike for every model. However, contrary to our initial prediction,
the bad “frontal striker shapes”, namely PClmin and PC2min are also “bad lateral
strikers”. Still, the forces resisting the movement of the head are less important during
the lateral strike. The results of this experiment are preliminary and require further
analysis to extract the hydrodynamic properties of the different shapes such as the drag
coefficient or the added mass. Yet, we can conclude that it would be preferable for
snakes to perform a lateral strike, independent from their head shape. The frontal strike
strategy does not make sense in terms of hydrodynamics and thus, of energetic
optimization. Further investigations will focus on the impact of these head shape-

behavior-hydrodynamics on fitness related traits such as the prey capture success of the
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different species. Indeed, it is possible that the differences observed in the
hydrodynamic pattern between the different shapes are not as deleterious as it seems in

terms of fitness.
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Figure 22: Comparison of the maximal force applied on five 3D printed models of head
of snakes during either a lateral or a frontal strike under water depending on the
velocity. The force was divided by the mass of the models as these were highly variable

and as inertia cannot be ignored.

The frontal strike strategy has been observed in several snake species despite its
poor hydrodynamic performance. This could potentially be explained by other
hypotheses: first, we could have underestimated the already quite good hydrodynamic
profile of a snake and their ability to generate high power accelerations. Second, the
impact of the hydrodynamic forces on the outcome of a strike could have been
overestimated and it is, as mentioned previously, needs to be investigated further.

Another hypothesis is related to the sensory systems. Indeed, foraging is highly related
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to the senses of an animal and to be able to accurately locate and strike at a prey, a
triangulation system is often the more useful, and this involves a pair of sensory organs
such as the eyes, the nostrils or the forked tongue of snakes. Thus, the frontal strike can
be advantageous in the way that it potentially allows the predator to be more accurate
during the prey capture. This hypothesis requires further analysis and is part of what
will be explore in a future project. Indeed, personal observations of H. platura trying to
capture its shadow or striking at a rock highlighted, first, the use of vision to detect a
prey and second a potentially poor visual system as it does not allow the animal to make

the difference between its shadow and a prey.

In conclusion, water and its physical properties have indeed highly impacted the
evolution of species, and snakes are not the exception. The laws of physics are
universal, which is striking when looking at the many convergent events that have
occurred in aquatic animals. However, other ecological, anatomical, physiological and
evolutionary constraints are also acting and jointly drive the evolution of species. If we
return to figure 9 and adapt it with what has been highlighted in the present work and
what remains to be done, without mentioning the new questions that have emerged, my
final conclusion would look like figure 23. Several questions have emerged, yet others
require a deeper analysis. The behavioral analysis of the prey capture of aquatic snake
species should be encouraged as we know so little about them despite the fascinating

biological and hydrodynamic issues they raise.
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Figure 23: Scheme of the hypothetical relationships between the hydrodynamic

constraints, the morphology of the head shape and the behavior of aquatically foraging

snakes. In italic and purple are represented the components of Arnold’s paradigm.

Closed to the arrow are the chapter in which we tried to highlight the relationship

represented by the arrow. Light question marks are things that were slightly explored

but that require further investigation. Dark question marks are what have been opened

and is going to be explore in a close future.
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Appendix 1: List of species included in the analysis, their respective ecology, and the

number of specimens scanned per species (N).

Species

Ecology

Specimen number and

collection

N

References

Acrochordus granulatus

Aquatic

0000.7200, MNHN
0000.5196, MNHN
0000.7201, MNHN
0000.6155, MNHN
1900.0356, MNHN
1900.0357, MNHN

1-4

Acrochordus javanicus

Aquatic

0000.3294, MNHN

MS45, Anthony Herrel
MS52, Anthony Herrel

0000.5370, MNHN
0000.1145, MNHN

Afronatrix anoscopus

Aquatic

1921.0391, MNHN
1916.0215A, MNHN
1960.0139, MNHN
1943.0079, MNHN
1951.0008, MNHN

7.8

Agkistrodon piscivorus

Aquatic

0000.4252, MNHN
R3979, AMNH
R46913, AMNH
R50493, AMNH
R64620, AMNH

9-12

Aipysurus fuscus

Aquatic

R23488, MCZ
R23485, MCZ
R23483, MCZ
R23482, MCZ
R23481, MCZ

13

Aipysurus laevis

Aquatic

1990.4513, MNHN
1990.4507, MNHN
1990.4514, MNHN
1990.4515, MNHN
1999.6566, MNHN

13

Atretium schistosum

Aquatic

0000.3519, MNHN
1946.0064, MNHN
0000.7000, MNHN
1999.8089, MNHN
0000.7414, MNHN

14-16

Bitia hydroides

Aquatic

229793, FMNH
229795, FMNH
198701, FMNH
229791, FMNH
211898, CAS
211899, CAS
211902, CAS

17-20

Cantoria violacea
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Aquatic

206912, FMNH

250116, FMNH

250118, FMNH
204970, CAS
204971, CAS
211909, CAS

17,21
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1996.0258, MNHN
1900.0417, MNHN
Cerberus rynchops Aquatic 1946.0078, MNHN 5 17,21-23
1946.0078A, MNHN
1946.0077, MNHN

0000.3280, MNHN
2007.2452, MNHN
Cylindrophis ruffus Aquatic 0000.0440, MNHN 5 2425
0000.3281, MNHN
0000.6362, MNHN

1988.3768, MNHN
1970.0556, MNHN
Enhydris bocourti Aquatic 1970.0558, MNHN 5 17,26
1970.0559, MNHN
1885.0333, MNHN

1911.0014, MNHN
1911.0015, MNHN

Enhydris chinensis Aquatic 0000.8777, MNHN 5 17’2219’27_
0000.8778, MNHN
1906.0217, MNHN
0000.3749, MNHN
0000.5567, MNHN 1791263
Enhydris enhydris Aquatic 1970.0544, MNHN 5 ’O 3,1 ,

1970.0550, MNHN
0000.5528, MNHN

212348, FMNH
212362, FMNH
Ephalophis greyae Aquatic 212351, FMNH 5 32,33
212361, FMNH
212367, FMNH

1970.0564, MNHN
1970.0568, MNHN
Erpeton tentaculatum Aquatic 0000.5458, MNHN 5 17,34
0000.0924, MNHN
0000.0924A, MNHN

15426, FMNH
15427, FMNH
Erythrolamprus miliaris Aquatic 15432, FMNH 5 35
15433, FMNH
217389, FMNH

0000.7190, MNHN
1996.7897, MNHN
Eunectes murinus Aquatic 1996.7898, MNHN 5 35
1994.1539, MNHN
1994.1538, MNHN

1903.0325, MNHN
0000.3397, MNHN
Farancia erythrogramma Aquatic 1991.1666, MNHN 5 36-38
0000.3396, MNHN
R128620, AMNH

1974.1331, MNHN
1885.0128, MNHN

. . . 1892.0270, MNHN 17,21,31,3
Fordonia leucobalia Aquatic 1885.0545. MNHN 6 941
217450, FMNH
218887, FMNH
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Gerarda prevostiana

Aquatic

1946.0079, MNHN
1946.0271, MNHN
204972, CAS
211971, CAS

17,21,41,4
2

Grayia ornata

Aquatic

1996.6644, MNHN
1995.9679, MNHN
1994.3383, MNHN
1994.8079, MNHN
1995.9672, MNHN

Grayia smithii

Aquatic

1998.0603, MNHN
1995.3401, MNHN
1996.6446, MNHN
1994.3393, MNHN
1995.3406, MNHN

43

Grayia tholloni

Aquatic

1996.6450, MNHN
1996.6451, MNHN
1988.2341, MNHN
1988.2345, MNHN
1994.8085, MNHN

Helicops angulatus

Aquatic

0000.3609, MNHN
0000.1542, MNHN
1997.2097, MNHN
1997.2032, MNHN
1997.2034, MNHN

35

Helicops carinicaudus

Aquatic

0000.5237, MNHN
1887.0447, MNHN
87097, CAS

44

Homalopsis buccata

Aquatic

1970.0516, MNHN
1970.0518, MNHN
1974.1333, MNHN
1970.0517, MNHN
1884.0123, MNHN

17,20,45—
47

Hydrelaps darwiniensis

Aquatic

R86165, AMNH
R86166, AMNH
R86167, AMNH
R86169, AMNH
R86172, AMNH

48,49

Hydrodynastes bicinctus

Aquatic

1974.0854, MNHN
1889.0398, MNHN
1902.0271, MNHN
0000.8665, MNHN
R88401, AMNH

35

Hydrodynastes gigas

Aquatic

1989.3093, MNHN
0000.A301, MNHN
0000.A302, MNHN
1997.2121, MNHN
1999.8322, MNHN
1997.2347, MNHN

35

Hydrophis ornata
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Aquatic

0000.0851, MNHN
1977.0807, MNHN
R66586, AMNH
R66588, AMNH
R161770, AMNH
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0000.5137, MNHN
1922.0005, MNHN
Hydrophis platura Aquatic 1922.0002, MNHN 5 1,50,51
1994.0659, MNHN
1893.0064, MNHN

198586, FMNH
202102, FMNH
Hydrophis schistosa Aquatic 202103, FMNH 5 1,13
199488, FMNH
218842, FMNH

0000.4260A, MNHN
0000.4260, MNHN
Hydrophis spiralis Aquatic 0000.3988, MNHN 5 52
0000.7723, MNHN
R161772, AMNH

212320, FMNH
Hydrophis stokesii Aquatic 213063, FMNH 3 13
16774, CAS

1973.0296, MNHN
0000.3438, MNHN
Hydrops triangularis Aquatic 1978.2500, MNHN 5 35
1986.0565, MNHN
1989.3052, MNHN

0000.5180, MNHN
0000.7702, MNHN
Laticauda colubrina Aquatic 0000.5881, MNHN 5 1,53-55
0000.5766, MNHN
0000.9053, MNHN

R18223, AMNH

Lycodonomorphus laevissimus Aquatic 156721. CAS 2 56
205893, FMNH
205889, FMNH

Lycodonomorphus rufulus Aquatic 0000.3377, MNHN 5 57

0000.1210, MNHN
0000.0563, MNHN

1897.0006, MNHN
1989.3151, MNHN
Micrurus lemniscatus Aquatic 0000.7658, MNHN 5 35
1996.7849, MNHN
0000.0201, MNHN

1996.7874, MNHN
1978.2312, MNHN
Micrurus surinamensis Aquatic 0000.3926, MNHN 5 35
1873, Antoine Fouquet
1999.8313, MNHN

R86236, AMNH
R111790, AMNH
R111792, AMNH
Myron richardsonii Aquatic R111793, AMNH 7 13
114105, CAS
135489, CAS
135491, CAS

1967.0455, MNHN
1899.0294, MNHN
Naja annulata Aquatic 1892.0098, MNHN 5 7
1967.0452, MNHN
0000.8222, MNHN
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Natriciteres olivacea

Aquatic

1896.0518, MNHN

0000.6507A, MNHN

1896.0520, MNHN
0000.6508, MNHN
1994.8215, MNHN

8,58,59

Natrix tessellata

Aquatic

2000.5145, MNHN
1989.0698, MNHN
0000.0641, MNHN
1884.0155, MNHN
0000.0642, MNHN

60,61

Nerodia cyclopion

Aquatic

0000.0121, MNHN
0000.3482, MNHN
1955.0058, MNHN
R159217, AMNH

R159218, AMNH

62,63

Nerodia harteri

Aquatic

R64408, AMNH
R72686, AMNH
R72690, AMNH
R85314, AMNH

R162252, AMNH

62,64-67

Opisthotropis lateralis

Aquatic

R172664, MCZ
R172665, MCZ
R175987, MCZ
R172654, MCZ
R172653, MCZ

68

Psammodynastes pictus

Aquatic

1891.0077, MNHN

1891.0045, MNHN

1891.0046, MNHN
128402, FMNH
148906, FMNH
148926, FMNH

47

Pseudoeryx plicatilis

Aquatic

0000.3402, MNHN
0000.3401, MNHN
0000.3401A, MNHN
1962.0423, MNHN
1978.2550, MNHN

35,69

Pseudoferania polylepis

Aquatic

R35067, MCZ
R140183, MCZ
R129135, MCZ
R141689, MCZ
1937.0082, MNHN

17,70

Regina grahami

Aquatic

29565, FMNH
30428, FMNH
7791, FMNH
17033, FMNH
17609, FMNH

62,71

Regina septemvittata

Aquatic

3074, FMNH
35881, FMNH
3076, FMNH
3077, FMNH
35880, FMNH
0000.3492, MNHN

72-74

Regina alleni
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Aquatic

11047, FMNH

22591, FMNH

48360, FMNH
R159307, AMNH
R170180, AMNH

7577



Regina rigida

Aquatic

0000.1101, MNHN
R159322, AMNH
R159323, AMNH
R160211, AMNH
R162319, AMNH
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62,63,78

Seminatrix pygaea

Aquatic

53688, FMNH
53693, FMNH
53687, FMNH
53691, FMNH
95347, FMNH

79

Sinonatrix annularis

Aquatic

1902.0080, MNHN
1989.0215, MNHN
1989.0206, MNHN
1999.9017, MNHN
1999.9016, MNHN

80

Sinonatrix percarinata

Aquatic

1935.0449, MNHN

1935.0449A, MNHN

1812.0321, MNHN
2007.2443, MNHN
1812.0319, MNHN

80

Thamnophis atratus

Aquatic

R57421, AMNH

R162404, AMNH

R162405, AMNH
212664, CAS
212709, CAS
212720, CAS
220684, CAS

81-85

Thamnophis couchii

Aquatic

R57423, AMNH
R66544, AMNH
R108191, AMNH
R108192, AMNH
R108194, AMNH

81,86

Thamnophis rufipunctatus

Aquatic

R64376, AMNH
R64402, AMNH
R68286, AMNH
R85996, AMNH
R162440, AMNH

81,87-89

Xenochrophis piscator

Aquatic

1991.1628, MNHN
0000.7323, MNHN
1991.1627, MNHN
1998.8543, MNHN
1998.8553, MNHN
R34085, AMNH

28,90,91

Achalinus rufescens

Non-aquatic

1935.0439, MNHN

1935.0441, MNHN

1935.0051A, MNHN
1935.0051B, MNHN

1935.0440, MNHN

92

Agkistrodon contortrix

Non-aquatic

1996.2762, MNHN
0000.0884, MNHN

1973.0072, MNHN
1973.0077, MNHN

0000.1762, MNHN

93

117
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Boaedon lineatus

Non-aquatic

1988.2109, MNHN
1994.8159, MNHN
1994.8131, MNHN
1994.8134, MNHN
1990.4591, MNHN

94

Bungarus caeruleus

Non-aquatic

0000.4259, MNHN
2007.2454, MNHN
1962.0237, MNHN
1962.0238, MNHN
0000.3952, MNHN

95

Diadophis punctatus

Non-aquatic

0000.8593, MNHN
1894.0061, MNHN
1894.0062, MNHN

0000.3379, MNHN

0000.3379A, MNHN

96

Echiopsis curta

Non-aquatic

0000.0951, MNHN
0000.7675, MNHN

97

Epicrates cenchria

Non-aquatic

1955.0037, MNHN
1991.1492, MNHN
0000.3335, MNHN
1973.1196, MNHN
0000.3291, MNHN

98

Erythrolamprus aesculapii

Non-aquatic

1978.2515, MNHN
1978.2516, MNHN
1887.0391, MNHN
0000.3686, MNHN
1980.1115, MNHN

99

Micrurus corallinus

Non-aquatic

1883.0260, MNHN
1962.0468, MNHN
1962.0469, MNHN
0000.7653, MNHN
0000.3909, MNHN

100

Naja haje

Non-aquatic

1999.8836, MNHN
1990.4629, MNHN
1990.4660, MNHN
1988.2485, MNHN
1988.2486, MNHN
1988.3931, MNHN

101,102

Philodryas nattereri

Non-aquatic

1908.0245, MNHN
1967.0136, MNHN
1967.0133, MNHN
1967.0134, MNHN
0000.3744, MNHN

103

Prosymna meleagris

Non-aquatic

0000.8807, MNHN
1916.0176, MNHN
1962.0007, MNHN
1977.0380, MNHN
1908.0062, MNHN

104

Psammophis sibilans

118

Non-aquatic

1921.0471, MNHN
1921.0470, MNHN
1905.0215, MNHN
1891.0184, MNHN
1902.0014, MNHN

105
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1912.0494, MNHN
0000.3529, MNHN
Pseudaspis cana Non-aquatic 0000.8592, MNHN 5 106,107
1896.0391, MNHN
2007.2457, MNHN

0000.7672, MNHN
0000.7673, MNHN
Pseudechis porphyriacus Non-aquatic 0000.7674, MNHN 5 108
0000.3945, MNHN
2007.2453, MNHN

1900.0521, MNHN
1900.0522, MNHN
Pseudonaja textilis Non-aquatic 0000.1027, MNHN 5 109
2007.2479, MNHN
0000.1303, MNHN

1919.0144, MNHN
1919.0145, MNHN
Sibynophis collaris Non-aquatic 1946.0285, MNHN 5 110,111
1928.0055, MNHN
1928.0053, MNHN

0000.3439, MNHN
1994.0077, MNHN
Storeria dekayi Non-aquatic 1994.0765, MNHN 5 112
0000.1326, MNHN
0000.1023, MNHN

0000.3907, MNHN
1961.0575, MNHN
Tachymenis peruviana Non-aquatic 1961.0576, MNHN 5 113
1905.0350, MNHN
1996.2732, MNHN

1975.0190, MNHN
1901.0305, MNHN
Thamnophis scaliger Non-aquatic 1894.0081, MNHN 5 114
1901.0306, MNHN
R88724, AMNH

1895.0099, MNHN
1895.0100, MNHN
Uropeltis ceylanicus Non-aquatic 1848.0265, MNHN 5 115
1848.0266, MNHN
1897.0258, MNHN
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Appendix 2: Phylogeny of the selected species based on Pyron et al. 2013 (blue tear
drop = ‘aquatic’ species).

Epicrates cenchria

Eunectes murinus
LE Cylindrophis nuffiis

Uropeltis ceylanicus
Acrochordus javanicus
Acrochordus granulatus

Achalinus nifescens
= Agkistrodon contortrix

= Agkistrodon piscivorus
Enhydris chinensis
Enhydris enhydris

Enhydris bocourti
Erpeton tentaculatum
Pseudoferania polylepis
— Myron vichardsonii
Bitia hydroides
Cantoria violacea
Fordonia leucobalia
Gerarda prevostiana
‘ Homalopsis buccata
Cerberus ivnchops
‘ E Prosymna meleagris
Psammophis sibilans
Pseudaspis cana
Psammodynastes pictus
Boaedon lineatus
Lycodonomorphus rifitlus
Lycodonomorphus laevissimus
= Micrurus corallinus
Micnnus surinamensis
Micruris lemniscatus
=0 Naja annulata
R Naij haje
Bungarus caenileus
oy Laticauda colubrina
Pseudechis porphyriacus
Pseudonaja textilis
Echiopsis curta
Aipysurus laevis
Aipysurus fuscus
Ephalophis greyae
Hydrelaps darwiniensis
Hydrophis spiralis
Hydrophis platura
Hydrophis stokesii
Hydrophis schistosa
Hydrophis omata
[ Sibynophis collaris
Grayia tholloni
Grayia smithii
' Grayia omata
 Natriciteres olivacea
i Afronatrix anoscopus
Xenochrophis piscator
& Atretium schistosum
Wy Opisthotropis lateralis
O Sinonatvix annularis
b Sinonatix percannata
) Natrix tessellata
Seminatrix pygaea
) Regina alleni
Wy Regina rigida
Storeria dekayi
Wy Regina septemvittata
Regina grahami
Nerodia cyclopion
Nerodia harteri
Thamnophis rufipunctatus
Thamnophis scaliger
& Thamnophis couchii
vy Thamnophis atratus
= Diadophis punctatus
Farancia erytrogramma
= Enthrolamprus miliaris
b Erythrolamprus aesculapii
Philodivas nattereri
Pseudoeryx plicatilis
Hydrops triangularis
Helicops angulatus
Helicops cannicaudus
Tachymenis peruviana
Hydrodynastes gigas
Hydrodynastes bicinctus
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Appendix 3: List of anatomical landmarks and curves used for the template.

Anatomical landmarks:

1. Middle of the left nostril

2. Middle of the right nostril

3. Extreme point of the rostrum

4. Extreme point of the left part of the jaw
5. Extreme point of the right part of the jaw
6. Left commissure

7. Right commissure

8. Extremity of the mental scale

9. Most dorsal point of the left eye

10. Most dorsal point of the right eye

Curves:

Curve 1: left eye

Curve 2: right eye

Curve 3: from landmark 6 to landmark 8 along mouth

Curve 4: from landmark 7 to landmark 8 along mouth

Curve 5: from landmark 4 to landmark 5 along dorsal part of the head
Curve 6: from landmark 4 to landmark 5 along ventral part of the head
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Appendix 4: Assessment of the error in landmark positioning using a principal
component analysis. Landmarks were placed ten times on three different specimens of
the same species. The principal component plot shows that variation due to the
placement of the landmarks is lower than variation among individuals.
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Appendix 5: Scatter plot of the principal components two and nine showing that species that capture elusive aquatic prey (blue

circles) differ from those that do not (orange squares). Axes two and nine respectively account for 13.7 and 1.5% of the head shape
variance.
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Appendix 6: Particle Image Velocimetry planes used to characterize the fluid flow
around the head of the two models.
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Appendix 7: Drag term 2Fd/pS depending on the velocity term of the strike (U?) for the
two snake head models with a closed mouth. Squares: non-aquatic model, circles:
aquatic model. Linear regression lines are drawn. The y coefficient corresponds to the
drag coefficient of each shape.
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Appendix 8: Example of tracking on an individual E. bocourti. This strike was
composed of two phases, it began at the red point. Next, the individual attempted a
frontal strike (yellow path), struck the glass of the tank, re-orientated toward the prey
(green, blue paths) and finally performed a successful lateral strike (purple path). The

whole strike lasted less than 6 seconds. The picture is taken once the snake has caught
the fish.
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Appendix 9: Example of tracking for two individual C. schneiderii. The tracks were
quite long. However, these captures lasted 0.6 sec and 0.24sec.
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Appendix 10: Master thesis of Martyna Goral on the hydrodynamics of frontal versus
lateral strike depending on the head shape of aquatically foraging snakes.
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Abstract :

Aquatic snakes have to circumvent strong hydrodynamic constraints during prey capture underwa-
ter. However, unlike most of other aquatic predators, they did not develop a specific adaptation
to predation in this media. But surprisingly, more than two hundred species of snakes eat aquatic
preys as fish, crustaceans or some amphibians. Prey capture can be performed under two different
strategies involving only the snake head: the frontal strike and the lateral strike. In addition it has
been demonstrated in recent work that the head shape of aquatic snakes has converged meaning
that they have a similar head shape even if there is a diversity of shapes only less pronounced than
for terrestrial snakes. In a previous study done in the team a frontal strike experiment has been
performed and linked to the drag coefficient of five head shapes 3D printed models selected from
a morphological analysis. The present work presents a new experiment that allows to perform a
lateral strike as well as a frontal strike in a water tank in order to understand how shape is related
with strategy used. To design the experiment main parameters have been extracted from a video
analysis of Hydrophis platurus snakes. During a lateral strike the angular velocity reaches in aver-
age 45 rad/s and the angular acceleration 1000 rad/s?. The strike lasts in average 68 ms with a
total rotation angle of 75° and a rigid body rotation length of 3 cm. The head models used in the
experiment were 3D printed with a housing for the force sensor which measured the force applied
on the models during the motion imposed by the mechanical system. From the measurements it
has been found that generally aquatic snakes are more efficient with the lateral strike since the drag
coefficient is lower. However the results vary with the method used and are not always consistent
with the previous experiment in frontal strike.

Résumé :

Les serpents aquatiques sont soumis a de fortes contraintes hydrodynamiques durant leur manoeu-
vre d’attaque dans ’eau et pourtant plus de deux cents espéces se nourrissent de proies aquatiques
telles que des poissons, des crustacés ou bien des amphibiens. Cependant ils n’ont pas développé une
adaptation spécifique a la prédation dans ce milieu contrairement & d’autres espéces animales aqua-
tiques. La manoeuvre d’attaque de ces serpents peut se manifester avec deux stratégies différentes
n’impliquant que la téte: I'attaque frontale et 'attaque latérale. Il a récemment été démontré que la
forme de la téte des serpents aquatiques a convergé, c’est-a-dire que les tétes sont semblables de part
leur forme et que la variabilité de ces formes est moins pronconcée que pour les espéces terrestres,
méme si la diversité est toujours présente. Récemment une expérience concernant ’attaque frontale
a été menée au sein de I’équipe comparant cing modéles de formes de tétes imprimées en 3D et sélec-
tionnées a partir d’'une analyse morphologique. La présente étude concerne une nouvelle expérience
qui mime 'attaque latérale, ainsi que I'attaque frontale dans I’eau afin de mieux comprendre le lien
entre la forme de la téte et la stratégie d’attaque utilisée. Des paramétres caractéristiques ont été
déterminés a partir d’analyses de vidéos de Hydrophis platurus afin de concevoir I'experience. La
vitesse angulaire moyenne atteinte par le serpent durant I’attaque latérale est de 45 rad/s de méme
que 'accelération angulaire moyenne atteint 1000 rad/s?. Une attaque dure environ 68 ms avec un
angle totale de rotation de 75° et une longueur de rotation de corps rigide de 3 cm. Les modéles
de tétes étaient imprimés en 3D avec un logement pour le capteur de force qui mesurait la force
appliquée sur la téte lors du mouvement imposé par la mécanique du systéme. A partir de ces
mesures il en résulte que les formes testées sont en général plus efficaces en attaque latérale, donc
avec un coefficient de trainée plus faible. Cependant les résultats varient avec la méthode utilisée
pour 'analyse des données et parfois ne sont pas en accord avec I'expérience précédente en attaque
frontale.

Key words : Snakes, lateral strike, snake kinematics, head shape, force measure-
ments, drag coefficient
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Introduction

Living beings are fascinating objects of study due to their sometimes surprising adaptation capac-
ities. Some of them manage to survive in extreme conditions or with functional disadvantages in
the middle more advantaged livings. It is the case for aquatic snakes who were terrestrial once and
had to adapt to the aquatic life despite strong hydrodynamic constraints [9]. In addition they did
not develop a suction feeding system as fishes did and still managed to survive.

This evolution can find its explanation in the study of hydrodynamic constraints experienced by
the snakes. It is natural to think that the environment has a great influence on species survival.
With the process of natural selection some individuals could reproduce and perpetuate the species
whereas other could not feed themselves and died.

In addition of their morphological inheritance from terrestrial snakes, aquatic snakes have to deal
with the hydrodynamic constraints of the medium which had two major consequences: the overall
head shape convergence among aquatic species and a potential capture behavior adaptation. Prey
capture can be performed using two different strategies: the frontal strike and the lateral strike, as
shown in Figure 1 [4]. Even if the whole body moves, only the head is involved in the strike. The
capture behavior adaptation consists in choosing either one the other strategy, knowing that species
are specialized in one strategy and have one associated head shape [1]. The aim of the present study
is to explore this relationship between the snake head shape and the hydrodynamics linked to the
strategy used.

Lateral striker

W

= ®

NN

Figure 1: Images from movies recorded with high-speed cameras illustrating a frontal strike in
Natriz tesselata (a) and a lateral strike in Nerodia fasciata (b) [4]

The head shape is crucial for the survival of a snake and over time this shape converged. In 1991
Young [10] has predicted that aquatic snakes should have a specific shape, more streamlined with
longer and thinner heads however recent work [6] has shown from a comparative analysis including
a broad range of species that in fact the typical aquatic snake head is shorter and bulkier than
the terrestrial one. The head shape convergence has also been demonstrated [4]. The passage to
an aquatic medium impacted the snake head shape in a sense that the shape variability among
aquatic species is lower than for terrestrial species. Thus, they have a similar head shape even if
there is a diversity of shapes only less pronounced than for terrestrial snakes. This convergence
occurred because the individuals having this head shape were more efficient to capture prey and

137



M2 internship March - September 2017

feed themselves. The strike efficiency can be characterized by the efficiency to move in water that is
to say, the capacity to circumvent the resistance imposed by water. The drag coefficient quantifies
this resistance: lower the drag coefficient easier the strike. Segall et al. 6] showed that the drag
coefficient of aquatic snakes is indeed lower than the one of terrestrial snakes.

For snakes, the Reynolds number characterizing the flow regime is high meaning that the viscous
effects are negligible compared to the inertial effects. From a physical point of view the forces at
play during a strike are the drag and an inertial contribution including the acceleration of the body
and the acceleration of the surrounding fluid mass, called the added mass. Both the drag coefficient
and the added mass depend on the head shape, and more precisely on the surface exposed to the
flow over the strike [3]. The relationship between drag and added mass is not well known, it has
been studied only for simple object like spheres [5]. Since the surfaces exposed are different for the
frontal and the lateral strike, it is natural to think that the hydrodynamic forces will depend on the
strategy used. However, the strategy selection can also be influenced by the escape behavior [2]| of
the prey triggered by the bow wave which is generated by the snake motion (8] [4].

In the Biomimetics and Fluid Structure interactions group of the PMMH (Physique et Mécanique
des Milieux Hétérogenes) laboratory experiments were performed on the characterization of the
frontal strike hydrodynamic forces. Five fictive head shapes were tested in a water tank, each
representing an extrema of variability among all the aquatic snake species. The drag coefficients
were derived using the force measurements and the frontal surface estimations for each head shape,
as shown in Figure 2. The goal of the present study is to perform an experiment characterizing
the lateral strike hydrodynamics and comparing it to the previous results obtained for the frontal
strike. Finally, it should be possible to understand how the shape is related to the strategy used
and maybe we would be able to predict the best prey capture strategy only by looking at the head
shape of different species.
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Figure 2: Drag contribution to the force as a function of the squared velocity of the frontal strike
for the five head models tested

Firstly, the results of a kinematic study from video analysis will be presented. Characteristic
parameters were determined to help in the experiment design which will be described in the second
part, followed by the results and a conclusion.
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Video analysis

In order to parametrize the experimental setup I did some video analysis of Hydrophis platurus
snake lateral strikes. A montage is shown in Figure 4. They were taken by Marion Segall in Costa
Rica. The main parameters extracted from the videos are: the rigid body rotation length, the
average velocity and acceleration, the mean strike total rotation angle and the total strike period.
The models used in the experiments have greater dimensions than the real snake in order to satisfy
some conditions explained later, thus the most important parameters are the first ones in order to
obtain similar Reynolds numbers from the videos and the experiments.

1 Protocol

The protocol consisted in manually tracking the rotation center,
which is taken as the origin and the very tip of the head. The co-
ordinates of the head are obtained for the two extremities I and
P, as shown in Figure 3. The angular evolution over time of the
snake head is derived to obtain the velocity and then the accelera-
tion. Finally the average is taken over the 7 videos. The maneuver
is unsteady and the velocity is expected to have a peak, as well
as the acceleration. On the videos the snake first translates, then
dives into the water while opening its jaw, rotates and catches the
fish. Only the pure rotation is considered in this study, thus the
translation is suppressed by subtracting the rotation center on each
frame. The strike starts when the snake starts to open the jaw and
ends when the jaw closed on the fish.

*Mﬁ&— %-—-—
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Figure 4: Video montage, f= 250 Hz, time between two frames 4.1073 s

2 Trajectory, velocity and acceleration

On Figure 5 we can see the head trajectory during a lateral strike, where each color represents
a video. The videos were taken in 2D whereas the strike is performed in 3D. For this reason the
trajectory may be interpreted as an ellipsoid with a variant rigid body rotation length but in reality,
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and it is also visible on the videos, this length is preserved. The acquisition frequency is f = 500 Hz
so the time dt between two frames is 2 ms. The Eq. (1) is used to obtain the angle 6 from the
coordinates. Over time the angle 0 increases as expected, it is shown in Figure 6.

if 2>060=tan""

(1)

ifr<060=m—tan"!

SHESESEES

The angular velocity () = Q(t) is obtained by numerical derivation of 6(t). The velocity direction
is not very important and in terms of modulus we obtain the Figure 7.

From almost all the videos the curves obtained present two peaks: one main et one secondary. It
seems to appear at the same time over the strike. The fastest strike is also the longest, the velocity
reaches 100 rad/s and the strike lasts over 70 ms.

The accelerations in rad/s? was derived numerically using Matlab functions. It is shown in Figure
8. The strike begins with an acceleration followed by a deceleration phase.
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Figure 5: Trajectory of the tip of the head (point I) in space axis x and y where each color is a
different video
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Figure 6: Angular trajectory of the tip of the head (point I) 6 as a function of time, where each
color is a different video

100

80

60

40

|| [rad/s]

20

1 1 1

-20 I I I
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
t[s]

Figure 7: Angular velocity in function of time, where each color is a different video
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Figure 8: Angular acceleration in function of time, where each color is a different video

3 Kinematics

Figure 9 shows the snake head mid-line evolution over time. It is basically a simplification of the
video which allows us to visualize the rotation center more precisely. This Figure is an example for
one video, where the time between two curves is 6 ms. The circle symbolizes the tip of the snake
head. The rigid body rotation center is taken as the first intersection of the curves, which is closest
to the head. The second intersection point is responsible for the "S" shape of the snake body and
will not be discussed here, it depends more on a locomotion study and we limit ourselves only to
the strike kinematics. The rigid body rotation length L is taken as the length from the intersection
to the tip of the head. On the figure it is not obvious since the intersection is not clear and L seems
to vary which is the consequence of a three dimensional rotation. Simply by reasoning, a length
would be smaller over the plane than in the plane, so L can be taken as the longest length from
the intersection to the tip of the head, it is the most faithful length that can be obtained with the
videos. The rigid body rotation length values are listed in Table 1.

Video | RUN10 | RUNI3 | RUNI5 | RUN16 | RUN17 | RUN20 | RUN25
Llem] | 2,98 2,58 3,56 5,38 3,39 3,21 2,73

Table 1: Rigid body rotation length L per video

4 Model average strike

All the parameters were averages over the seven videos. The averaged velocity and acceleration can
be seen in Figures 10 and 11. Thus, the model strike reaches an angular velocity of 45 rad/s, an
angular acceleration of 1000 rad/s? and lasts 68 ms. The mean rigid body rotation length values
is saved with the value of 3 cm. The head diameter is also considered, namely for the Reynolds
number estimations, and fixed at 1,2 cm. The mean strike lasts 68 ms and its total rotation angle
is 75 °.

142



M2 internship March - September 2017

0.5 54
Tr 48
151
42
ol
36
251
30 o
= £
E. 3r E
> =
24 &
351
18
4k
12
45
5r 6
55 Il Il Il Il Il 0
0 1 2 3 4 5 6
x [em]

Figure 9: Snake body mid-line plots over time for one video
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Experimental setup

The experimental setup mimics a lateral strike by means of a 3D printed snake head which serves
as a model and a spring which drives the motion. Two sensors are used: an encoder to track the
model’s angular position and a force sensor placed in the head. As shown in Figure 12, the model
is placed under water in a tank, it is attached an arm itself related to a pivot. The pivot binding
permits to lower the friction efforts applied on the system. The encoder is placed in extension of
the vertical axis, at the rotation center. This setup allows us a good optical access with a traction
system similar to the snake strike. At first the spring is extended to a fixed angular position that
we call Ay, then the sensors and the camera are turned on and the pivot arm is released. The spring
is then pulling all the way to the initial non-extended position, just like snake muscles would push
the head against the flow until it reaches the prey. In order to have a broad range of velocities the
spring is extended with various 0y angles, from 20° to 90°. A foam square is placed at the end of
the trajectory to minimize the impact and avoid damaging the force sensor. This experiment was
entirely built from scratch, we tested different leads, namely one with a track which was supposed
to guide the head mounted on the axis, nevertheless in all our attempts the friction was too high to
permit a clean motion or the pieces were not aligned which resulted in a non-horizontal rotation.

Side

Encoder

Pivot

. Snake

Water

Top

O\ Force sensor

Spring

Figure 12: Experimental setup in lateral strike

5 Snake head design

The main goal of the internship is to study the influence of head shape on the hydrodynamic forces
experienced by aquatic snakes during a lateral strike. Thus five different head shapes were 3D-
printed and tested in an experiment which will be detailed in the next part. The shapes are the
same as the ones shown in the introduction Figure 2. They correspond to different snake species
more o less remote in terms of shape variations. As mentioned above, the force sensor was placed
in the snake head in order to measure the applied on the head while minimizing side effects and
flow perturbations. Like for the general setup, the model design had few versions. The one finally
used is shown in Figure 13. The force sensor is screwed on the head side which is in the flow wake.
The screw is drowned, always to minimize flow perturbations. Since the fixations are the same on
every head, we shall still see differences between the shapes. The model dimensions were adapted
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to allow the insertion of the sensor. It has been decided to magnify the original heads with a factor
of 1,5 and print it in 3D with the maximal fine resolution. On the other side, the sensor is screwed
to an aluminum fork, itself screwed to the axis joining the pivot piece. Thus, the model is only in
contact with the sensor at a precise location and the sensor is united to the pivot system. Both
the head and the driving system are independent to some degree, their common point is the sensor
fixation on the model. The force sensor measures a displacement imposed by pressure between the
two screwed parts, thus only in the horizontal direction. To minimize forces that can appear in the
vertical direction because of the model’s weight, special care was taken when designing the sensor
housing and to make the head as neutrally buoyant as possible.

Point fixe

O—TigeenlL

Logement

Capteur
Vis de mesure

¢O.5 cm

1.9cm

Figure 13: Snake head design scheme for lateral strike

6 Sensor calibration and Labview script

The sensors outputs are coded on Labview, a programing software using a graphic language. Since
the strike is very fast it was important to synchronize the encoder with the force sensor. It has
been done by means of a data acquisition card DAQ-mx from National Instruments which has an
internal clock. Each path is independent thus can be treated simultaneously. A view of the script
is shown in Figure 14 and the front window in Figure 15. The encoder is powered with a 5 V £ 10
% and 10 mA signal delivered by the generator. Its voltage ratio extends from 5 to 95 % of Voo
the power supply input. Thus referring to the standard output graph giving the output voltage in
function of the angle in degrees a factor has been calculated to convert the electrical signal to an
angle in radians. With our encoder model the effective electrical angle available varies from 10° to
360°, so between 0 and 10 ° the signal gives 0 V, at 10° it gives 5 % of Vo that is to say 0,25 V and
at 360° it gives 95 % of Vo that is to say 4,75 V. The factor is given by the slope in [rad/V] and
is equal to 1,3575. In the experiment the spring is extended from the right to the left so when it is
released the motion is carried out in the counter clockwise direction from the bottom view, whereas
the encoder increasing voltage is in the clockwise direction. To get an increasing angle in radians in
the motion direction an additional conversion was added to the script and consists in subtracting
27 from the result and multiplying by -1.
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Figure 15: Front window of the Labview interface

Finally the raw data contain the force sensor signal in Volts and the angular position of the head
in radians, all performed at 1000 Hz. The conversion from volts to newtons was done after the
sensor calibration. The sensor does not have exactly the same response for a bias depending on
whether it is not attached or attached to a model. On Figure 16 one can find the calibration lines
corresponding to both cases. The difference observed can be explained by a higher confinement of
the sensor while attached. The conversion factor is slightly different and the one obtained with the
sphere is kept because is it more faithful to the experiment where the force sensor is always attached
to a model. This factor is equal to 0,6281 N/V.
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Figure 16: Calibration for the force sensor, alone and with the sphere as model

7 Frontal strike and surface estimation

A frontal strike experiment has been done previously in the team and it resulted in the determination
of drag coefficients for the 5 snake head models that I used. These results are considered as a
relative reference for the lateral strike experiment validation. Since both experiments in frontal
strike are based on the same strategy with the same head shapes tested the results concerning the
hydrodynamic force should be similar. However is a major difference in the setup may influence the
absolute values of the measured variables. In order to perform a frontal strike with the present setup,
an adaptation of head model design was needed in order to adapt the sensor’s orientation, so the
measured force is related to the frontal surface of the head exposed to the flow. The experimental
setup is shown in Figure 17 and the new head design in Figure 18. The electrical circuit for
the sensors remained the same as for the lateral strike. New models were 3D-printed, with the
same dimensions and resolution than the previous ones. The acquisition parameters also remained
unchanged.

Force sensor

Housing

Top

|—— Water tank

Force sensor

Spring
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Data aquisition Fork

card Axis
Computer e
Voltage
generator
Figure 17: Setup for frontal strike Figure 18: Snake head design
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Over a motion, the form drag defined in Eq. (4) is related to the surface exposed to the flow,
which is different for each model. The aim of this study is precisely to quantify the forces induced
by the shape differences and related it to real snake strike behavior. Some models are really alike
and the shape difference is hard to notice, thus real surface estimations have been done. Their
determination was done from photographs transformed into binary images as shown on Figure 19
and Figure 20 and the area extracted with the measurement tool of ImageJ. The photographs were
taken as perpendicular as possible to the model. The surfaces values are visible on Table 2 for the
5 snake head models for both strikes and the sphere which is used as reference.

KYYYY

Figure 19: Surfaces exposed to the flow in lateral strike for five models: pcliaz, PClmin, mean,
PC2maz and pe2,y, (from left to right)

Figure 20: Surfaces exposed to the flow in frontal strike for five models: pclyaz, pPClmin, mean,
PC2maz and pe2p,i, (from left to right)

model pClimar | PClimin | mean | pc2maz | PC2min | sphere
S (lateral) [mm?] | 4,669 3,006 | 3,760 | 3,978 3,39 1,931
S (frontal) [mm?] | 4,534 | 3,984 [ 4,160 | 4,4518 | 4,409

Table 2: Surface area exposed to the flow for the snake head models and the sphere, in lateral and
frontal strike
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Results

8 Data analysis

The experimental campaign was performed as follows: one set of data per strike (lateral and frontal)
corresponding to five repeated measurements for eight initial angles 6y varying from 20° to 90° per
model. Five snake head models from the Figure 2 were tested in lateral and frontal strike. In
addition a model sphere was tested in order to have a physical reference with a shape that has been
well studied in the past. The total amount of data stands at 440 measurements. The raw data
containing the force and position signals are not readable without some numerical processing, as
shown in Figure 21
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Figure 21: Raw position (left) and force (right) signals for pclq, in frontal strike

After trimming, shifting and converting the obtained data are shown in Figure 22. All the mea-
surements were cropped before the foam stop.
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t[s] t[s]
Figure 22: Rearranged position (left) and force (right) signals for pcl,,q, in frontal strike
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Finally, thanks to the analogical synchronization of the sensors it is possible to represent different
variables with the same temporal abscissa (Figure 23 and 24). The angular velocity (t) = 6(t)
has been derived from the angular position by means of a Matlab function, as well as the angular
acceleration Q = 6(t).
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Figure 23: Temporal evolution of the angular position 6, the angular velocity €2 and the force for
pclinae in frontal strike, g = 70°

At first when the spring is released, the axis on which the sensor is fixed drives the model. the
physical connection between the axis and the model is carried by the sensor’s screw. At the beginning
the measured force increases (the sensor is extended, in traction) which means that the model is
lagging behind the axis actuated by the spring. The force reaches a maximum at the middle of the
motion and decreases, meaning that the sensor is less and less pulled so the model joins the axis.
On almost all the experiments the angular velocity presents a plateau, in Figure 23 it is considered
between 0.12 s and 0.16 s. The plateau determination was done manually for all the measurements.
The force maximum and the velocity maximum are shifted in time, first appears the force peak and
then the velocity plateau. On Figure 24 one can see the initial acceleration peak corresponding to
the velocity bump then after few fluctuations the acceleration decreases. It is nil at the plateau of
constant velocity. The first half of the strike is governed by inertia because of the presence of the
acceleration peak. However it is not straight forward to discern the role of the inertia and the drag
during the strike. Nevertheless it is probably not linked to the strike strategy since the shape of the
plots is more or less the same in lateral strike and frontal strike.
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Figure 24: Temporal evolution of the angular acceleration €2, the angular velocity Q and the force
for pclnqe in frontal strike, 6y = 70°

9 Validation of the experiment with the frontal strike

The main difference between the previous experiment and the present one is the spring configuration.
Indeed, in the first setup the spring was compressed and the model released. The whole was attached
to a track with compressed air to minimize the friction. Thus, after an acceleration imposed by
the spring extension the system reached a state where the acceleration was nil and only the drag
remained. In the present experiment the spring is first extended and pulls the axis all along the
motion, the system is never free and there is no plateau of constant force. However it is closer to a
real snake strike animated by muscles.

One idea to extract the drag from the measurements is to consider the regime where we suppose
the drag is dominant. The force is considered in Eq. (2).

1
F = —pScpi? + (m + M)i (2)
2 Nt

Drag force Inertial force
Where & = Qpj4teau X L is the velocity, with L the distance between the center of rotation and the
sensor, L = 25 cm and €),41¢q,, the angular velocity averaged on the plateau of constant velocity. S
is the surface exposed to the flow, cp is the drag coefficient, the water density is p = 1000 kg/m?,

m is the mass of the model, M is the added mass and finally & = Qpjqtcqu ¥ L is the acceleration.

When the velocity is constant, the acceleration is nil and the force only equals to Eq. (3) from
which we extract the drag coefficient Eq. (4).

1
F = 5pScng? (3)
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_oF
- pSi?

g2 (4)
There are different possibilities for the choice of F', however when taking the average of F', Fj,4, or
F = F(xpiateau) Where Tpjgteqn is the abscissa of €,q¢cqu, the results are not the one expected from
the previous experiment in frontal strike. It did not work for the sphere either.

After few different attempt the selected protocol consisted in taking the velocity & = U = Qpiatequ X L
and the force value predicted by the previous frontal strike experiment. Indeed, using Eq. (2) and
replacing ¢p by the ones found previously, for each model in frontal strike, one obtains the associated
force. The results derived previously by the team are shown in Figure 2.

In practice the associated force appears at the very end of the strike. The protocol was based on
only one "cp forcing" corresponding to the model pcl,,q, for which the drag coefficient equals to
0,2264. By taking this value, for the experiments at 8y = 70°, the associated force appears at the
end of the strike, more precisely at 6 ~ 99,5% 0,,4.. The inverse protocol was tested to derive the
expected c¢p from the force taken at 6 ~ 99,5% 0,,,4:. For each of the five models in frontal strike,
a drag coefficient close to the previous results was found. This method consisted in "forcing" the
good result, so it is not objective itself but it should be sufficient to compare frontal and lateral
strikes for different shapes of snake heads, which is the aim of the internship.

The Figure 25 and the Figure 26 represents respectively the drag contribution to the force as a
function of the squared velocity of the frontal strike for the five head models tested and the same
for the sphere. The drag coefficient is given by the slope of the curves, different for each model.
This slope changes when the velocity increases, which will be explained in the next section. The
drag coefficient per head is obtained by taking the average of the drag coefficients per measurement,
the values can be found in Table 3.

Frontal strike
2.5 T T T T ‘
¢ pC1max .‘
“ ¢ pc1min .<
¢ Y mean | @ =<
$pe
2+ . A | Y PP =<
¢ “0 * pc2mi" .<
» Pl
o W nE
157 oMhx L * * * v v 7
w0 V.
= } *ye v’v 'Y hid vy vy
ru\i * W
1r i * v v M 7
*
N V v v
05 il
0 Il Il Il Il Il Il Il
0 1 2 3 4 5 6 7 8 9
UZ

Figure 25: Drag term 2F/pS depending on the squared velocity of the frontal strike for the five
head models tested
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Figure 26: Drag term 2F/pS depending on the squared velocity of the frontal strike for the sphere

model PClimaz | PClpmin | mean | pc2maz | PC2min sphere
¢p (previous experiment) | 0,2264 | 0,4719 | 0,4074 | 0,2645 | 0,5418 | 0,5 (in theory |7])
175 0,2266 | 0,4325 | 0,3347 | 0,2813 | 0,6605 0,3217

Table 3: Drag coefficients for the five head models tested in frontal strike compared to the reference
results of the previous experiment and the drag coefficient of a sphere compared to a reference value

10 Reynolds number, real vs. experimental

All the work concerning the video analysis and extracting the main parameters involved in a lateral
strike was needed for the Reynolds number estimation. To have a faithful experiment both Reynolds
numbers have to be similar. It is the insurance that the experiment is performed in the same flow
regime than the real snake strike.

The Reynolds number is defined as follows:

(5)

Where D is the snake body diameter, L is the rigid body rotation length, 2,,cqn is the angular
velocity averaged over the 5 head models and v the kinematic viscosity equal to 1.1076 m2/s for
water at ambient temperature.

From the videos, the extracted parameters were: L ~ 3 cm, D ~ 1,2 cm and Qeqn ~ 45 rad/s (it
is the maximum value of 2 averaged over the seven videos), thus Re = 1,62.10%.

For the experiments L ~ 25 cm is the distance between the center of rotation and the force sensor,
D ~ 5 cm and Qeqn Was estimated from a data analysis over all the measurements. Then an
average was done over measurements of the same 6 initial angle, it is represented on the Figure 27.
This Q,eqan angular velocity is used to calculate the Reynolds number which depends on the initial
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position of the model. For the reference, the same scheme was done to the sphere measurements,
they are shown in Figure 28, where on the left graph each point represents one experiment. As
expected the velocity increases with 6y and is generally higher for the sphere than for the models.
The non linearity of the velocity distribution may be caused by the non linearity of the spring.
When totally extended, the spring stiffness decreases which results in a lower velocity variation
between two 6y positions.

All 5 snake head models
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Figure 27: Angular velocity as a function of the initial 6y angle for each model for frontal and lateral
strikes combined (left) and the same velocity averaged over the models (right)
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Figure 28: Angular velocity as a function of the initial 6y angle for the sphere (left) and the same
velocity averaged the experiments (right)

For the snake heads the Reynolds number shown in Figure 29 reaches 1,4.10* and 2.10° for the
sphere which is in the transition the the turbulence [7]. It is in addition one order of magnitude
higher than for real snakes, as calculated previously. This can explain the low drag coefficient for
the sphere seen in Table 3. To verify this hypothesis the Figure 30 represents the drag coefficient
for the sphere, as a function of the Reynolds number. There is indeed a decrease of drag coeflicient
from almost 0,5 to 0,2 for high Re.
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Figure 29: Reynolds number as a function of the initial 6y angle for the snake head (left) and the
sphere (right)
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Figure 30: Drag coefficient as a function of the Reynolds number for the sphere in water
Finally it is hard to confirm the validity of the results since the reference sphere case is not a

constant on which to refer. That is why it has been preferred to consider the results derived from
the previous experiment in frontal strike as a reference.
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11 Results for the lateral strike

The results for the lateral strike as shown in Figure 31 are more dispersed than for the frontal strike
(Figure 25). The summary in terms of values is shown in Table 4.

Lateral strike
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Figure 31: Drag term 2F/pS depending on the squared velocity of the lateral strike for the five
head models tested

model pClimar | PClimin | mean | p2maz | PC2min sphere
c¢p frontal (previous experiment) | 0,2264 | 0,4719 | 0,4074 | 0,2645 | 0,5418 | 0,5 (in theory [7])
cp frontal 0,2266 | 0,4325 | 0,3347 | 0,2813 | 0,6605 7
cp lateral 0,1903 | 0,4142 | 0,3460 | 0,2934 | 0,2333 0,3217

Table 4: Drag coefficients for the five head models tested in lateral strike compared to the drag
coefficients obtained in frontal strike and the reference results of the previous experiment

The data dispersion does not facilitate the drag interpretation however the averaged values seem
to make sense. Indeed, the values are not very different and it is possible to deduce which shape
is more efficient in water than the other. The model with the lower c¢p is still the pcl,,q. and in
general the drag seem to be lower in lateral strike than in frontal strike. Nevertheless one can see
a real change for the model pc2,,;, which had the larger cp in frontal strike and found itself at
the second place in lateral strike which is curious since it is the closest shape to terrestrial species
and in her PhD Marion Segall demonstrated that terrestrial snakes produce more drag in water in
comparison to aquatic snakes in frontal strike. According to the present results the drag is slightly
increased for pc2,,q. and mean. For these shapes the strategy used does not seem to have an impact
on the drag coefficient at play during the strike.

These results are very dependent on the data noise and some points are clearly not physical at
high velocity. It may also be linked to the Reynolds number. There is probably something in the
measurements which is not taken in account. In addition the protocol of force extrapolation used
based is on the hypothesis that the measured force in only due to the drag although there can be
an inertial contribution.

If instead of the extrapolated force and the angular velocity at the plateau, the maximum of force
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and velocity are plotted, the results obtained look more accurate (Figure 32). However in frontal
strike the slopes which give the drag coefficient indicate a different order for the models than in the
previous experiment. To unformalized the results it has been decided to take the models weigh in
account since their masses vary with the model and the strategy. This results from a honeycomb
3D printing for the frontal strike whereas for the lateral strike the models where filled. In order to
take in account the mass the drag term 2F / pS was divided by m the mass of each head model and
multiplied by pV where p is the water density and V is the volume of each model. The Figure 33
shows the same data but weighted with an adimensional mass. The drag coefficients are given by the
slope of the curves and shown in Table 5. Some of them are not realistic, especially in comparison
with the previous experiment in frontal strike. It is also too large for the sphere. Nevertheless all
models present less drag in lateral strike than in frontal.
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Figure 32: Drag term 2F/pS depending on the squared velocity of the frontal strike for the five
head models tested of the frontal and lateral strike for the five head models tested
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Figure 33: Drag term 2F'/pS weighted with an adimensional mass depending on the squared velocity
of the frontal strike for the five head models tested as a function of the squared velocity max of the
frontal and lateral strike for the five head models tested. The straight lines are linear regressions
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model PClpmaz | PClmin | mean | p2maz | PC2min sphere
¢p frontal (previous) | 0,2264 | 0,4719 | 0,4074 | 0,2645 | 0,5418 | 0,5 (in theory [7])
cp frontal 1,224 1,300 1,223 | 0,7673 | 1,698 /
cp lateral 0,3876 | 0,4736 | 0,4062 | 0,442 | 0,7397 0,9762

Table 5: Drag coefficients for the five head models derived from the maximum force and velocity
and weighted with an adimensional mass

Part V

Discussion

Finally, from observations of real aquatic snakes general parameters characterizing the lateral strike
kinematics have been determined.

To measure the hydrodynamic forces applied on the snake head an experiment that mimics the
lateral strike has been designed. This experiment was also performed in frontal strike, in order
to compare with the results obtained with the previous experiment done within the team and
involving the same strategy. The originality of the present experiment is the possibility to perform
it in both lateral and frontal strike, and we believe that the pulling spring kinematics is closest to
what happens during a real strike.

From the Reynolds number and drag coefficient estimations of the sphere it appears that the ex-
periments were performed in the transition to turbulence regime so that the slope of the plots
representing the drag term 2F/pS varies in function of the squared velocity U?. Since the drag
coefficient in function of the Reynolds number is not known for a snake head shape, the results
obtained in the previous frontal strike experiment served as a relative reference. The data analysis
based on the hypothesis that only the drag remains when the velocity is constant are not conclusive
because of the points dispersion. Furthermore the force values were selected in order to match
the previous experiment’s results. The results obtained using Fj,q, and U,,., look more accurate
but follows a non realistic drag coefficient very different from the previous experiment in frontal
strike. However by looking at the Figure 34 one can say that both experiments in frontal strike (the
previous and the present) could be compared thanks to the linearity of the force in function of the
Reynolds number. Plots for each head shape are joining for both experiments. If the experiment is
relevant it is probably not the case of the interpretations which do not take in account the inertial
contribution to the measured force.

Since the present experiment itself was accurate and reproducible it is possible to compare frontal
and lateral strike hydrodynamics. The drag coefficient ratios weighted with the mass in order to
take in account the mass differences between the models are shown in Table 6. Generally all the
shapes tested which represent extrema of shape variability among aquatic snakes have more interests
in performing a lateral strike. When the difference in hydrodynamics between both strategies is not
pronounced other factors can take over the strategy choice which can explain why some species are
choosing the frontal strike.

frontal
ratio = 20t (7)
cplateral

158



M2 internship March - September 2017

model PClpmaz | PClmin | mean | p2maz | PC2min
cp ratio (Fiaz Umae method) | 3,158 2,745 | 3,011 | 1,736 2,296

Table 6: Drag coefficients for the five head models derived from the maximum force and velocity
and weighted with an adimensional mass

Over all a CFD analysis could help in answering the question of how the shape is related to the
strategy used and how it impacts the the hydrodynamic forces. From the experiment in lateral
strike, which seems to be the most advantageous strategy for all aquatic snakes, it is hard if not
impossible with force measurements on the head to extract the drag coefficient. The complex
relation between drag and added mass needs to be deepen, as well as the knowledge about real
snakes behavior in order to confront the experimental results.

Previous and recent experiment in frontal strike
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Figure 34: F,4. as a function of the Reynolds number for the previous experiment in frontal strike
done within the team (represented by the triangles) and the present experiment (represented by the
circles)
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Appendix A: List of abstracts of conference talks.

ICVM 2016, 11th International Congress of Vertebrate Morphology, International
Society of Vertebrate Morphology, Washington DC, USA. Segall, M., Godoy-Diana, R.
and Herrel, A.

Aquatic prey capture in snakes: the link between morphology, behavior and
hydrodynamics.

Aquatic animals have to face the physical constraints imposed by the mechanical
properties of the fluid through which they move. Movement under water is resisted by
drag and acceleration reaction forces, which can impair the displacement of the animal.
The forward strike during prey capture will generate a pressure wave that can trigger the
escape response of a mobile prey and thus decrease the capture success. Most animals
have circumvented these constraints by developing a suction feeding system, but some
animals cannot because of anatomical limits. As the physical constraints are highly
dependent on the shape of the object, we hypothesize that the animals that cannot
perform suction will have morphologically converged to be more streamlined.
Moreover, we hypothesize that the behavior of species that do not present a streamlined
head will aim to reduce the hydrodynamic forces associated with a strike under water.
We chose snakes as biological model to test our hypotheses, as these animals cannot use
suction and have evolved aquatic life-styles convergently. We predict that the head
shape of aquatic snake species is more streamlined in comparison with that of non-
aquatic species. The variability in the head shape of aquatic snakes is large and some
species have a large, massive head. We suggest that these species have adapted their
behavioral strategies to efficiently capture prey. To test our predictions, we compared
3D scans of the head shape of 83 species. We also developed a 3D printed model to
mimic a snake attack under water in a laboratory experiment, characterizing the fluid
flow associated with different head shapes and different behaviors using flow field
velocimetry and force measurements.

161



Appendices

SMEF 2016, 9th National Symposium of « Morphometry and Evolution of Forms ».
Paris, France. Segall, M., Cornette, R., Fabre, A-C., Godoy-Diana, R. and Herrel, A.

Does underwater prey capture impact head shape evolution in snakes?

Evolutionary trajectories are often biased by development and historical factors.
However, environmental factors can also impose constraints on the evolutionary
trajectories of organisms leading to convergence of morphology in similar ecological
contexts. The physical properties of the medium an animal moves through imposes
strong constraints such that aquatic animals are principally faced with drag-related
forces impeding movement. These hydrodynamic constraints are strong and have
resulted in the independent evolution of suction feeding in most groups of secondarily
aquatic tetrapods. Despite the fact that snakes cannot use suction they have invaded the
aquatic milieu many times independently. Here we test whether the aquatic environment
has constrained head shape evolution in snakes and whether shape converges on that
predicted by biomechanical models. Our results show that aquatic snakes partially
conform to our predictions and have a narrower anterior part of the head and dorsally
positioned eyes and nostrils. This morphology is observed irrespective of the
phylogenetic relationships among species suggesting that the aquatic environment does
indeed drive the evolution of head shape in snakes thus biasing the evolutionary
trajectory of this group of animals.
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ZOOLOGY 2014, 21st Benelux Congress of Zoology, Royal Belgian Zoological
Society, Liege, Belgium. Segall, M., Polidori, G., Arfaoui, A. and Herrel, A.

Hydrodynamic constraints associated with prey capture strategies in snakes.

Water is a dense and viscous medium. Although these properties constrain movement,
numerous snake species capture prey under water. Consequently, these snakes have to
circumvent the hydrodynamic constraints while being unable to rely on suction feeding
mechanisms because of the extreme reduction of their hyoid apparatus. A way to cope
with the hydrodynamic constraints is to adapt behavior. There are two main foraging
strategies used by snakes that capture prey under water including sit-and-wait and
pursuit foraging. We here test the hypothesis that these different prey capture strategies
result in different hydrodynamic profiles. Moreover, we attempt to understand the effect
of the acceleration of the head of the snake on the hydrodynamic profile and prey
capture success. To do so we use Computational Fluid Dynamics to simulate the
unsteady flow associated with prey capture behavior in Natrix tessellata. Our results
show that both magnitude and duration of the acceleration play a crucial role in driving
the hydrodynamic constraints. A short and high acceleration appears to be the less
constrained prey capture strategy, consistent with the most widespread strategy used in
snakes.
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Appendix B: List of abstracts of conference posters.

ICVM 2016, 11th International Congress of Vertebrate Morphology, International
Society of Vertebrate Morphology, Washington DC, USA. Segall, M., Cornette, R.,
Godoy-Diana, R. and Herrel, A.

Water as a driver of evolution: the example of aquatic snakes.

Natural selection favors animals that are the most successful in their fitness-related
behaviors, such as foraging. Secondary adaptations pose the problem of re-adapting an
already 'hypothetically optimized' phenotype to new constraints. When animals forage
underwater, they face strong physical constraints, particularly when capturing a prey.
The capture requires the predator to be fast and to generate a high acceleration to catch
the prey. This involves two main constraints due to the surrounding fluid: drag and
added mass. Both of these constraints are related to the shape of the animal. We
experimentally explore the relationship between shape and performance in the context
of an aquatic strike. As a model, we use 3D-printed snake heads of different shapes and
frontal strike kinematics based on in vivo observations. By using direct force
measurements, we compare the drag and added mass generated by aquatic and non-
aquatic snake models during a strike. Our results show that drag is optimized in aquatic
snakes. Added mass appears less important than drag for snakes during an aquatic
strike. The flow features associated to the hydrodynamic forces measured allows us to
suggest a mechanism rendering the shape of the head of aquatic snakes well adapted to
catch prey underwater.
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Introduction

The main asset of a limbless animal is its head. It is under a strong selective pressure resulting from many extrinsic and intrinsic facrors. Aquatically foraging snakes are

limbless animals that manage to caprure elusive prey underwater with their heads despite of the hydrodynamic constraints. Previous studies have demonstrated that
aquaric foraging snakes have morphologically converged (1) toward a head shape thar is supposed 1o reduce the hydrodynamic constraints related to both locomotion
and feeding underwarer (2). However, a large morphological variability has been observed among these aquatic foragers (3). This could suggest that other extrinsic factors
can shape the head of snakes. In the present work, we assess what other factors may have impacted the head shape of aquarically foraging snakes.

Hypoth & Predicti
Jaee e Specimens & Template

o Ecology: among aquarically foraging snake species, some have more terrestrial, semi-aquatic or only aquaric ;
habits. Morphological requirements could be different depending on the preferred media in which the KBD scans of the head of 316 specimens \
snake lives. * 62 species, =5 specimen per species

» Average shape per species used for analyses

© Presence of a gland: the presence of venom or Duvernoy’s glands could influence the head shape of snakes.
Moreover, venom facilitates prey handling by tranquilizing them. Thus, non-venomous snakes could have a * Template:
more bulky head to maintain their prey. * 10 anatomical landmarks
® 6 curves

o shape: snakes swallow their prey whole. If the is large, they may show a wider head, whereas if
i e PPy e s o * 837 sliding landmarks

. they eat elongate prey, they may have evolved longer heads to facilitate the swallowing,

Statistical analyses & Results

' * A PCA was done and further statistical tests were ran on 90% of the overall variability.

* Phylogenetic MANOVAs: \ :fnlur:.‘:",::"; ﬂ:mmﬁ? ’;hg 3D /.
o Prey shape: /', = 3.34, P, = 0.03
¢ Ecology: F, 5, = 4.30, P, = 0.32
© Presence of gland: £, ;= 4.99, I, = 0.69

| Variance | Univariate K statist

Table I: Results of the statistical analyses

performed on the first eleven principal

components. The ANOVA compares

bulky va, long prey caters. Statistical
| significance highlighted in bokd.

Fig. 2: Comparisan of the shapes associated with PC6, The bluc shape represents snakes
thar prefer long prey and in grey is the shape representing snakes thar prefer bulky prey.
Anatomical landmarks and curves were positioned on each shape 1o facilitate the

Discussion cattigarison,

o Ecology does nor seem to impact head shape. It would mean that the hydrodynamic requirements associated with feeding are more important than
locomation in aquatic snakes.

o The presence of glands appears not to constrain head shape in aquatic snakes. We expected that the head would be larger because of the venom gland and/or |
that the venom would facilirate prey handling and so impose less constraints on the shape. Plus, we expected non-venomous snakes to have bulky heads as
they require more power muscles to maintain the prey bur it is possible that both presence of gland and high power muscles resules in a similar “bulky” shape.

© Prey shape represents around 3% of the overall variability. As predicted, the shape associated with the swallowing of larger prey involves a more bulky head
and snakes that prefer long preys have a more elongated head shape. However, as shown in fig. 2, the difference is subtle.

# The head is the most important asset of snakes so it is under a large selective pressure. A probable scenario is that many different aspects of snakes” lifestyle act
in synergy and/or antagonistically to shape their head.
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SICB 2017, Annual Meeting, the Society for Integrative and Comparative Biology,
New Orleans, LA, USA. Segall, M., Herrel, A., Godoy-Diana, R.

Does morphological convergence of the head enhance prey capture performance in
aquatically foraging snakes?

Underwater prey capture is a challenge for aquatic animals because of the high density
and viscosity of water that impairs the movement of the predator and that can trigger the
prey startle response. To circumvent these constraints, aquatic predators can adapt their
morphology to be more streamlined. Snakes are an excellent model to assess whether
these physical constraints have driven the evolution of their phenotypes as they have
invaded both freshwater and marine environments. To circumvent the hydrodynamic
constraints of prey capture underwater, previous studies suggested that the “ideal” head
shape for an aquatic snake would be long and thin. In a recent publication, we
demonstrated morphological convergence of head shape of aquatic snakes, but with a
different pattern: aquatic species have more bulky and short head than the non-aquatic
foragers. These results, although quite surprising, can make sense from a fluid
mechanics point of view. Indeed, the physical constraints are directly related to the
surface area that is facing the flow during the movement in addition to its shape. The
aim of this new study is to assess whether this bulky and short head is more efficient to
capture prey underwater. To do so, we use 3D-printed models of snake heads to
measure the forces imposed on the different shapes during an impulsive motion that
mimics an underwater strike. In addition, a force sensor was placed at the end of the
strike arena to detect the magnitude of the pressure wave generated by the different
shapes. Our results show that the force imparted upon the aquatic shape is indeed lower
than the one recorded for the non-aquatic shape, meaning that having a thin and long
head might not be as efficient as previously thought.
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Aquatic motion, and especially prey caprure, is highly constrained because of the physical properties of water'. The main constraints related with aquaric prey caprure
are drag in casc of a steady speed motion and added mass during acceleration, Shape plays an imporant role in these physical constraints so aquatic predators should
have adapred their morphology. As the solutions are limited by both hydrodynamics and the anatomy of the animals, morphological convergence often occurs. We

studied convergence in the head shape of aquatic snakes by comparing 62 species that are aquatic foragers with 21 non-aquatically foraging species’. We found a
morphological convergence of the head shape of snake that forage on active preys underwater. However, the relation berween this convergence and its significance in
term of hydrodynamics is not straightforward. Here, we aim to illustrate the complex relationship berween what scems to be a morphological adapration and its
adaptive significance. To do so, we 3D printed the two shapes resulting from our previous work, the shape of a typical “aquatic forager” and a “non-aquatic forager”,
and we simulated strikes underwater to compare the forces that are associated with the different morphologies.

Hypotheses & Predictions

Aquatic snakes should have evolved to optimize the underwater prey caprure cfficiency by minimizing the drag and added mass associated with a strike. Another
important factor in prey caprure success is the detection by the prey, as most aquatic preys have anti-predatory systems based on pressure detection, we measured the
distance with the prediction thar aquatic snakes should be detected latter than non-aquatic snakes.
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o The drag results fit our predictions, aquatic snakes generate less drag meaning that they move more efficiently at constant speed in comparison with non-
aquatic snakes. Although, drag is more possibly more related to locomotor efficiency and not prey capture which is a rapid acceleration towards the prey.
© The acceleration phase does not seem as optimized as predicted # priori because the added mass is greater in aquatic snakes. However, we do not know the
effect of the added mass on the animal, It might be possible that drag plays a major role in different vital behavior for snake and thar drag and added mass
could not be optimized simultaneously, but this remains to be rested.
» As expected, the link between morphology and function is not straightforward but our results are promising and require further exploration of this complex
functional problem.
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Appendix C: Abstract of the book chapter that is to be published.

Feeding in snakes: form, function, and evolution of the feeding system

Brad R. Moon, David A. Penning, Marion Segall and Anthony Herrel.

Snakes are a diverse group of squamate reptiles characterized by a unique feeding
system and other traits associated with elongation and limblessness. Despite the
description of transitional fossil forms, the evolution of the snake feeding system
remains poorly understood, partly because so few snakes have been studied thus far.
The idea that the feeding system in most snakes is adapted for consuming relatively
large prey is supported by studies on anatomy and functional morphology. Moreover,
because snakes are considered to be gape-limited predators, studies of head size and
shape have shed light on feeding adaptations. Studies using traditional metrics have
shown differences in head size and shape between males and females in many species
that are linked to differences in diet. Research that has coupled robust phylogenies with
detailed morphology and morphometrics has further demonstrated the adaptive nature
of head shape in snakes and revealed striking evolutionary convergences in some
clades. Recent studies of snake strikes have begun to reveal surprising capacities that
warrant further research. Venoms, venom glands, and venom-delivery systems are
proving to be more widespread and complex than previously recognized. Some
venomous and many non-venomous snakes constrict prey. Recent studies of
constriction have shown previously unexpected responsiveness, strength, and effects on
prey. Mechanisms of drinking have proven difficult to resolve, although a new
mechanism was proposed recently. Finally, although considerable research has focused
on the energetics of digestion, much less is known about the energetics of striking and
prey handling. A wide range of research on these and other topics has shown that snakes
are a rich group for studying form, function, behavior, ecology, and evolution.
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Abstract

Animal-environment interactions are determinant in driving the evolution of
phenotypic variation. Most aquatic animals have developed adaptations to overcome
the physical constraints inherent to an aquatic lifestyle and particularly to motion in
water. These constraints are the drag and the added mass if an acceleration is
involved in the motion, such as during prey capture. The aim of this project is to
evaluate the role of water as a potential driver of evolution of head shape by
focusing on morphological and behavioral convergences during underwater prey
capture. Snakes are a good model as an aquatic life-style has originated
independently in different genera. However, aquatic snakes did not develop a
suction feeding system in contrast to most aquatic vertebrates. Prey-capture under
water is constrained by the physical properties of the fluid and thus morphological
and/or behavioral convergence is expected. By comparing the head shapes and the
behavior of different species, we evaluated the impact of water on the evolution of
head shape and strike behavior. By using experimental fluid mechanics approaches,
we quantified the physical constraints involved in prey capture and evaluated the
nature of the evolutionary response in response to these hydrodynamic constraints.
This interdisciplinary approach allowed us to bring novel data to our understanding

of functional constraints as drivers of phenotypic evolution.
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