Downloaded from http://rspb.royalsocietypublishing.org/ on August 31, 2016

PROCEEDINGS B

rsph.royalsocietypublishing.org

Research CroseMark

click for updates

Cite this article: Segall M, Cornette R, Fabre
A-C, Godoy-Diana R, Herrel A. 2016 Does
aquatic foraging impact head shape evolution
in snakes? Proc. R. Soc. B 283: 20161645.
http://dx.doi.org/10.1098/rspb.2016.1645

Received: 22 July 2016
Accepted: 11 August 2016

Subject Areas:
evolution, ecology

Keywords:

aquatic snakes, head morphology,
hydrodynamics, constraints, convergence,
geometric morphometrics

Author for correspondence:
Marion Segall
e-mail: marion.segall@live.fr

Electronic supplementary material is available
at http:/dx.doi.org/10.1098/rsph.2016.1645 or
via http://rspb.royalsocietypublishing.org.

THE ROYAL SOCIETY

PUBLISHING

Does aquatic foraging impact head shape
evolution in snakes?

Marion Segall’%3, Raphaél Cornette®, Anne-Claire Fabre',
Ramiro Godoy-Diana? and Anthony Herrel'

TUMR CNRS/MNHN 7179, Mécanismes Adaptatifs: des Organismes aux Communautés, 55 Rue Buffon,
75005 Paris, France

2Laboratoire de Physique et Mécanique des Milieux Hétérogenes (PMMH), UMR CNRS 7636; PSL-ESPC,
10 Rue Vauquelin, 75005 Paris, France

3Sorbonne Paris Cité-UDD, Univ. Paris 07, Paris, France

“ISYEB UMR7205 CNRS, MNHN, UPMC, EPHE. 45 Rue Buffon, 75005 Paris, France

SEvolutionary Morphology of Vertebrates, Ghent University, K.L. Ledeganckstraat 35, 9000 Ghent, Belgium

= MS, 0000-0002-4913-2106

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 hydrodyn-
amic 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 indepen-
dently. 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 three-dimensional 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.

1. 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 [1]. When different species are
faced with similar constraints, convergence in morphology or behaviour is pre-
dicted [2,3]. The study of convergence can help us 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 behaviour resulting in a suite of adaptations in ani-
mals that have secondarily invaded the aquatic environment [4-6]. In spite
of these hydrodynamic constraints, numerous species with diverse phylo-
genetic 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
[7-9] or feeding [4].

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
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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 [10], and may trigger
the escape response of the prey. Indeed, very fast escape
responses, called C-starts or S-starts in fishes, can be triggered
by chemical cues emitted by prey or predators [11,12] or by
physical cues such as water displacement [13-15]. 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 compen-
sate for the displacement of water by the predator. This
behaviour involves an expansion of the bucco-pharyngeal
cavity owing to the displacement of the hyobranchial appar-
atus (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 [16—20]. Snakes,
however, have a reduced hyoid apparatus because of the
specialization of their tongue for chemoreception [21,22] 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
[23]. Moreover, numerous species of snakes are proficient in
the capture of elusive aquatic prey and some species have
become entirely piscivorous [24-28]. As drag is highly depen-
dent on the shape of the head, and impairs the swimming or
targeting efficiency of the predator [4,10], the ‘ideal’ aquatic
snake should have a slender, streamlined, narrow and long
head [4,29,30]. 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 per-
formed by means of a ‘pterygoid walk’ [31,32] which is more
efficient in snakes with wider heads and longer quadrates
[29]. Thus, the ‘ideal’ morphology for an aquatic snake is
probably 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 [23,30,33-37].
In this study, we test the hypothesis that the physical constraints
related to underwater prey capture constrain head shape evol-
ution 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 with
snakes that do not capture prey under water. Our predictions
follow previous work on aquatic snakes [29,37], 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 three-dimensional geometric mor-
phometric approaches [38,39] to quantify the shape of the entire
head as the hydrodynamics of movement under water will
probably 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 clo-
sely 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
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Figure 1. Template used for the geometric morphometric analyses. Anatom-
ical landmarks are indicated in red, semi-landmarks on curves in blue and
surface semi-landmarks in green. (Online version in colour.)

under water and compare it with a priori predictions based on
previous studies [4,29,30,37] and biomechanical models [1].

2. Material and methods

(a) Specimens

Three-dimensional 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. 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 col-
lection 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
(see the electronic supplementary material, S1).

We included 83 species of snakes in total. We considered as
‘aquatic’ species of snakes that consume elusive aquatic prey
(e.g. fishes, amphibians, crustaceans, etc.) and as ‘non-aquatic’
those that do not eat aquatic prey (see the electronic supplemen-
tary material, S1 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 be phylogenetically close to the aquatic
species in our analysis [40]. In total, we compared 62 aquatic
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Table 1. Results of the statistical analyses performed on the first 11 principal components. (Statistical significance highlighted in italics.)

proportion of variance (%)

proportion cumulative proportion

PQ1 493 493

PQ2 137 63.0
e B s
PC4 6.6 76.9
s PR B ne

PC6 40 86.6
o W o

P8 1.8 915
o e me

PC10 1.1 94.2

species with 21 species that do not feed on elusive aquatic prey
(electronic supplementary material, S1). The phylogenetic tree
of Pyron [40] was pruned in MesQuITE v. 3.03 [41] to only keep
the species included in our dataset (electronic supplementary
material, S2).

(b) Geometric morphometrics
To quantify shape variation between species, we recorded the
three-dimensional coordinates of 10 landmarks and six curves
(figure 1), using the ‘LANDMARK’ software package [42]. These
landmarks include both anatomical landmarks and maxima of
curvature (electronic supplementary material, S3). To assess the
repeatability of the landmark positioning, we placed the set of
landmarks 10 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
(electronic supplementary material, S4).

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-land-
marks on the surface of the head (figure 1) [38]. 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
[38,43]. The sliding procedure was performed, using the MorPHO
package [44] in R [45]. After sliding, all landmarks were rendered
symmetrical, a Procrustes superimposition was run [46] and an
average head shape per species was calculated in MorrHOJ [47].
A principal component analysis (PCA) was then run using the
Rmorph library [48] to evaluate the overall shape variation in the
dataset. The first 11 principal components (PCs) accounting for
more than 95% of the shape variability were extracted and used
for further analyses (table 1).

(c) Analyses

We first assessed whether a phylogenetic signal was present in the
dataset, using the multivariate version of the K-statistic [39,49].
This test was performed using the ‘geomorph’ library [50]
in R. Next, the univariate K-statistic was calculated to test for phy-
logenetic signal in the first 11 PC axes using the “picante’ library in
R [51]. Given that a significant phylogenetic signal was detected,
a phylogenetic MANOVA was performed on the first 11
PC axes to test for differences in shape between species that

univariate K statistics phylogenetic ANOVA

p-value Fi1 p-value
037 0.0009 33 01
034 10,0009 3062 0.0009
i S e
0.28 0.007 046 05
e e S
0.25 0.04 0001 09
i e pot
0.26 0.02 043 05
i s
037 0.004 103 04
o S o

capture elusive aquatic prey and those that do not. Subsequently,
we ran phylogenetic ANOVAs to evaluate which axes contribu-
ted to the observed differences in head shape. To evaluate
whether size impacted the results, we ran a MANCOVA with the
logy¢-transformed centroid size as a covariate. Finally, a linear discri-
minant analysis (LDA) was performed. We extracted the shapes
associated with species that capture elusive aquatic prey and those
that do not (figure 2). 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 [1,52,53]. 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 2). Finally, we also measured
the projected frontal surface area for identical gape distance
(table 2). All statistical analyses were performed using R [45]. The
significance level of all statistical tests was set at 5%.

3. Results

The first and the second axes of the PCA, respectively,
accounted for 49.3% and 13.7% of the overall variability
(table 1). We detected a phylogenetic signal in our morphologi-
cal dataset (p = 0.001) with a multivariate K that was less than
one (K = 0.34). The univariate K-statistics are significant for
the majority of the PC axes with K-values around 0.3 (table 1).

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, F; g; = 7.25,
Pphy= 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 1 and electronic supplemen-
tary material, S5). Both ecology and size impact the head shape
of snakes (MANCOVA: ecology: F; 7o =7.83, p < 0.001; size:
Fi 79 =3.25, p=0.001), but the interaction between both was
not significant (MANCOVA: F; 7o = 0.68, p = 0.7).

(a) Shape comparisons
The following shape description is based on the LDA that
allowed us to extract mean head shapes for species that capture
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Figure 2. 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 coloured
by deformation intensity from dark blue to red and from the aquatic to the non-aquatic shape. (Online version in colour.)

elusive prey under water and those that do not (figure 2). The
LDA shows a difference between the aquatic group and the
non-aquatic one (Fy g1 = 9.54, p = 0.002). The LDA reclassifica-
tion rates are high (LDA: aquatic group = 89%; non-aquatic =
71%), meaning that the linear discriminant function accurately
describes the differences between groups.

As the 'mon-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 (figure 2). The anterior part of the head is proportion-
ally 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 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 measure-
ments. 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 (figure 2 and table 2).
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Table 2. 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.)

aquatic (%)

projected surface area

. area of the upper jaw

. area of the lower jaw

. length of the upper jaw

. Iéhgth of the lower jaw '

. width at the middle of the upper jaw
. width at the middle of the lower javw

~N oo o N O N N B

. maximal width of the mouth 9%

4. Discussion

We detected a significant phylogenetic signal in our dataset
meaning that the head shape of the snakes in our dataset 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 [49]. 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 demon-
strates 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 capture elusive prey under water
have evolved independently many times in the evolutionary his-
tory of snakes, most studies to date have focused on a single
family, the natricines [1,37,52,54,55]. Our results show that con-
vergence 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 dorsoventral compression of the head is a feature
that has been suggested to be associated with an aquatic lifestyle
and the need to be more streamlined in aquatic reptiles in general

\

Mov e

non-aquatic
same gape angle
(%)

non-aquatic same
gape distance (%)

33.9% 19.7%
O 176%
17.5%
17.6%
7%
7.5%
- 87%

[4]. 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 [37]. Moreover, the mouth is more curved,
which, once the mouth is opened (table 2) 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 pre-
dicted by Taylor [4]. 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 [4,10,29,37]. As the hydro-
dynamic 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 probably
decreases the drag associated with the open-mouth capture typi-
cally observed in these animals as suggested by the lower
projected frontal surface area [4,10]. By 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 [29], 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 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.
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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 [56]. Likewise, the
more dorsal position of the eyes could allow them to target
prey or to see predators that are positioned above [57,58].
Eyes in predators generally tend to have a more frontal pos-
ition to increase their binocular overlap, allowing them to
better judge the distance to the prey. By contrast, species
that tend to have more laterally positioned eyes have a
wider visual field [59]. As most aquatic snakes rely on
visual cues to detect and capture prey [54,60-63], their eyes
may have moved closer together to allow a better perception
of depth and distance [37].

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 favour an elongated
snout [37], a smaller or narrower head [29] and a decrease of
the overall head width [1], at least in frontal strikers. The
head of the “aquatic’ snakes in our study is indeed proportion-
ally 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, simu-
lation studies showed that an increase in head width is not
likely to impair the strike speed of a snake [10]. As such, the
head shape observed in aquatic snakes combines a narrow
anterior part that will reduce drag, and a wide posterior
head that allows an efficient prey transport. Direct measure-
ments of the hydrodynamic forces and bow wave generation
are needed, however, to test these ideas.

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 behaviours: n

frontally versus laterally directed strikes [1]. The strike behav-
iour greatly influences the flow of water around the head and
the associated drag forces during a prey capture event [29].
Moreover, similarity in shape does not per se result in a simi-
larity in performance [64] and the ecological relevance of
variation in shape remains to be tested. The exploration of
the relationship between morphology, the behaviour and
the hydrodynamics of prey capture is a promising avenue
to better understand how the physical environment may con-
strain the evolution of form in aquatic species.
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