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a b s t r a c t
Despite having no obvious anatomical modiﬁcations to facilitate movement over land, numerous small
ﬁshes from divergent teleost lineages make brief, voluntary terrestrial forays to escape poor aquatic conditions or to pursue terrestrial prey. Once stranded, these ﬁshes produce a coordinated and effective
“tail-ﬂip” jumping behavior, wherein lateral ﬂexion of the axial body into a C-shape, followed by contralateral ﬂexion of the body axis, propels the ﬁsh into a ballistic ﬂight-path that covers a distance of
multiple body lengths. We ask: how do anatomical structures that evolved in one habitat generate effective movement in a novel habitat? Within this context, we hypothesized that the mechanical properties of
the axial skeleton play a critical role in producing effective overland movement, and that tail-ﬂip jumping species demonstrate enhanced elastic energy storage through increased body ﬂexural stiffness or
increased body curvature, relative to non-jumping species. To test this hypothesis, we derived a model
to predict elastic recoil work from the morphology of the vertebral (neural and hemal) spines. From
ground reaction force (GRF) measurements and high-speed video, we calculated elastic recoil work, ﬂexural stiffness, and apparent material stiffness of the body for Micropterus salmoides (a non-jumper) and
Kryptolebias marmoratus (adept tail-ﬂip jumper). The model predicted no difference between the two
species in work stored by the vertebral spines, and GRF data showed that they produce the same magnitude of mass-speciﬁc elastic recoil work. Surprisingly, non-jumper M. salmoides has a stiffer body than
tail-ﬂip jumper K. marmoratus. Many tail-ﬂip jumping species possess enlarged, fused hypural bones that
support the caudal peduncle, which suggests that the localized structures, rather than the entire axial
skeleton, may explain differences in terrestrial performance.
© 2013 Elsevier GmbH. All rights reserved.

1. Introduction
1.1. The axial skeleton in vertebrate locomotion
Flexion of the vertebral column is a fundamental aspect of
locomotor movements in the vast majority of living vertebrates.
Side-to-side, or lateral, axial undulation is used by most extant
ﬁshes to produce forward propulsion through the ﬂuid medium
in which they live (e.g., Sfakiotakis et al., 1999), and dorsoventral axial undulation drives locomotion for many aquatic mammals
(e.g., Fish, 1998). Even among terrestrial vertebrates, where limbs
are often the structures that interact directly with the substrate
to produce propulsive ground reaction forces (GRF), axial movements play a signiﬁcant role in locomotion (Daan and Belterman,
1968; Hildebrand, 1985; Frolich and Biewener, 1992; Ritter,
1992; Ashley-Ross, 1994; Ryerson, 2013). For limbed vertebrates
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(Tetrapoda), when axial ﬂexion in either plane is appropriately
timed with limb extension, stride length is increased – which will
increase locomotor speed for a given cycle frequency. In tetrapods
that have secondarily lost their limbs (caecilians, snakes, legless
lizards), the body axis can produce a range of undulatory locomotor
modes. Snakes, for example, generate novel axial movements that
create a range of locomotor behaviors, including such extremes as
sidewinding and concertina locomotion (Gans, 1962). Thus, vertebrates from diverse lineages employ a homologous structure – the
vertebral column, its associated axial musculature, and its spinal
neural circuitry – to produce an astounding range of behaviors
across physically divergent habitats.
In aquatic chordates, undulatory traveling waves are the beststudied cyclic axial-based locomotor behavior. Because these
propulsive waves of bending power swimming in larval ascidians
(McHenry et al., 2003), adult lancelets (Webb, 1973), hagﬁsh (Long
et al., 2002), and lamprey (Root et al., 2007), axial undulation is
likely the ancestral locomotor behavior for the Vertebrata (Koob
and Long, 2000). Hence when salamanders (Frolich and Biewener,
1992), sirens (Gillis, 1997), snakes (Jayne, 1985), and alligators

0944-2006/$ – see front matter © 2013 Elsevier GmbH. All rights reserved.
http://dx.doi.org/10.1016/j.zool.2013.10.005

Please cite this article in press as: Ashley-Ross, M.A., et al., Jumping sans legs: does elastic energy storage by the vertebral column power terrestrial
jumps in bony ﬁshes? Zoology (2013), http://dx.doi.org/10.1016/j.zool.2013.10.005

G Model
ZOOL-25372; No. of Pages 12
2

ARTICLE IN PRESS
M.A. Ashley-Ross et al. / Zoology xxx (2013) xxx–xxx

(Fish and Lauder, 2013) swim via lateral undulation, they harness
a conserved locomotor system driven by spinal central pattern
generators that activate segmental muscles to produce bending
moments that ﬂex the body, and, in so doing, transfer momentum
to the surrounding water (Tytell et al., 2010).
Of unsteady, transient aquatic locomotor behaviors, the faststart escape response (C-start) is the most intensively studied. An
aquatic fast-start is triggered by the ﬁring of neuromasts (vibration sensors) connected to the VIIIth cranial nerve, which in turn
recruit reticulospinal neurons (of which the Mauthner neuron is
the largest), resulting in motor output that bends the body at a high
rate and to a large magnitude; those axial motions move the animal
away from the stimulus (Zottoli and Faber, 2000; Hale et al., 2002).
The initial phase of the fast-start, stage 1, is a C-shaped bend away
from the stimulus that is generated by synchronous contraction of
the axial musculature on the concave side of the bend (Jayne and
Lauder, 1993). Stage 1 moves the head away from the stimulus, and
the ﬁsh’s turning angle can range from very slight to 30–180◦ away
from the threat (Domenici and Blake, 1997; Eaton et al., 2001). The
next phase, stage 2, is generated by an anterior-to-posterior traveling wave of activation of the contralateral musculature (Domenici
and Blake, 1997; Eaton et al., 2001), which generates a propulsive
stroke of the tail back to the opposite side, propelling the ﬁsh in a
trajectory away from the threat (Tytell and Lauder, 2002).
1.2. Elastic energy in the axial musculoskeletal system
Both on land and in the water, and in steady and transient
movements, the axial body imparts momentum to the environment via bending. In addition to providing the muscular power
that drives bending, the body can also store and release elastic
energy (Long and Nipper, 1996; Long, 1998). Two components of
the body are prime candidates for elastic springs: (i) the vertebral
column, including the vertical septum in which it is encased, and
(ii) the other tissues of the body, including muscle, the integument,
and other connective tissues. Many vertebrates appear to use the
vertebral column to store and recover elastic energy (blue marlin:
Long, 1992; eels: Long, 1998; hagﬁsh: Long et al., 2002; sharks:
Long et al., 2011b), although the vertebral columns of longnose gar
(Long et al., 1996) and striped bass (Nowroozi and Brainerd, 2013)
lack sufﬁcient ﬂexural stiffness and in vivo strain to store energy in
this manner. When considered as individual elements or as a unit,
the other tissues that constitute the axial body can also add ﬂexural stiffness to that provided by the vertebral column, as has been
demonstrated in pumpkinseed sunﬁsh (Long et al., 1994; Summers
and Long, 2006), hagﬁsh (Long et al., 2002), and longnose gar (Long
et al., 1996), and has been suggested for plethodontid salamanders
(Ryerson, 2013).
The ability of muscle, which is by volume the single largest element of the axial body, to store and return elastic energy can be
enhanced via actuation by the nervous system. In eels, the passive ﬂexural stiffness of the body can be tripled with appropriately
timed muscle activity (Long, 1998). One method by which activated
muscles may stiffen the body is by increasing intramuscular pressure. During stage 1 of the fast-start of bowﬁn, Amia calva, and the
bichir, Polypterus palmus, the intramuscular pressure of the body
increases rapidly, and then stays elevated during stage 2 while
the tightly bent body straightens (Westneat et al., 1998). Similarly,
active stiffening during steady swimming may potentially enable
ﬁshes to tune the resonance properties of their bodies and thereby
minimize the energetic costs of bending.
A causal link between stiffness and swimming performance
has been demonstrated in freely swimming robotic ﬁsh propelled
by undulating bodies or tails of varying stiffness (McHenry et al.,
1995; Long et al., 2011a,b). As the apparent material stiffness (or
Young’s modulus) of the tail increases, so, too, does the rate at

which steady swimming speed increases with increasing tail beat
frequency (Long et al., 2011a,b). Likewise, as the apparent material
stiffness of the tail increases, so, too, does peak acceleration that can
be achieved at a given rate of ﬂexion (Long et al., 2011a). In selfpropelled robotic models of pumpkinseed sunﬁsh, increases in the
body’s apparent material stiffness increase the body’s propulsive
wavelength, which, all else equal, increases the robot’s swimming
speed (McHenry et al., 1995). However, a higher magnitude of stiffness is not always better. In a self-propelled sunﬁsh tail robot,
two optimal stiffnesses exist – one that maximizes the production of thrust and another that maximizes lift (Esposito et al.,
2012). Moreover, the optimal stiffness for producing the maximum
steady swimming speed, as determined in force-coupled computer
simulations of undulatory robots (Long et al., 2010), is also of intermediate magnitude.
Because some locomotor performance optima occur at intermediate levels of ﬂexural body stiffness, and the optimal stiffnesses
vary depending on the desired performance, it seems clear that
trade-offs exist. Taken to one extreme, if the body is too stiff relative to the muscle power available to bend it, then the animal
may be unable to produce undulatory waves, create the rapid body
bending required for maneuvering, and make the body deformations required to store elastic energy. On the other hand, if the body
is too ﬂexible, an animal may not be able to achieve high speeds,
rapid accelerations, or store appreciable elastic energy. These tradeoffs are evident in computational simulations of swimming ﬁsh,
where intermediate stiffnesses are optimal for rapid acceleration
and high steady swimming speeds (Tytell et al., 2010; Bhalla et al.,
2013). Similarly, intermediate tail stiffnesses produce the greatest
stride lengths in self-propelled robotic ﬁsh during steady swimming (Long et al., 2011b). Intermediate stiffnesses are likely optimal
because they enable a structure to deform sufﬁciently to produce
effective displacement and allow bent elements to store elastic
energy.

1.3. The tail-ﬂip jump
Because the axial musculoskeletal system of ﬁshes has been
under selection for locomotor performance in the water for
hundreds of millions of years, we anticipate that their bodies are
adapted to the biophysical forces of the aquatic environment. However, many ﬁshes occupy habitats in near-shore littoral zones and
may encounter the terrestrial realm via incidental or deliberate
stranding on land (Mast, 1915; Bayliss, 1982; Soares and Bierman,
2013). Once on land, these aquatic vertebrates must cope with the
physical demands of the terrestrial environment, including the low
density of the surrounding air and the full force of gravity. Fully
aquatic ﬁshes that become stranded are compelled to use a morphology that has been adapted for locomotion in one environment
to locomote in a drastically different environment and in a fundamentally different manner.
Remarkably, many fully aquatic ﬁshes from the Teleostei produce a stereotyped, coordinated, and highly effective response to
stranding: the tail-ﬂip jump (Gibb et al., 2011, 2013). The tail-ﬂip
is an unsteady locomotor behavior characterized by the following
sequence of events (Fig. 1; see movies 1–5 in the supplementary
online Appendix). The tail-ﬂip typically begins with the ﬁsh lying
on its side (although some species begin the movement from a
prone position); in response to a negative stimulus or of its own
volition, the ﬁsh will peel its head away from the substrate, curling
the anterior body up and over the caudal peduncle in a C-shaped
preparatory phase (stage 1). Once the center of mass (COM) has
passed over the caudal peduncle, the vertebral column straightens, pressing the caudal peduncle and tail ﬁn against the substrate
(stage 2). As a result of these movements, the ﬁsh launches off of
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Fig. 1. The tail-ﬂip jump is characterized by three stereotyped phases. During the
preparatory phase, the ﬁsh peels its anterior body off of the substrate and bends the
head over the caudal peduncle, thus storing elastic strain energy in the bent vertebral
column and connective tissues. During the propulsive phase, the ﬁsh straightens the
vertebral column, releasing stored elastic energy. As a result, the ﬁsh springs off of
the caudal peduncle and propels itself into the aerial (or ballistic) phase of the jump.
The blue line represents the midline of the ﬁsh and the thin blue outline in the top
panel illustrates the outline of the ﬁsh’s body.

the tail into a ballistic aerial phase wherein it travels multiple body
lengths before landing (Fig. 1).
While the pattern of body bending is superﬁcially similar to that
of the aquatic fast-start, the timing of movements during the two
behaviors is markedly different: the terrestrial behavior is slower
than the aquatic behavior and the initial bending phase takes much
longer (approximately 5 times longer; Gibb et al., 2011). Perhaps
even more importantly, the physical interaction between the ﬁsh’s
body and the surrounding environment is, by necessity, different in the two behaviors. In an aquatic C-start, the body is not
under gravitational load, and it generates thrust by accelerating
the surrounding ﬂuid. In a terrestrial tail-ﬂip jump, the body must
overcome its gravitational load, and it generates thrust by pushing
against an unyielding substrate. Because the terrestrial substrate
does not yield, we would expect, for a given amount of force or
moment produced, that the body would bend more than in an
aquatic fast-start.
We have documented the tail-ﬂip jump in disparate teleost taxa:
representatives of the Cypriniformes, Esociformes, Gobiiformes,
Blennioidei, Atherinomorpha, and Perciformes. Tail-ﬂip jumps are
used in different ecological contexts depending on the species: (i)
in response to accidental stranding to return to the water (AshleyRoss, Gibb, Perlman, pers. obs.), (ii) to escape poor water conditions
(Davis et al., 1990), (iii) to escape predators (Bayliss, 1982), or
(iv) to pursue terrestrial prey (Huehner et al., 1985). It is unclear
whether the tail-ﬂip is an ancestral behavior for the Teleostei (in
which case the tail-ﬂip is over 250 million years old; Gibb et al.,
2013), or if it evolved multiple times. Independent of phylogenetic considerations, the tail-ﬂip appears to be restricted to early
life history stages or to species with small adult body sizes – perhaps because as body mass increases, mass-relative muscle force
decreases (Carpenter-Carter et al., 2012).
Interestingly, not all teleost ﬁsh species can produce a tail-ﬂip
jump. Juvenile Micropterus salmoides, the largemouth bass, cannot produce a tail-ﬂip jump, but instead generates a “thrash” –
a movement also characterized by C-shaped axial bending (Gibb
et al., 2013). Thrashing enables a stranded bass to propel itself into
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the air, which can result in horizontal displacement of up to three
body lengths. However, species that produce the tail-ﬂip jump (e.g.,
Gambusia afﬁnis, Danio rerio and Kryptolebias marmoratus) consistently move more than ﬁve body lengths as the result of a single
tail-ﬂip (Gibb et al., 2013). This occurs, in part, because the thrashing as seen in M. salmoides creates takeoff angles that propel ﬁsh
vertically into the air, while tail-ﬂipping creates takeoff angles that
result in horizontal movement during ballistic ﬂight (Gibb et al.,
2013; Perlman et al., 2013; see movies 1–5 in the supplementary
online Appendix).
What accounts for the differences among teleost taxa in terrestrial locomotor performance? One possibility is that tail-ﬂip
jumpers are able to modulate patterns of motor activity to produce
effective movement in the terrestrial environment. Another possibility is that tail-ﬂip jumping species have a body with mechanical
properties better suited to the physical demands of the new environment. Indeed, effective terrestrial movements are likely to be
a combination of both. However, we note that animals are known
to minimize energetic costs by off-loading control of key behaviors from energetically expensive nervous systems to the intrinsic
biomechanical interaction between body and environment (“morphological computation” sensu Pfeifer et al., 2006; Pfeifer and
Bongard, 2007) because they get the physics for free, metabolically
speaking. In addition, the reactions are fast because the physical interaction of body and world can generate rapid feedback,
via the closed-loop, force-coupled, dynamic system that creates
complex motor behaviors outside of the relatively slow control
loop of the nervous system (Dickinson et al., 2000). Because of
the clear beneﬁts to off-loading aspects of locomotor behaviors to
body–environment interactions, we posit that the axial anatomy
of teleost ﬁshes plays a key role in determining locomotor performance of ﬁsh on land.
1.4. Speciﬁc predictions
We test the hypothesis that morphology determines terrestrial
locomotor performance in stranded teleosts. We do so by evaluating axial anatomy and locomotor performance in two ways. First,
we evaluate the prediction that the physical structure (the architecture) of the vertebral column affects the body’s ﬂexural stiffness
and determines the storage and release of elastic energy during
jumping. To test this prediction, we examine ﬁve species that vary
widely in their terrestrial locomotor performance. If there are no
differences in the morphology of the axial skeleton among taxa
with different levels of locomotor performance on land, then this
prediction is refuted. Second, in two teleost species that have been
selected to represent an excellent tail-ﬂip jumper (K. marmoratus)
and a non-jumper (M. salmoides, a “thrasher”), we calculate the ﬂexural stiffness of the active body during take-off and the mechanical
work done during elastic recoil from a combination of high-speed
video and ground reaction force measurements. We expect that the
excellent tail-ﬂip jumper, when compared to the thrasher, will (i)
produce faster take-off velocities, (ii) generate more elastic recoil
work per unit body mass, and (iii) possess greater apparent material
stiffness of the body.
1.5. Stiffness and elastic recoil in bending and jumping bodies
Based on the physics of going ballistic, we know that tail-ﬂip
jumpers accelerate their bodies while in contact with the ground
to achieve a take-off velocity that generates a sufﬁcient change in
momentum to counteract the force of gravity. While jumping ﬁsh
may power this transfer of momentum instantaneously using muscles, elastic recoil work, stored earlier from the mechanical work
used to bend the body, could augment the on-going muscular work
of jumping.
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Given the presence of passive and active stiffness during the
bending of ﬁsh bodies, it is highly likely that stiffness plays a role
in tail-ﬂip jumping, which involves high-amplitude bending of the
body (Gibb et al., 2011). To bend a beam, mechanical work input,
Wi (N m), is required in proportion to the beam’s ﬂexural stiffness,
EIb (N m2 ):
Wi = EIb lb 2

2

(3)

To test our hypotheses, we measure the relative spine lengths
and angles in the caudal vertebral columns of ﬁve species of teleost.
We predict that those species with better terrestrial locomotor
performance will have higher values of Wo , as estimated by morphology alone. Using high-speed video and ground reaction force
measurements, we also measure independently EI and Wo of the
whole, active body of the two species of the ﬁve with the most
dramatic differences in terrestrial locomotor performance.
2. Materials and methods
2.1. Animals
Representatives of ﬁve teleost species were used for measurements of vertebral morphology. Individuals of a non-jumping
species, juvenile largemouth bass, M. salmoides (n = 5), were
obtained from Carolina Biological Supply, Inc. (Burlington, NC,
USA). Individuals of four tail-ﬂip jumping species were obtained
from a variety of sources. Mangrove rivulus, K. marmoratus, were
collected by B.M.P. (n = 3; see below for details), or obtained from
a laboratory colony maintained by Dr. Ryan Earley at the University of Alabama (n = 1). Zebraﬁsh, D. rerio, were obtained from a
commercial vendor (n = 4). Western mosquitoﬁsh, G. afﬁnis, were
provided by the Arizona Game and Fish Department (Flagstaff, AZ,
USA) (n = 6). Female Siamese ﬁghting ﬁsh, Betta splendens, were
obtained from a commercial vendor (n = 4). After they had been
preserved in buffered formalin and then transferred to ethanol,
the specimens were cleared and stained to identify bone and cartilage, following the methods of Dingerkus and Uhler (1977). The ﬁve
species examined here represent one member of the Cypriniformes
(D. rerio), two Cyprinodontiformes (G. afﬁnis and K. marmoratus),
and two Perciformes (M. salmoides and B. splendens).
Representatives of the two species with the most divergent terrestrial abilities were also used for live animal studies of locomotor
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We can substitute Eq. (2) into Eq. (1), add resilience, R, and use
the resulting equation to estimate the effect of changes in the vertebral spine morphologies, ˛ and ls , on the elastic work output, Wo :
Wo = REIb ls cos ˛2

3 5 7 9 11
1

(1)

where lb is the length of the beam (m) and  is the curvature of the
beam (m−1 ). The work output, Wo , from the beam that is recovered
as elastic recoil is the product of Wi and the beam’s resilience, R, a
non-dimensional number between 0 and 1.
Aspects of vertebral morphology that vary among species, and
therefore may be a candidate for creating differences in the EI of the
vertebral column, are the bony neural and hemal spines. In blue
marlin, Makaira nigricans, the plate-like neural and hemal spines
span the intervertebral joint and thus bend with the joint; they are
responsible for a substantial proportion of the vertebral column’s
EI (Hebrank et al., 1990). However, the spines in most bony ﬁsh
species, including those studied here, are slender rods rather than
plates. In terms of the EI of the vertebral column, we hypothesize
that the contribution is proportional to the effective axial length of
the neural or hemal spine, le , which depends on its angle, ˛, relative
to the long axis of the vertebral column, and its length, ls :
le = ls cos ˛

A

2

3

4

intervertebral joints
Fig. 2. (A) Morphological variables are measured from the 12 caudal-most vertebrae
and then used as inputs for a model of elastic energy storage and release by the neural
and hemal spines; to control for size differences among species, these measurements
are standardized to the standard length (SL) of the ﬁsh. (B) Left lateral view of the
vertebral column with four successive vertebrae and six morphometric variables:
centrum length lc , centrum depth d, length of the neural and hemal spines ln and lh ,
and the angle of the neural and hemal spines ˛n and ˛h .

mechanics. Live juvenile M. salmoides (n = 2) were obtained from
Carolina Biological Supply Co. (Burlington, NC, USA). Live adult K.
marmoratus (n = 3) were collected using cup traps (Taylor, 1990)
in the Florida Keys, Florida, USA in June 2011 (SAL-09-1132B-SR,
issued by the Florida Fish and Wildlife Conservation Commission
to Dr. Ryan L. Earley), and on Long Caye, Lighthouse Reef Atoll, Belize
(BAHA-IAHC-11.08-L009, issued by the Belize Agricultural Health
Authority and Belize Fisheries Department to B.M.P.) in August
2011. Performance data (takeoff velocity, GRF) were collected during experimental trials for a related project at Clemson University
(see Section 2.3). All procedures followed Wake Forest University
IACUC protocol A11-134 and Clemson University IACUC protocol
AUP 2013-018.
Although these represent limited numbers of animals, we are
developing these methods de novo; data presented here demonstrate the feasibility of the new technique and provide sufﬁcient
statistical power to avoid type II errors (see Section 3.4).
2.2. Morphometrics
The following measurements were used to quantify differences
in vertebral morphology in all ﬁve species: standard length, neural spine angle, neural spine length, hemal spine angle, hemal spine
length, and the number of intervertebral joints crossed by each neural and hemal spine (Fig. 2). Measurements were made in ImageJ
1.47 (Rasband, 1997–2012) from digital photomicrographs (Leica
stereomicroscope; Leica Microsystems, Wetzlar, Germany) taken
for each specimen from a lateral view with a plastic ruler placed
in the frame for scale. Spine angles were measured between the
long axis of the vertebral centrum and a line connecting the tip
of the spine with the center of its base, where it merged with the
centrum. Spine length, ls , was measured along the axis of the spine
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from its base to the tip; the “segmented line” function in ImageJ
followed any curves in the spine. Only the last 12 vertebrae (just
anterior to the terminal, ural vertebra) were analyzed so as to avoid
potential complications due to the presence of the median dorsal
and anal ﬁns adjacent to the more anterior vertebrae. Hypural morphology (size, degree of fusion) was also examined for all species.
For locomotor mechanics, body mass, total length, and body width
were measured as inputs for our model of the energy stored in
the column and the ﬂexural stiffness generated during terrestrial
locomotor behaviors.
2.3. Locomotor mechanics
To measure GRF in the vertical, mediolateral, and anteroposterior planes during the behavioral response to stranding, a live ﬁsh
was placed onto a custom-built multi-axis force plate (K&N Scientiﬁc, Guilford, VT, USA) covered with wetted bench-liner paper.
Two synchronized high-speed digital video cameras (500 Hz) were
used to record behaviors in lateral and dorsal views (Phantom v.4.1;
Vision Research Inc., Wayne, NJ, USA). An LED light placed within
the ﬁeld of view of the digital camera ﬂashed in synch with a 1.5 V
pulse in the force trace to synchronize the GRF data and videos.
Additional details of this procedure are given in Kawano and Blob
(2013) and Butcher and Blob (2008). The vertical component of the
GRF, Fg (N), of the lift-off phase was sampled at 5000 Hz with a lowpass ﬁlter (21 point moving average). Using ﬁnite differences, the
instantaneous Fg was integrated over the time that the ﬁsh bent in
contact with the ground, t (s), to yield the impulse, J (Ns), of the
locomotor movement.
Takeoff velocity, Ut (m s−1 ), was measured by digitizing the
approximate position of the ﬁsh’s COM in ImageJ 1.47. Because it
served as a distinguishable landmark on the video, the pectoral girdle was used as a proxy for COM. The position of the pectoral girdle
was digitized over four successive frames (interframe interval of
0.002 s): the ﬁrst time point was the last frame in which the ﬁsh
was still in contact with the force plate, just before it became a
projectile, and the subsequent three points occurred when the ﬁsh
was airborne. The Ut for each individual was the average of the
three successive velocities along the ballistic trajectory.
2.4. Flexural stiffness and elastic recoil
To estimate relative differences in EI of the vertebral column
caused by differences in the morphology of the neural and hemal
spines, we used Eq. (3) to generate the following proportionality
for an approximation of elastic work output, Wo :
Wo ∝ ls cos ˛

(4)

Because we are interested in differences in functional morphology across species, we normalized Eq. (4) by the standard length of
the body, l, such that:
Wo∗ ∝

Wo
ls
∝ cos ˛
l
l

(5)

Four aspects of morphology affect Wo∗ : the normalized neural
and hemal spine lengths, and the angles of the neural and hemal
spines to the long axis of the vertebral column (Fig. 2). The total
∗
Wo∗ for a section of vertebral column, Wo,total
– in our analysis the
12 vertebrae craniad to the ural vertebra of the caudal ﬁn – is as
follows:
∗
Wo,total
∝

12 

ls
1

l



cos ˛

neural

+

12 

ls
1

l



cos ˛

hemal

(6)
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with these estimates, we use morphology to predict the relative differences among species in the mechanical behavior of the vertebral
column as an elastic spring in jumping ﬁshes.
Using data on the actual performance of two species, K. marmoratus and M. salmoides, we estimated the EI of the entire active
body of the ﬁsh during a terrestrial locomotor behavior. It is important to note that EI is a composite variable; E is Young’s modulus or
material stiffness (Pa), and I is the second moment of area (m4 ),
a shape factor that accounts for the distribution of mass in the
cross-section relative to the presumed neutral axis of bending.
We estimated EI of the entire active body of a jumping ﬁsh in
two ways. First, we calculated the kinetic energy of the jump, KE (in
Joules):
KE = mb Ut2

(7)

where mb (kg) is the mass of the ﬁsh’s body. Setting Eq. (7) equal to
Eq. (3) (Conte et al., 2010), we solved for EIK , where the subscript
K indicates this value is estimated from the kinetic energy of the
jump:
EIK =

Ut2 mb
lb 2

(8)

where  is a transfer efﬁciency of unknown value (we assume 1
hereafter).
Second, we measured EI of the whole, active body as EIF , where
the subscript F indicates this value is estimated from Fg (N). The
quotient of J and t yields the average Fg produced, which, in turn,
was used to calculate an average bending moment, M (N m), causing
the ﬁsh’s maximum body curvature, :
M = Fg r = EIF 

(9)

where r is the moment arm (m), here estimated as the radius of
curvature of the body at maximal , and EIF , according to beam
theory, is the proportionality constant between M and  in pure
bending. Because r and  are inversely proportional, we rearrange
Eq. (9):
EIF =

Fg
2

(10)

Note that both EIK and EIF (Eqs. (8) and (10), respectively) are
inversely proportional to the square of the maximal body curvature,
.
To produce an estimate of the apparent E of the whole body,
the quotient of EI and I can be taken, where I is calculated using an
elliptical approximation of the thickest part of the body; hence, E
so calculated is a conservative underestimate.
3. Results
3.1. Vertebral spine length and orientation
Vertebral spine length (Fig. 3), ls , is anticipated to directly alter
body stiffness (Eq. (3)). Based on our measurements, the nonjumper, M. salmoides, tends to have the shortest spines, though only
B. splendens and G. afﬁnis have noticeably longer spines than the rest
(see Table S1 in the supplementary online Appendix).
For all ﬁve species examined, the angles ˛, made by the neural and hemal spines with the centrum axis become more acute
in the vertebrae near the posterior end of the column (Fig. 4).
Largemouth bass, M. salmoides, and zebraﬁsh, D. rerio, appear to
demonstrate the simplest relationship between spine angle and
position, with a nearly linear decrease in angle from anterior to
posterior occurring for both species. The other three species show
either a decrease followed by stasis or an increase in angle (G. afﬁnis
and B. splendens) or little change in angle with position (K. marmoratus). We originally hypothesized that tail-ﬂip jumpers would have

Please cite this article in press as: Ashley-Ross, M.A., et al., Jumping sans legs: does elastic energy storage by the vertebral column power terrestrial
jumps in bony ﬁshes? Zoology (2013), http://dx.doi.org/10.1016/j.zool.2013.10.005

ARTICLE IN PRESS

G Model
ZOOL-25372; No. of Pages 12

M.A. Ashley-Ross et al. / Zoology xxx (2013) xxx–xxx

6
14

Neural spines

Neural spines

Micropterus salmoides

B

Hemal spines

Kryptolebias marmoratus
10

Danio rerio
Gambusia affinis

8

Betta splendens

6

4

50

40

30

20

10

2

0

0

14

70

B

Hemal spines
60

Spine angle (degrees)

12

Relative spine length (% SL)

A

60

Spine angle (degrees)

Relative spine length (% SL)

12

70

A

10

8

6

4

50

40

30
Micropterus salmoides
Kryptolebias marmoratus

20

Danio rerio
Gambusia affinis
10

2

Betta splendens

0

0
1

2

3

4

5

6

7

8

9

10

11

12

Caudal vertebra position
Fig. 3. Relative lengths (percentage of standard length, SL) of the (A) neural and (B)
hemal spines of the last 12 vertebrae for the teleost species examined for this study.
Error bars are not shown for clarity; standard deviations for each mean are given in
Table S1 in the supplementary online Appendix.
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Fig. 4. Angles with the long axis of the vertebral column of the (A) neural and (B)
hemal spines of the last 12 vertebrae for the species examined for this study. Error
bars are not shown for clarity; standard deviations for each mean are given in Table
S2 in the supplementary online Appendix.

3.2. Modeling energy storage by the neural and hemal spines
more acute spine angles (relative to non-jumping species) because
as spine angles ˛ become more acute, the effective spine length
increases (Eq. (2)). However, neural and hemal spine angles in
tail-ﬂip jumpers are either indistinguishable from, or greater than,
those in the non-jumping species (M. salmoides), so this hypothesis
was not supported.
Vertebral spine bending is also inﬂuenced by the number of
intervertebral joints it spans; a spine that crosses two joints can
be expected to bend more than a spine that crosses a single joint.
The number of intervertebral joints spanned by the neural and
hemal spines varies in a complex manner among the ﬁve species
(Fig. 5). For all ﬁve species, the neural spines of vertebra #1 always
cross a single joint, and the hemal spines also cross only a single
joint in all species except in some specimens of B. splendens. In M.
salmoides, the neural and hemal spines of vertebrae 2–6 also cross
a single joint, then demonstrate inter-individual variation for the
next few vertebrae, but then consistently span multiple joints for
vertebrae 9–11. In D. rerio, spines also cross a single joint for vertebrae 2–7, then span 2 or sometimes 3 joints for the next several
vertebrae. The posterior-most two vertebrae are invariant among
species, with the penultimate vertebra’s spines crossing the single joint available to it, and the next vertebra’s spines crossing
two joints. However, we note that in K. marmoratus, G. afﬁnis and
B. splendens, the neural and hemal spines begin crossing multiple
joints in more anterior positions than in M. salmoides or D. rerio
(Fig. 5). This suggests an increased potential for bending of the
spines in those species, which should allow the vertebral spines
of these species to store more elastic energy when the body is
curved.

The morphology-based model presented here incorporates two
key aspects of vertebral spine morphology, angle and length, ˛ and
ls , respectively, to predict the relative potential for elastic energy
storage in the 12 caudal-most vertebrae (Eq. (3)). The product
of these two variables may be used as a proxy for work stored
(Fig. 6). The same patterns are seen for all ﬁve species in both neural
and hemal spines: work stored increases toward the tail. Contributions to work stored are approximately equal between neural
and hemal spines, with the exception of B. splendens, where work
stored in hemal spines is greater than that of neural spines. Totals
summed over the 12 vertebrae are signiﬁcantly different among
species (one-way ANOVA, F = 33.63, p < 0.00001), being lowest in
M. salmoides (total = 86.5 m; non-jumper) and highest in B. splendens (total = 136.0 m; tail-ﬂip jumper). Surprisingly, values for K.
marmoratus (total = 87.2 m; most proﬁcient tail-ﬂip jumper; Gibb
et al., 2013) are quite close to those of M. salmoides (Fig. 6).
3.3. Variation in hypural anatomy
Among the ﬁve species examined, the hypural bones of the caudal ﬁn differ in both number and relative size. M. salmoides and
D. rerio have multiple, independently moveable hypurals (Fig. 7A
and B). K. marmoratus and G. afﬁnis have most or all of the hypurals
fused into a single, centrally located plate that is likewise fused into
the terminal vertebra (Fig. 7C and D); this is a deﬁning characteristic of the Cyprinodontiformes (Costa, 1998, 2012; Parenti, 1981).
Finally, individuals of B. splendens have large, expanded, partially
fused hypural bones (Fig. 7E).
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3.4. Locomotor mechanics
Terrestrial behaviors in two species that are widely divergent
in terrestrial locomotor ability, M. salmoides and K. marmoratus
(Gibb et al., 2013), were used to calculate the dynamic ﬂexural
stiffness of the body and the work recovered via elastic recoil.
Individuals of K. marmoratus always execute coordinated tail-ﬂips
that move them multiple body lengths as the result of a single
effort (Fig. 8A–C). In contrast, individuals of M. salmoides appear
unable to execute a tail-ﬂip, instead producing a body-bending
behavior termed thrashing (sensu Gibb et al., 2013) when stranded
on land; a thrashing behavior may be initiated either away from
(Fig. 8D–F), or toward (Fig. 8G–I), the substrate. The takeoff velocity, Ut , and body mass, mb , which are used to calculate EIK (Eq. (8)),
are both signiﬁcantly different (all results given here are from two
sample, two-tailed, unequal variance t-tests, with ˛ = 0.05) for M.
salmoides and K. marmoratus (p = 0.0022 and p < 0.001, respectively)
and inversely proportional in the two species (Fig. 9A and B).
It is notable that both methods produce the same prediction of
dynamic ﬂexural stiffness for a given species, i.e., the two independently derived estimates of EI generated for a given species
were not statistically different from one another (p = 0.104 and
p = 0.508, K. marmoratus and M. salmoides, respectively). For K. marmoratus, the mean EI with both methods pooled is 1.69 × 106 N m2
(±0.596 × 106 SD); for M. salmoides, the mean EI with both methods pooled is 21.56 × 106 N m2 (±12.124 × 106 SD); these means are
signiﬁcantly different between species (p = 0.010; Fig. 9E). When EI
is normalized by the maximum I of the body, then the resulting
mean apparent material stiffness, E, of the body is signiﬁcantly different, with M. salmoides having a mean value of E nearly twice

16

Work proxy (spine angle x spine length)

Fig. 5. Numbers of intervertebral joints crossed for the (A) neural and (B) hemal
spines of the last 12 vertebrae for the species examined for this study. Error bars
are not shown for clarity; standard deviations for each mean are given in Table S3
in the supplementary online Appendix.
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Fig. 6. Output from the model used to predict the elastic energy stored and released
by the (A) neural and (B) hemal spines, and (C) their sum, for the last 12 vertebrae
of M. salmoides (a non-jumper), K. marmoratus, D. rerio, G. afﬁnis, and B. splendens
(tail-ﬂip jumpers). Numbers given in the lower right of every panel after the name
of each species represent the summation for all vertebrae for the variable depicted
in that panel. Error bars are not shown for clarity; standard deviations for each mean
are given in Table S4 in the supplementary online Appendix.

that of K. marmoratus (p = 0.033; Fig. 9F). In contrast, although
initial estimates of mechanical work output from elastic recoil
yielded mean values that were signiﬁcantly greater in M. salmoides
than in K. marmoratus (p = 0.013; Fig. 9C), after Wo is normalized by
mb , the two species are not signiﬁcantly different from one another
(p = 0.148; Fig. 9D).
The values for maximal overall curvature of the body, taken from
high-speed video recordings (Fig. 8), were nearly twice as high in
K. marmoratus relative to M. salmoides (p < 0.001), with means of
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104.2 m−1 and 49.3 m−1 , respectively. However, mean values of
body length, lb , were also different between species (p < 0.001), with
means of 4.09 cm and 8.54 cm for K. marmoratus and M. salmoides,
respectively. When the length-speciﬁc curvature was calculated
as the non-dimensional product of  and lb , those differences
disappeared (p = 0.746) and the mean curvature across both species
was 4.2.
4. Discussion
4.1. Elastic energy storage by the axial skeleton
Because elastic energy storage and release enhances performance and efﬁciency in both aquatic and terrestrial locomotion
for other vertebrate systems, we hypothesized that it would
affect performance of terrestrial locomotion in small teleost ﬁshes.
Speciﬁcally, we expected that tail-ﬂip jumping species would
demonstrate greater body stiffness during the jump, and possess
speciﬁc anatomical features of the posterior axial skeleton, including longer and more acutely angled neural and hemal spines, and
expanded hypural bones. In ﬁve different species with varying
terrestrial locomotor abilities, we considered the potential contribution of the morphology of the vertebral column to the body’s
ﬂexural stiffness, EI, and the work output of elastic recoil, Wo .
Further, we compared EI and Wo of the whole body measured in
experiments in a non-jumper (thrasher), M. salmoides, and an excellent jumper, K. marmoratus. To our surprise, in neither case does
EI or Wo of the vertebral column or the whole body explain the
differences in jumping performance.
Equally surprising, vertebral spine angles and lengths measured
from the most caudal vertebrae, and thus the work proxy used in
the model, did not differ between M. salmoides and K. marmoratus
(Figs. 3, 4 and 6). In fact, the work proxy values for these two species
are the lowest among the ﬁve species examined, in spite of demonstrated differences in terrestrial locomotor ability across these taxa
(Gibb et al., 2013). Therefore, differences in vertebral morphology
do not wholly drive terrestrial locomotor ability. Based on wholebody jumping mechanics, when normalized for body size and I, the
only difference between M. salmoides and K. marmoratus was that
the former (a non-jumper) was substantially stiffer than the latter
(a tail-ﬂip jumper, Fig. 9F).
4.2. The caudal peduncle and tail ﬁn in terrestrial locomotion

Fig. 7. Vertebral and hypural anatomy of the ﬁve species considered in this study
(caudal end with peduncle and caudal ﬁn rays to the right). (A) The non-jumper
M. salmoides (micro-CT scan) reveals multiple, unfused hypural bones. (B) Tail-ﬂip
jumper D. rerio (cleared and stained specimen) likewise has unfused hypurals. Tailﬂip jumpers (C) K. marmoratus (micro-CT scan), (D) G. afﬁnis and (E) B. splendens
(cleared and stained specimens) all demonstrate varying degrees of fusion of the
hypurals into a plate-like structure. Scale bars = 1 mm.

Is it possible our a priori expectation was incorrect and effective
locomotor movement on land actually requires decreased stiffness
in the caudal region? Fish that produce coordinated jumps on land
appear to undergo substantial bending at the caudal peduncle, suggesting that there may be decreased stiffness in this region of the
axial skeleton. Gibb et al. (2011) compared aquatic C-starts with
terrestrial jumps of G. afﬁnis and D. rerio and found that both species
form a “C”-shape during the escape response and during the middle phase of the terrestrial jump behavior. However, just before
take-off during a tail-ﬂip jump, G. afﬁnis (a more proﬁcient jumper
in terms of generating an effective take-off angle) forms a J-shaped
curve at the posterior end of the axial skeleton. This bending allows
the hypural plate to be pressed effectively against the ground and
generates a take-off angle of ∼45◦ . In contrast, D. rerio does not
produce this J-bend and has a near vertical takeoff angle (Gibb
et al., 2011) – which could potentially reduce the ability of D. rerio
to move efﬁciently across long distances. Because our model uses
overall body bending, it does not take into account potential localized bending and/or mechanical interactions with the substrate,
such as might occur between the caudal peduncle or ﬁn and the
ground.
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Fig. 8. (A–C) K. marmoratus are proﬁcient tail-ﬂip jumpers, while M. salmoides have two ways to produce a thrashing behavior that generates little horizontal displacement:
(D–F) c-bend up, (G–I) c-bend down. Individual frames have been selected from high-speed video sequences to demonstrate movements produced by the two species when
placed on land: maximum body curvature (left column), the frame immediately before takeoff (center column), and the ballistic phase (right column). Images extracted
from the high-speed video sequences were ﬂipped horizontally so that initial head position is consistently to the left; images were also adjusted to enhance brightness
and contrast, but no other digital manipulations were performed. Numbers in each frame represent time (in ms) elapsed from time zero (not shown), deﬁned as the frame
immediately preceding the ﬁrst discernible movement. Scale is given in each image by a 1 cm × 1 cm grid.

In addition, the mechanical properties of the caudal peduncle
and ﬁn, which are the structures responsible for imparting force to
the substrate and propelling the ﬁsh into the air, are still unknown.
Despite its lower overall body stiffness, K. marmoratus has a significantly greater take-off velocity than M. salmoides (Fig. 9A), which
suggests that higher magnitude forces must be imparted to the
ground at take-off through the caudal peduncle + ﬁn. Three of the
tail-ﬂip jumpers examined here (K. marmoratus, B. splendens and
G. afﬁnis) demonstrated more robust and fused hypural bones than
M. salmoides (Fig. 7), and such expanded hypural support should
provide greater stability and stiffness to the tail and facilitate a controlled and energetic launch. Similar hypural morphology might
be expected in G. afﬁnis and K. marmoratus due to shared ancestry (Fig. 7C and D; Costa, 1998, 2012; Parenti, 1981); however, M.
salmoides and B. splendens are both perciform ﬁshes, yet these two
species do not share hypural morphology (Fig. 7A and E). Rather, the
adept tail-ﬂip jumper B. splendens has hypurals that are expanded
and partially fused, while the tail of M. salmoides is composed of
many individual hypural elements, which could inﬂuence the ability of M. salmoides to effectively impart posteriorly directed forces
at takeoff.

4.3. Aquatic vs. terrestrial locomotor performance
During the tail-ﬂip jump, the head and anterior body undergo
extreme bending, relative to the rest of the body (Gibb et al., 2011),
and this ﬂexion appears to be necessary to accelerate the COM up
and off of the substrate (Fig. 1). However, it is possible that the ability to produce anterior ﬂexion is reduced in ﬁsh with body forms
that facilitate aquatic swimming performance. One aspect of body
form that correlates with steady swimming performance is ﬁneness
ratio (body length divided by the length of the greatest dimension
in an orthogonal direction); the ﬁneness ratio of the non-jumping
species M. salmoides is 4.3, which is similar to the hypothetical ideal
for steady swimming (4.5) proposed by Webb (1975). We posit
that the deep body proﬁle of the anterior body of M. salmoides may
streamline the overall body shape and enhance their ability to swim
steadily at high velocities, but restrict their ability to produce the
coordinated anterior-to-posterior wave of extreme bending during the preparatory phase that is characteristic of effective tail-ﬂip
jumpers. We also note that tail-ﬂip jumping species tend to have
a shallower, longer body proﬁle and high ﬁneness ratios (Gibb
et al., 2013), which supports the overarching hypothesis that body
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Fig. 9. Model outputs for K. marmoratus and M. salmoides, the two species at the extremes of the terrestrial locomotor performance spectrum in the present study. (A)
Takeoff velocities are greater in K. marmoratus than in M. salmoides. (B) Adult K. marmoratus tested had signiﬁcantly lower body mass than the juvenile M. salmoides. (C) K.
marmoratus generates signiﬁcantly less elastic recoil work than M. salmoides. (D) Because both species generate the same mass-speciﬁc elastic recoil work, the difference in
elastic recoil work between the two species appears to be explained by size difference. (E) Flexural stiffness of the active bodies is signiﬁcantly less in K. marmoratus than
in M. salmoides. (F) Even when normalized by the second moment of area, I, the material stiffness of the active body in individuals of K. marmoratus is signiﬁcantly less than
that in individuals of M. salmoides.

forms in jumping species have been altered to facilitate the production of effective terrestrial movements. However, although a
high ﬁneness ratio may assist ﬂexibility at the anterior end of the
body to facilitate jumping, we hypothesize that species with high
ﬁneness ratios experience reduced performance during key aquatic
locomotor behaviors.

4.4. Future directions
In this study, we document variation in the morphology of the
posterior axial skeleton in ﬁve teleost species with different terrestrial locomotor abilities and then use these data as input parameters
for a mathematical model to predict elastic energy storage and
release by the vertebral column. We also derive values for wholebody ﬂexural stiffness and material stiffness from performance
measures taken from live ﬁsh. Somewhat surprisingly, neither the
morphology-based model nor EI derivations explained observed
differences in jumping performance across species. However, it is
important to note that neither approach considers, or in fact can
capture, temporal variation in the mechanical properties of the
bending ﬁsh body.

In fact, activation of the axial musculature by motor neurons
in the central nervous system (CNS) can drastically, and transiently, alter body stiffness because muscle contraction places the
myosepta and horizontal septum into tension, which increases
intramuscular pressure (Wainwright, 1983; Long et al., 1996). In
addition, it is likely that the precise motor pattern (that is, the
exact magnitude and duration of muscle activation) produced
will dynamically alter body ﬂexural stiffness during the behavior,
which, in turn, will alter the magnitude of the elastic energy that is
stored and released. It is also clear that the CNS coordinates axial
muscle activity during stage 2 to generate an effective takeoff angle
– that is, to produce a takeoff angle that enables a jumping ﬁsh to
enter into horizontally directed ballistic ﬂight (Gibb et al., 2013).
Electromyograms from multiple species with varying terrestrial
locomotor abilities will ultimately be necessary to determine how
ﬁsh generate effective terrestrial movements.
However, fundamental aspects of the functional anatomy of
self-stranding teleosts remain unexamined. For example, it is possible there is variation in myotomal morphology among species
with different terrestrial abilities. How might myotomal morphology enhance transmission of forces to the tail on land vs. in
water? When jumping and non-jumping species are compared,
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is there variation in the arrangement of the connective tissues
comprising the myosepta, horizontal and vertical septa? Consider the unusual projections that form a second neural arch
on the vertebrae of K. marmoratus (Fig. 7); do these or other
as-yet-to-be-examined aspects of vertebral morphology enhance
energy storage by the body and/or force transmission to the
tail?
Ongoing work in our laboratories will address these and other
questions related to possible anatomical and neurobiological features that allow ﬁsh to leave their aquatic habitat and move into
a novel environment: the terrestrial realm. We anticipate that
progress in understanding the biomechanical basis of terrestrial
movements by teleost ﬁshes will generate key insights into fundamental principles governing the interaction of stiff and pliant
tissues that cooperate to produce explosive behaviors in highly
ﬂexible structures. Such understanding will facilitate advances in
the diverse ﬁelds of biomimetic robotics, prosthetic design, and
evolutionary biomechanics.
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