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Published online: 30 November 2017 Self-righting, the capacity of an animal to self-turn after falling on its back, is a fitness-related trait.

Delayed self-righting can result in loss of mating opportunities or death. Traits involved in self-righting
may therefore be under selection. Galapagos giant tortoises have two main shell morphologies -
saddleback and domed - that have been proposed to be adaptive. The more sloped shape on the sides
of the shell and the longer extension of neck and legs of the saddlebacks could have evolved to optimize
self-righting. The drier environments with more uneven surfaces where the saddleback tortoises

. occurincreases their risk to fall on their back while walking. The ability to fast overturn could reduce

. the danger of dying. To test this hypothesis, we used 3D shell reconstructions of 89 Galapagos giant

. tortoises from three domed and two saddleback species to compare self-righting potential of the two

. shell morphotypes. Our results indicate that saddleback shells require higher energy input to self-right

 than domed ones. This suggests that several traits associated with the saddleback shell morphology

: could have evolved to facilitate self-righting. Studying the functional performances of fitness-related

. traits, as in this work, could provide important insight into the adaptive value of traits.

Self-righting, the capacity of an animal to self-turn after falling on its back, is a fitness-related trait for terrestrial
animals. Animals can fall on their backs due to locomotion on uneven surfaces, conspecific interactions such as
fighting, predator encounters, or from falling through the air in the case of flying insects' . Delayed self-righting
can result in loss of mating opportunities or death due to desiccation, predation, starvation, or hampered breath-
. ing’~'°. Variation in self-righting strategy and performance — how quickly an animal turns itself over — depends on
. the flexibility of the body and body shape (reviewed in?). Particularly, in animals with rigid and armored bodies
- such as crustaceans, some insects, and turtles, the feet generally cannot touch the ground when they are on their
. backs and self-righting is determined by body shape, body size, and extension or length of movable body parts
© (e.g., neck and legs) that help create momentum for the animal to roll over>!%-12,
In turtles, shell morphology determines the self-righting strategy used and its performance: turtles with flatter
. shells use a combination of vertical push given by the neck and waving of the legs to gain momentum to turn,
. while turtles with more domed shells mostly rely on waving their legs''. Among turtles, Galapagos giant tortoises
offer an ideal system for examining how differences in the rigid body shape (shell morphotypes) may influence
self-righting performance, and thus survival and fitness. In this species group, shell morphology varies exten-
sively both within and among species and islands. Galdpagos giant tortoises comprise multiple species with two
: main distinct shell morphologies, saddleback and domed that have evolved multiple times in the archipelago,
: with some species being either clearly domed or saddleback, while others have intermediate shell shapes'*!4.
. Saddleback shells have a higher anterior opening, which allows for higher extension of the neck, and a more com-
. pressed carapace on the sides, while domed tortoises have a cupula-like carapace!>!® (Fig. 1).
: The different Galapagos giant tortoise shell morphotypes generally occur in different habitats, with saddleback
. tortoises occupying drier and lower elevation environments, while domed tortoises are found in more humid,
colder and higher elevation habitats'’-2!. Although a correlation between shell morphotype and habitat type has
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Figure 1. Saddleback (right) and domed (left) shell morphotypes in Galapagos giant tortoises. Photos by Y.
Chiari.

been reported in Galdpagos giant tortoises'®-%., its existence does not necessarily imply evolutionary causation, as

habitat selection may be a consequence rather than a cause of shell shape evolution.

The two shell morphotypes have been proposed to be adaptive for distinct feeding niches (e.g.,
However, there are currently no data supporting this hypothesis. Vegetation is more luxuriant where domed tor-
toises occur, while it is drier and with more cacti where saddleback tortoises live!’~°. Other selective forces, such
as different self-righting performance between saddleback and domed tortoises may also be considered as a driver
of shell shape variation in these animals. Galdpagos giant tortoises commonly walk on irregular surfaces and often
fall on their back or in crevices between lava rocks; delayed self-righting may therefore increase their chance of
mortality (E. Garcia, pers. comm.). In drier lower elevation environments, where saddleback tortoises occur,
walkable surfaces are mostly uneven, consisting largely of jagged lava rocks (e.g., Espanola and Pinzon Islands**)
and temperatures generally higher. Saddleback tortoises therefore have a higher risk of falling on their backs (E.
Garcia, pers. comm.), thus, quick self-righting capacity would prevent the animals from dying due to desiccation
or starvation. The larger neck extension capacity in saddlebacks as compared to domed tortoises?, together with
the more compressed sides of the shell of the saddlebacks, could facilitate successful turning.

Although the adaptive role of different shell morphotypes in Galapagos giant tortoises in the use of feeding
resources, self-righting, or other functions (e.g., thermoregulation) is compelling, it has not been yet formally
tested. In this work, we test the differential energy requirement to potentially successfully self-right for tortoises
with saddleback or domed shell morphotypes. In this work, we focus on understanding the influence of the dif-
ferent shell morphologies on self-righting - i.e., excluding the contribution of the neck or limb movement to it.
Therefore, we reconstructed in 3D the shell of 89 domed and saddleback Galdpagos giant tortoises and inferred
which shell morphotype would require a higher energy input from the animal to successfully get back on its
feet after falling on its back. Because of the higher risk of falling on their back and its implication for fitness, we
expected saddleback tortoises to self-right more easily than domed ones.

13,17723).

Materials and Methods

Ethics statement. Experiments carried out on the two live animals took place at the Rotterdam Zoo.
Experiments were carried out following directions of the zoo staff and according to guidelines and regulation of
the EAZA (European Association for Zoos and Aquaria). No additional permits were required. All experiments
were performed in accordance with relevant guidelines and regulations.

Data collection. To obtain shell shape data for saddleback and domed Galdpagos giant tortoises, 89 sexu-
ally mature individuals of both sexes (57 domed and 32 saddleback tortoises) belonging to five different species
were sampled in the field (Chelonoidis porteri and C. donfaustoi, both domed, and C. hoodensis, saddleback)
and at the California Academy of Sciences (C. hoodensis and C. ephippium, saddleback and C. vicina, domed;
Supplementary Table S1) at different times. Datasets for C. porteri and C. donfaustoi are subsets of the data used
in'®%, without including the juveniles and the individuals of uncertain species assignment (see®). Sampling for
3D carapace reconstructions followed!®?%?’. Briefly, digital images (10-15 per individual) of the carapace were
obtained with a camera (see'®?*” for camera models and resolution, and accuracy of the reconstructions). 3D
reconstructions were carried out with PhotoModeler Pro 5.2.3 (Eos Systems Inc.) and reconstructed carapaces
were scaled to the actual animal size following'®?®. Coordinates of the 25 landmarks used for the carapace 3D
reconstructions of each individual are provided in Supplementary Table S1.

Depending on their different shell morphotypes, turtles use different strategies to self-right with more or less
involvement of the neck, head and legs'!. To evaluate if saddleback tortoises have effectively longer necks than
domed individuals or if the neck can only extend higher in saddlebacks because of their higher anterior opening,
we used already available data on neck length for all the tortoises (57 individuals) with domed and saddleback
morphologies with available information from', since neck length measures were not available for the 89 indi-
viduals from which we collected 3D data on the carapace.

Estimate of the Center Of Mass (COM). The center of mass (COM) of an object is a point that can be
used as the location of the entire mass of the object, facilitating calculations in Newtonian physics. Since the dis-
tribution of internal organs makes the density of a tortoise non uniform, the COM could not be assumed to be in
the geometric center of the shell. Therefore, to study self-righting potential in Galapagos giant tortoises using the
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Figure 2. Schematic of the experimental approach used to calculate the COM. (A) Frontal view of the platform
placed on three force transducers. (B) Dorsal view of the tortoise on the platform. Positions of the supporting
force transducers (a., b., ¢.) and the COM are indicated. (C) The platform was tilted to allow measurement of
the vertical position of the COM. Gray lines indicate the tilted platform. (D) Dorsal view showing the position
of the tilted platform in gray. (E) Detail of the displacement of the COM: a. indicates the total horizontal
displacement of the COM, b. shows the horizontal displacement due to the vertical position of the COM relative
to the platform.

3D carapace reconstructions, we first need to determine the COM, which is currently not known for any turtle.
We measured the COM in two live domed Galédpagos giant tortoises at the Rotterdam Zoo - a male and a female.
Assuming that the internal anatomy of saddleback and domed tortoises is not different, the position of the COM
was assumed to be the same between the two shell morphotypes (but see Results).

Each tortoise was placed centered on a platform supported by three force transducers (type Z6F C4 100kg,
HBM Benelux, Waalwijk, The Netherlands) at a distance of 75.3 cm from each other. All data from the force trans-
ducers were recorded at 20 Hz and subsequently filtered with a Bessel filter at 0.5 Hz before further use. During
measurement, the tortoise did not move on the platform. The position of each tortoise relative to the platform
and the force transducers was recorded by photographing the tortoise on the platform from several angles, and
reconstructing landmarks on the tortoise and platform in 3D, using the PhotoModeler software. The total mass
of the tortoise was recorded (see Results section), and the horizontal placement of the COM was calculated
from the recorded force at each of the force transducers (Fig. 2A,B). Subsequently, the platform was tilted over a
small angle on the long side. The tilted platform with the tortoise then rested on two force transducers and one
unrecorded support point in the location of the third force transducer. The tilted platform caused the horizontal
position of the COM relative to the force sensors to change (Fig. 2C,D). To remove the effect of the supporting
plate, the COM of the plate was calculated to be in its geometric center, and the expected change of mass due to
the plate at each angle was subtracted from the observed change in mass in force transducers a and b. The posi-
tion of the COM was then recalculated from the corrected forces recorded at transducers a and b (Fig. 2). The
apparent horizontal displacement of the COM was due to the displacement of the platform, as well as the vertical
position of the COM (Fig. 2E). In order to correct the horizontal displacement of the platform, the horizontal
displacement of the platform at the position of the COM (b in Fig. 2E) was calculated from the horizontal position
of the COM and the tilt angle, and subtracted from the total horizontal displacement (a in Fig. 2E). The vertical
aspect of the position of the COM (vertical in the frame of the non-tilted tortoise, Fig. 2) was then calculated from
the tilt angle and the horizontal displacement. At least four tilted angles (max. 13.3°) were used to calculate the
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Figure 3. Schematic view of the self-righting movement of a tortoise shell, from a stable position with the
animal overturned (upside down) to a stable position on its four feet. h,,;, and h,,,,, are indicated in the figure, as
well as the center of mass (COM).

mean and standard deviation of the vertical position of the COM. The COM was thus calculated relative to the
platform. The COM relative to the tortoise was then obtained by combining this data with the 3D reconstruction
of the tortoise on the platform.

Estimate of the Center Of Mass (COM) in the reconstructed tortoises. The position of the COM
for each of the 89 reconstructed tortoises was estimated based on the 25 3D recorded landmarks (see above
and Supplementary Table S1), using Generalized Procrustes Analysis (GPA). As in'?, GPA was used to estimate
the best transformation (including translation, orientation, and scale) minimizing the distance between two
sets of landmarks from two tortoises. Using the optimal transformation, the reference COM was then warped.
Different types of transformations were tested: (1) rigid, (2) rigid + global scaling (=similar transformation),
and (3) rigid + scales + shear (=affine transformation). The rigid 4 global scaling was selected, as the rigid one
only is unable to account for differences in turtle size, while the shear introduces unrealistic COM displacements.
Knowing the COM for the two reference individuals, and since the results after GPA in terms of ratio (h,,,/H,i,—1,
see below) were very similar if the male or female subject was used as the reference, the male subject was chosen
to apply the estimated transformation to the COM to obtain the COM of the 89 measured tortoises.

The mass of each individual was estimated based on shell volume. The shell volume was computed using a
triangle mesh reconstructed from the 25 landmarks. We assumed the total tortoise volume to be proportional
to the shell volume, and that all tortoises have similar mass densities. The mass was therefore computed as
M = V*Mr/Vr, where V is the shell volume, Mr is the mass of one of the reference tortoises, and Vr is its shell
volume. For the two reference tortoise, densities Mr/Vr were close (3600 and 3450kg.m ).

Data analysis. To successfully self-right, a tortoise needs to provide an energy input that is higher than the
energy deficit. The energy input may be given by pushing with the neck on the ground or by moving the limbs/
head or by both'!. The energy deficit — not including the energy due to friction or deformation of the soil or the
shell - is likely due to the gravitational force that prevents self-righting (Fig. 3). We assumed the energy input to
be proportional to both the mass of the animal (the heavier, the higher, see also Discussion) and the height of
the shell. Thus, the energy input E is given by E=M * h,,;, * ¢, where M indicates the tortoise mass, h,,;, the dis-
tance between the center of mass and ground (before self-righting, Fig. 3), and ¢ is an unknown parameter that
depends on the momentum given by the neck or the waving of the head and legs or both (as in the models of'!).
The energy deficit is given by M * g * (h,,.. — h,,;,), where g is the gravitational constant and h,,,,, is the maximal
COM-ground distance during self-righting (Fig. 3). Therefore, to successfully self-right the energy input must
be higher than the energy deficit: M * h,,;,, * ¢ >M * g * (h,,,, — h,;,). Solving this equation results in a ratio of
c/g> (Mypaxl By — 1), indicating that the higher the ratio h,,,,/h,,;, — 1 is, the more difficult it will be for the animal
to self-right, and thus higher input energy will be required. Due to how it is calculated, the ratio h,,,,/h,,;, — 1 is
independent from the mass of the animal. Following'!, we expect that for saddleback tortoises, the energy input
to roll-over mostly depends on the momentum given by the neck pushing on the ground and that the tortoise will
successfully self-right if the neck length will be higher than h,,;,. Therefore, we expect that saddleback tortoises
will have higher neck/h,,;,, than domed tortoises, with neck corresponding to the neck length, as this ratio deter-
mines if the head of the animal extends to reach the ground when the animal is upside down to give the push to
overturn. Consequently, we compared neck/carapace height for domed and saddleback tortoises. Carapace height
was used as a proxy for h,,;,, which could not be calculated for the 57 museum tortoises for which data on neck
length were available. Because neck length and carapace height may be differently influenced by the size of the
animal, both measures (neck and carapace height) were first divided by carapace length, used as a proxy of size for
each animal (Supplementary Table S1).

Before combining all the data from different species with the same shell morphotype for the analyses, we tested
the influence of species assignment on self-righting potential taking into account sex differences and mass by
using a two-way ANCOVA on the h,,,,/h,,;, — 1, using the F-test and sum of squares with species, and sex as fac-
tors, and mass as a covariate (categories are unbalanced within each factor?®?). Since differences in self-righting
potential among species with the same shell morphotypes were not observed (results not shown), data from dif-
ferent species were combined. Therefore, to study the significance of the relationship between self-righting, shell
morphotype and sex, a two-way ANOVA was run on the h,,,/h,,;, — 1, using the F-test and sum of squares with
shell morphotype (saddleback or domed) and sex as factors (categories are unbalanced within each factor?>?).
Two — way ANOVAs were run to study the relationship between body mass and shell morphotype and between
neck/carapace height and shell morphotype with shell morphotype and sex as factors. All the analyses were run
inRv.3.3.1%.
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Coordinates COM (cm)
Sex | Total mass (kg) | x y z
F 103.17 35.43+5.02E-15 | 31.72+2.5E-15 | 12.79+£1.92
M 133.90 43.44+0.065 31.78 £0.065 8.91+£0.47

Table 1. Results of the measurements of the COM of the two live tortoises sampled at the Rotterdam Zoo.
Position is given in a coordinate system relative to the platform. “F” and “M” indicate the female and male
turtles, respectively.

Category Effect daf Sum of squares | Mean square | F-value | p-value

(a) Shell morphotype 1 0.04230 0.04230 41.616 <0.001
Sex 1 0.00026 0.00026 0.251 0.618
Shell morphotype * sex | 1 0.00395 0.00395 3.890 0.052
Residuals 85 0.0864 0.00102

(b) Shell morphotype 1 26287 26287 13.240 <0.001
Residuals 87 172671 1985

(c) Shell morphotype 1 1.2581 1.2581 67.469 <0.001
Sex 1 0.1936 0.1936 10.385 0.002
Shell morphotype * sex | 1 0.0062 0.0062 0.334 0.566
Residuals 53 0.9883 0.0186

Table 2. (a) Results of the two-way ANOVA on h,,,,./h,,;,, — 1, shell morphotype and sex in Galapagos tortoises.
(b) Results of one-way ANOVA on the influence of shell morphotype on body mass in Galdpagos tortoises. (c)
Results of two-way ANOVA on the influence of shell morphotype and sex on neck length (see Materials and
Methods) in Galépagos tortoises. Values in bold indicate significant p-values.

Results

Estimate of COM (Center Of Mass).  The horizontal position of the COM was established from the force
measurements with the platform in a horizontal position with small differences between values obtained from the
three different combinations of transducers. Due to the small tilt angles used, the vertical aspect of the position
of the COM was calculated with a larger standard deviation than the other two coordinates (Table 1). COM was
located toward the ventral part of the animal in both turtles, independently of sex (Supplementary Fig. S2).

In our work, the position of the COM was assumed to be similar between saddleback and domed tortoises
(see Materials and Methods). However, if the distribution of organ densities between the two shell morphotypes is
different, assuming left/right symmetry of the animal, only the altitude of the COM would be influenced (vertical
direction in Fig. 3). In the measure of self-righting potential (m = h,,,,,/h,;, — 1), h,pa Will not change significantly,
whereas h,,;, will be directly impacted by the vertical position of the COM. An error of n% on hmin will modify
our measure as follows: m’ = h,,,,,/(h,,;,, (14 n/100)) —1, which is approximately (m — n/100), assuming that # is
just a few percent. Our results indicate that the difference of (h,,,,/h,,;,, — 1) between domed and saddleback is
about 0.05. Therefore, the difference in self-righting potential and the robustness of our results are significant if
B, is not under-evaluated by more than 5% for saddleback tortoises. It is unlikely that organ densities between
closely related species can systematically increase hmin by more than 5%. Furthermore, since saddleback and
domed shell morphotypes evolved multiple times across the archipelago, this would imply that differences in
internal organ densities evolved multiple times in parallel with the shell for which all the domed tortoises have
similar internal organ densities different from those of the saddleback tortoises. Therefore, we conclude that our
measure of self-righting potential (h,,,,/h,,;, — 1) is able to discriminate domed from saddleback morphotypes, if
errors on COM estimate (due to different density distribution from the reference individual) does not exceed 5%
of h,,;, (about 2 cm).

Self-righting potential. Table 2 shows the results of the influence of sex and shell morphotype - domed
and saddleback - on h,,,,,/h,,;, — 1 (used as indicator of energy deficit requirement) (Table 2a) and on neck length
(Table 2c). Table 2b shows the results of the effect of shell morphotype difference on body mass. We found differ-
ences between the two shell morphotypes in energy deficit requirement (as a proxy for self-righting potential),
body mass, and neck length (Table 2a—c), while we observed no difference in self-righting potential between
females and males (Table 2a). Sexually mature domed tortoises have larger body masses than saddleback (dif-
ference in mass = 35.8 Kg, p-value < 0.001, Table 2b), with domed ranging from 17 to 327 Kg and saddleback
from 15 to 112 Kg (Supplementary Table S1). Energy deficit is higher in domed tortoises than saddleback. The
ratio h,,,/h,,;, — 1 is higher in saddleback tortoises by comparison to domed, implying that the first have more
difficulty to self-right than the latter. Saddleback tortoises have a longer neck than domed (corrected neck length
difference = 0.32, p-value «0.001), with males, independently of the shell morphotype, having slightly longer
necks than females (corrected neck length difference = 0.15 inches).
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Discussion

We present the first data on individuals of Galdpagos giant tortoises showing differences between saddleback and
domed shell morphotypes in self-righting potential. Our approach allows assessment of the relative self-righting
capacity of the two morphotypes, because it relies only on differences in shell morphotype, without confounding
factors, such as the behavior of individual animals, which could be more or less active, or the contribution of the
legs and neck to self-righting. Overall, our results support the hypothesis of'! that tortoises with a less rounded
shell shape (saddleback morphotype) may use their neck to create a momentum to self-right. Our data indicate in
fact that saddleback tortoises have higher ratio of neck length versus shell height. Furthermore, our work develops
a simplified and qualitative model of the energy input needed to successfully self-right. Specifically, in comparison
to previous studies focusing on the relationship between self-righting and shell morphology (e.g.,!"'2), we used
3D reconstructions of real individual shells instead of simplified curves, therefore improving the accuracy of the
height of the shell and its curvature. We also experimentally estimated the COM for two living individuals of
Galapagos giant tortoises. This approach allows to more correctly estimating where the forces acting on the body
in motion are applied, and consequently the parameters (h,,,, and h,,;, instead of carapace height and width) of
relevance to properly assess self-righting ability in the studied individuals.

Our results show that, based only on shell morphotype, saddleback tortoises require a higher energy input
than domed ones to successfully self-right. In most tortoise species, overturning generally occurs as a result of
male-male agonistic behavior to establish dominance (e.g.,*) or falling due to locomotion on uneven grounds or
falling down from sloped surfaces®. Agonistic behavior is unlikely to be the most common factor causing over-
turning in Galdpagos giant tortoises, as individual competition occurs in this species by vertical extension of the
head? and male - male competition in wild animals does not occur often (E. Garcia, pers. comm.). However,
the uneven terrain consisting of lava rocks, especially in the drier parts of the islands, makes stable locomotion
particularly difficult and tortoise overturning occurs. Galapagos giant tortoises are known to falling among the
lava rocks and inefficient self-righting is considered the most common cause of natural death for the adult®' (E.
Garcia, pers. comm.). Selective pressure toward improved self-righting performance could therefore drive mor-
phological evolution.

Our results indicate that saddleback tortoises may self-right by vertically pushing the head on the ground and
then by bobbing their feet, while domed tortoises rely on moving their feet and head to gain sufficient momentum
to self-right!!. The higher anterior opening of the saddleback shell and the smaller size of these animals would
provide the higher energy input required to self-right through the longer neck (this work) and longer extension
of the neck®. The overall smaller body mass of saddleback tortoises compared to domed ones would also allow
lowering the required energy input (due to overall lower energy deficit). Since mass and muscular force do not
scale isometrically, for smaller individuals using muscular force applied directly to the ground to self-right may
be at an advantage. Assuming isometry, larger individuals which use momentum from flailing extremities may
experience less advantage of a smaller size, as this would also reduce the mass of the extremities, limiting the
momentum that can be gained by flailing.

All the proposed hypotheses to explain the adaptive value of the different shell morphotypes observed in
Galdpagos giant tortoises - different use of feeding resources, thermal adaptation (temperature-size rule’?), and
self-righting - stem from the observed correlation of each shell morphotype inhabiting a specific habitat type
(drier for saddleback tortoises, mesic for the domed ones). These hypotheses are not mutually exclusive, and both
adaptation and exaptation (a trait of the organism that was not select for that role, but that improves fitness**)
most likely occur. If, for example, the different shell morphotypes evolved primarily to optimize self-righting once
the animals fell on their back (adaptation), the smaller body size, the higher anterior opening and longer neck
of saddleback tortoises could also have improved their fitness in terms of thermoregulation and using different
feeding resources (exaptation).

To our knowledge, none of the hypotheses relative to selection and adaptation of distinct Galapagos giant
tortoises shell morphotypes have been tested previously on wild individuals from multiple populations. The sci-
entific literature mostly supports the hypothesis that the two shell morphotypes are adaptive for feeding on differ-
ent resources in the two environments (e.g.,'-2*). In drier environments, rich vegetation is scarcer than at higher
elevations and the pads of the different species of giant prickly — pear Opuntia (Opuntia spp.) cacti can become
an important food source for the saddleback tortoises?. The higher anterior opening of the shell of saddleback
tortoises facilitates raising the neck higher than domed tortoises can, and could therefore have evolved to allow
the animals to use this source of food'”~'. However, this seems unlikely, as saddleback tortoises currently only
seldom feed on Opuntia tree*>*4. However, this may have been a much more important food resource for saddle-
back during their evolution. Field observations indicate that saddlebacks feed primarily on Opuntia when other
vegetation is scarce (e.g., years of drought, for example during La Nifia or especially dry seasons®®), while most of
time, as in many other tortoises, they eat any available plants and fruits?>** (but see®).

Our work represents the first instance in which it has been shown that the two different shell morphotypes
differ in the energy required to potentially self-right, a fitness - related function, which may therefore be related
to shell shape evolution in Galapagos giant tortoises. Our results indicate a lower self-righting potential in sad-
dleback as compared to domed tortoises based on shell shape. The longer necks and the higher neck extension
due to the anterior opening of saddleback tortoises could possibly provide higher energy input for self-turning
than in domed tortoises. These results do not demonstrate per se that self-righting efficiency was the selective
pressure acting on shell shape variation in Galapagos giant tortoises. From the data alone, we cannot establish
what evolved first in the saddleback morphotype: the longer and higher extension of the neck or the shell shape.
A longer and higher extension of the neck could have relaxed the selective pressure on the shell shape, which
became smaller and less rounded than in domed tortoises, as self-righting efficiency was mostly achieved by the
vertical pushing of the neck on the ground.
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On the other hand, if for whatever reason the overall saddleback shell shape, which is also smaller in size
and more compressed laterally than the domed one, evolved before the evolution of longer neck and the higher
anterior opening, selection for improved self-righting performance could have also pushed for the evolution of
increased neck lengths and a higher anterior opening in saddleback animals. Although the presence of simi-
lar morphologies occurring in similar environments and evolving multiple times across a phylogenetic tree —
as in the case of the Galapagos giant tortoise shell morphotypes — has been long interpreted as adaptive, this
phenomenon could occur for other reasons than adaptation®. Only direct experimental measure of functional
performance and selection strength could validate the adaptive value of phenotypic trait and thus allow distin-
guishing between adaptation and exaptation®*’”. However, measuring selection in this system in particular is
impossible and in general very difficult to do in most cases, as it would require recreating the conditions in which
the trait evolved. On the other hand, studying the functional performance of traits and indirectly relating it to
its potential influence on fitness, as in this work, could provide important insight in the adaptive value of traits.
Although empirical fitness data would be required to properly assess the adaptive value of each shell morphotype
for self-righting, these data are very difficult to collect in long living organisms as the Galdpagos giant tortoises.
Further functional comparative analyses on thermal ecology, behavioral ecology, feeding ecology, and agonistic
behavior on saddleback and domed tortoises, will provide additional data to understand adaptation and exapta-
tion in shell shape in Galapagos giant tortoises.

Data availability. A video-abstract for this paper can be viewed using the following link https://youtu.
be/8MNNjNKW Vuc. Landmarks of the carapace 3D reconstructions for all the 89 individuals used in this study,
individual body mass, data on h,,,,,/h,,;, — 1, energy deficit, and neck data are provided as Supplementary Table S1.
Landmarks of the carapace 3D reconstructions for the tortoises sampled at the California Academy of Sciences
(CAS) will be deposited at the CAS and associated to the tortoise museum voucher.

References
1. Cambhi, J. M. Behavioral switching in cockroaches: transformations of tactile reflexes during righting behavior. J. Comp. Physiol. A
113,283-301 (1977).
2. Frantsevich, L. I. & Mokrushov, P. A. Turning and righting in geotrupes (Coleoptera, Scarabaeidae). J. Comp. Physiol. A 136,
279-289 (1980).

. Faisal, A. A. & Matheson, T. Coordinated righting behavior in locusts. J. Exp. Biol. 204, 637-648 (2001).

4. Mann, G. K. H., O’Riain, M. J. O. & Hofmeyr, M. D. Shaping up to fight: sexual selection influences body shape and size in the
fighting tortoise (Chersina angulata). J. Zool. 269, 373-379 (2006).

5. Golubovi¢, A., Bonnet, X., Djordjevic, S., Djurakic, M. & Tomovic, L. Variations in righting behaviour across Hermann’ tortoise
populations. J. Zool. 291, 69-75 (2013).

6. Golubovi¢, A. Ontogenetic shift of antipredator behaviour in Hermann’s tortoises. Behav. Ecol. Sociobiol. 69, 1201-1208 (2015).

7. Steyermark, A. C. & Spotila, J. R. Body temperature and maternal identity affect snapping turtle (Chelydra serpentina) righting
response. Copeia 4, 1050-1057 (2001).

8. Stancher, G., Clara, E., Regolin, L. & Vallortigara, G. Lateralized righting behavior in the tortoise (Testudo hermanni). Behav. Brain
Res. 173, 315-319 (2006).

9. Delmas, V., Baudry, E., Girondot, M. & Prevot-Julliard, A.-C. The righting response as a fitness index in freshwater turtles. Biol. J.
Linn. Soc. 91, 99-109 (2007).

10. Stojadinovic, D., Milosevic, D. & Crnobrnja-Isailovic, J. Righting time versus shell size and shape dimorphism in adult Hermann’s
tortoises: field observations meet theoretical predictions. Anim. Biol. 63, 381-396 (2013).

11. Domokos, G. & Varkonyi, P. L. Geometry and self-righting of turtles. P. R. Soc. B 275, 11-17 (2008).

12. Golubovi¢, A., Tomovi¢, L. & Ivanovi¢, A. Geometry of self-righting: the case of Hermann's tortoises. Zool. Anz. 254, 99-105 (2015).

13. Poulakakis, N. et al. Historical DNA analysis reveals living descendant of an extinct species of Galdpagos tortoise. Proc. Natl. Soc.
105, 1546415469 (2008).

14. Poulakakis, N. et al. Description of a new Galapagos giant tortoise species (Chelonoidis; Testudines; Testudinidae) from Cerro Fatal
on Santa Cruz Island. PLoS One 10, 0138779 (2015).

15. van Denburgh, J. Expedition of the California Academy of Science to the Galapagos Islands 1905-1906. X. The gigantic land
tortoises of the Galapagos Archipelago. Proceedings of the California Academy of Sciences Series 4, 203-374 (1914).

16. Chiari, Y. & Claude, J. Study of the carapace shape and growth in two Galépagos tortoise lineages. J. Morphol 272, 379-386 (2011).

17. Dawson, E.Y. Cacti in the Galapagos Islands, with special reference to their relations with tortoises in The Galdpagos, Proceedings of
the Symposium of the Galdpagos International Scientific Project (ed. R. Bowman), 209-214 (Berkeley, California: University of
California Press, 1966).

18. Thornton, I. Darwin’s Islands: a Natural History of the Galapagos (New York: Natural History Press, 1971).

19. Pritchard, P. C. H. Encyclopedia of turtles (TFH Publications, Inc, British Crown Colony of Honk Hong, 1979).

20. Fritts, T. H. Morphometrics of Galdpagos tortoises: Evolutionary implications in Patterns of Evolution in Galapagos Organisms (eds
R. I. Bowman, M. Berson & A. Leviton), 107-122 (San Francisco, California: Pacific Division of the American Association for the
Advancement of Science, 1983).

21. Fritts, T. H. Evolutionary divergence of giant tortoises in Galapagos. Biol. J. Linn Soc. 21, 165-176 (1984).

22. Hansen, D. M., Donlan, C. ., Griffiths, C. J. & Campbell, K. J. Ecological history and latent conservation potential: large and giant
tortoises as a model for taxon substitutions. Ecography 33, 272-284 (2010).

23. Hunter, E. A,, Gibbs, J. P,, Cayot, L. J. & Tapia, W. Equivalency of Galdpagos Giant tortoises used as ecological replacement species
to restore ecosystem functions. Conserv. Biol. 27,701-709 (2013).

24. Laruelle, J. Study of soil sequences on Indefatigable Island in The Galapagos. Proceedings of the Symposia of the Galapagos
International Scientific Project. (R. Bowman, ed.), 87-92 (Berkeley, California: University of California Press, 1966).

25. Schafer, S. F. & Krekorian, C. O’Neil Agonistic behavior of the Galdpagos tortoise, Geochelone elephantopus, with emphasis on its
relationship to saddle-backed shell shape. Herpetologica 39, 448-456 (1983).

26. Chiari, Y. & Claude, J. Morphometric identification of individuals when there are more shape variables than reference specimens: a
case study in Galépagos tortoises. C. R. Biol. 335, 62-68 (2012).

27. Chiari, Y., Wang, B., Rushmeier, H. & Caccone, A. Using digital images to reconstruct 3D biological forms: a new tool for
morphological studies. Biol. J. Linn. Soc. 95, 425-436 (2008).

28. Chiari, Y. et al. Morphometrics parallel genetics in a newly discovered and endangered taxon of Galédpagos tortoise. PLoS One 4(7),
€6272 (2009).

29. Chiari, Y., Glaberman, S., Tarroso, P., Caccone, A. & Claude, J. Ecological and evolutionary influences on body size and shape in
Galapagos marine iguana (Amblyrhynchus cristatus). Oecologia 18, 885-94 (2016).

W

SCIENTIFICREPORTS |7: 15828 | DOI:10.1038/s41598-017-15787-7 7


https://youtu.be/8MNNjNKWVuc
https://youtu.be/8MNNjNKWVuc

www.nature.com/scientificreports/

30. R Core Team R: a language and environment for statistical computing. R Foundation for Statistical Computing, Vienna (2013).

31. MacFarland, C. G., Villa, G. J. & Toro, B. The Galépagos giant tortoises (Geochelone elephantopus) part I: status of the surviving
populations. Biol. Cons. 6, 118-133 (1974).

32. Angilletta, M. J. Jr. & Dunham, A. E. The temperature-size rule in ectotherms: simple evolutionary explanations may not be general.
Am. Nat. 162, 332-342 (2003).

33. Gould, S.]. & Vrba, E. S. Exaptation — a missing term in the science of form. Paleobiology 8, 4-15 (1982).

34. Rodhouse, P. et al. The feeding and ranging behavior of Galapagos giant tortoises (Geochelone elephantopus). J. Zool. 176, 297-310
(1975).

35. Cayot, L. J. Ecology of giant tortoises (Geochelone elephantophus) in The Galdpagos Islands. PhD thesis, Syracuse University,
Syracuse, New York (1987).

36. Hendrickson, J. D. Reptiles of the Galdpagos. Pac. Discovery 18, 28-36 (1965).

37. Losos, J. B. Convergence, adaptation, and constraint. Evolution 65, 1827-1840 (2011).

Acknowledgements

We are very thankful to the staff of the California Academy of Sciences, and especially to Alan Leviton, Robert
Drewes, Jens Vindum, Jefferey Wilkinson, Ricka Stoelting, and Hallie Brignall for their help with the museum
sampling. Sampling at the California Academy of Sciences has been supported by the Brett C. Stearns Award
for Chelonian Research and to the University of Montpellier II - ISEM funding to YC. AvdM is supported by
a grant by Fundagéo para a Ciéncia e Tecnologia (FCT, Portugal) under the Programa Operacional Potencial
Humano - Quadro de Referéncia Estratégico Nacional funds from the European Social Fund and Portuguese
Ministério da Educagdo e Ciéncia (SFRH/BPD/101057/2014). Part of this work is funded by FEDER funds
through the Operational Program for Competitiveness Factors - COMPETE and by National Funds through
FCT - Foundation for Science and Technology under the project FCT-PTDC/BIA-EVF/2687/2012 and FCOMP-
01-0124-FEDER-028340 to AvdM. We are thankful to the staff of the Rotterdam Zoo, and especially to Henk
Zwartepoorte, in memory of whom this work is dedicated, for their help with the measurement of the center
of mass. Thanks to Marc van den Biggelaar, Tom van Middelkoop and Claire Lagarde of HBM Benelux for
providing the force transducers and their help with the measurement of the COM. Thanks to Freek Vonk for
assistance during manipulation of the tortoises and to Gerard Stienstra for fruitful discussions of mechanics. We
are thankful to Efrain Garcia of the Galdpagos National Park for providing information regarding occurrence of
self-righting behavior in wild Galdpagos tortoises. We are grateful to the Galapagos National Park for allowing
sampling of C. hoodensis and for helping with the field collections where data for these animals were collected.
James Gibbs and Nancy Karraker provided useful comments at an early stage of this work. We are thankful to
Isabella Capellini for comments on the manuscript and to two anonymous reviewers for their useful remarks that
contributed to improve this article.

Author Contributions

Y.C. and A.v.d.M. conceived and developed the project and designed the methodology; Y.C. and A.v.d.M.
collected the data; A.C. provided financial support to collect the data; Y.C., A.v.d.M., B.G. and J.C. analyzed the
data; Y.C., A.v.d.M. and B.G. wrote the paper; A.C. and J.C. provided comments on the manuscript. All authors
contributed critically to the drafts and gave final approval for publication.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-15787-7.

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
G ] jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7: 15828 | DOI:10.1038/s41598-017-15787-7 8


http://dx.doi.org/10.1038/s41598-017-15787-7
http://creativecommons.org/licenses/by/4.0/

	Self-righting potential and the evolution of shell shape in Galápagos tortoises

	Materials and Methods

	Ethics statement. 
	Data collection. 
	Estimate of the Center Of Mass (COM). 
	Estimate of the Center Of Mass (COM) in the reconstructed tortoises. 
	Data analysis. 

	Results

	Estimate of COM (Center Of Mass). 
	Self-righting potential. 

	Discussion

	Data availability. 

	Acknowledgements

	Figure 1 Saddleback (right) and domed (left) shell morphotypes in Galápagos giant tortoises.
	Figure 2 Schematic of the experimental approach used to calculate the COM.
	﻿Figure 3 Schematic view of the self-righting movement of a tortoise shell, from a stable position with the animal overturned (upside down) to a stable position on its four feet.
	Table 1 Results of the measurements of the COM of the two live tortoises sampled at the Rotterdam Zoo.
	Table 2 (a) Results of the two-way ANOVA on hmax/hmin − 1, shell morphotype and sex in Galápagos tortoises.




