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By land or by sea: a modified C-start motor pattern drives the
terrestrial tail-flip
Benjamin M. Perlman* and Miriam A. Ashley-Ross

ABSTRACT
Aquatic C-start escape responses in teleost fishes are driven by awell-
studied network of reticulospinal neurons that produce a motor pattern
of simultaneous contraction of axial muscle on the side of the body
opposite the threatening stimulus, bending the fish into the
characteristic C shape, followed by a traveling wave of muscle
contraction on the contralateral side that moves the fish away from
the threat. Superficially, the kinematics of the terrestrial tail-flip
resemble the C-start, with the anterior body rolling up and over the
tail into a tight C shape, followed by straightening as the fish launches
off of the caudal peduncle into ballistic flight. We asked whether similar
motor control is used for both behaviors in the amphibious mangrove
rivulus, Kryptolebias marmoratus. Fine-wire bipolar electrodes were
percutaneously inserted into repeatable paired axial locations in five
individual fish. Electromyograms synchronized with high-speed video
were made of aquatic C-starts, immediately followed by terrestrial
tail-flips. Tail-flips took longer to complete than aquatic escapes;
correspondingly, muscles were activated for longer durations on land.
In the tail-flip, activitywasseen incontralateral posterioraxialmuscle for
an extended period of time during the formation of theC shape, likely to
press the caudal peduncle against the ground in preparation for launch.
Tail-flips thus appear to be produced by modification of the motor
pattern driving the aquatic C-start, with differences consistent with the
additional requirement of overcoming gravity.

KEY WORDS: Mangrove rivulus, Electromyography, Escape
response, Tail-flip, Axial musculature, Motor pattern

INTRODUCTION
The mangrove rivulus, Kryptolebias marmoratus Poey 1880
(Cyprinodontiformes), is an amphibious fish that makes
temporary excursions onto land for various reasons: actively
pursuing prey at the water–land interface, purposefully leaving the
water as a result of poor conditions such as high levels of hydrogen
sulfide or anoxia, being stranded at low tide or escaping an aquatic
predator (Abel et al., 1987; Regan et al., 2011; Pronko et al., 2013).
Minnows, gobies, sculpins and some other groups of teleost fishes
are also capable of finding themselves on land through active and
passive means (Gibb et al., 2013). Once there, however, these fish
must contend with the demands of the terrestrial environment:
buoyant support is lacking, gravity must be overcome and new
predators such as birds or snakes may be encountered. The
mangrove rivulus and many other small fishes lacking modified
fins for terrestrial support and locomotion move by means of a ‘tail-
flip’, a coordinated movement in which the fish, lying on its side,

lifts the head and rolls it over the tail, then straightens the body,
finally launching off of the tail to become a ballistic projectile (Gibb
et al., 2011, 2013). An unanswered question is how the tail-flip
behavior is generated.

The aquatic C-start escape response, a fast start regulated by the
Mauthner cell and its associated network of escape neurons, has
been thoroughly studied across the fish phylogeny (Weihs, 1973;
Eaton et al., 1977; Eaton and Hackett, 1984; Domenici and Blake,
1997; Hale et al., 2002). This characteristic escape response consists
of Stage 1, where a fish contracts its muscles to curve its body away
from the stimulus, followed by Stage 2, where the fish propels its
body out of the C shape and swims away. In water, mangrove
rivulus perform typical C-starts, although they are considerably
slower (present study) compared with C-starts of similarly sized
fishes (Webb, 1978a; Domenici and Blake, 1993); on land, the tail-
flip behavior, which is performed by the mangrove rivulus, looks
superficially similar to the C-start escape response (Fig. 1) (Gibb
et al., 2011, 2013). The mangrove rivulus eliciting the terrestrial tail-
flip show similar axial movements in what appears to be a
stereotyped behavior (Wainwright et al., 2011).

The neuromuscular control of specific behaviors might vary as a
result of the physical environment in which the behavior occurs.
Fishes, salamanders and anurans use the same appendages to swim,
walk, trot or jump in water and on land, and the neural control
driving the muscular output may be different in water and land
because of the viscosity of the medium, overcoming gravitational
forces on land compared with buoyancy in water, and the ability to
generate thrust (Gillis, 2000; Gillis and Biewener, 2000; Ellerby
et al., 2001; Gillis and Blob, 2001; Horner and Jayne, 2008; Rivera
and Blob, 2010). The ‘collective output’ (Nishikawa et al., 2007)
might be masked because of the physical properties of the medium.
We therefore asked whether the motor pattern used to generate the
aquatic escape response is conserved or whether a different motor
pattern exists for the terrestrial tail-flip behavior. We also wanted to
explore whether these respective motor patterns might be
considered stereotyped or whether there is a range of flexibility
that leads to similar or different kinematic responses in both media.
Specifically, we hypothesize that (1) the motor patterns will be
grossly similar between the two media because of very similar
escape kinematics, and (2) the muscle intensity and duration to
complete the escapes will be greater and longer on land,
respectively, because of the need to overcome gravitational forces.

MATERIALS AND METHODS
Five mangrove rivulus (K. marmoratus) were caught on Long Caye,
Lighthouse Reef Atoll, Belize, Central America (17°13′04.9″N,
87°35′38.7″W), in August 2011 using the cup trap method (Taylor,
1990) and transferred to Wake Forest University under the Belize
Agricultural Health Authority (certificate no. BAHA-IAHC-11.08-
L009 to B.M.P.). Fish were maintained for 2 years individually in
32 ounce (0.95 liter) containers with 25 ppt seawater and fed 2 mlReceived 17 July 2015; Accepted 24 March 2016
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Artemia spp. nauplii daily. The animal facility was temperature-
controlled (25°C) with a 12 h:12 h light:dark cycle. The standard
length (SL), measured from the tip of the snout to the caudal
peduncle (Fig. 2) was 3.29±0.07 cm (mean±s.d.), and the total
length (TL), measured from the tip of the snout to the end of the
tail, was 4.05±0.05 cm. The average mass of these fish was
0.636±0.037 g. To our knowledge, these are the smallest vertebrates
used to conduct electromyographic studies for aquatic and terrestrial
kinematics. All procedures were approved by the Wake Forest
University IACUC (protocols A11-134 and A14-078).

Surgical methods
Individual fish were anesthetized by immersion in MS-222 (tricaine
methanesulfonate; 0.1 g MS-222 per liter of brackish water) with
one pellet of potassium hydroxide to neutralize the acidic MS-222.
Once the anesthetic took effect (15 to 20 min), which was indicated
by the fish no longer being able to maintain its upright body
orientation, we inserted a 6-0 suture via a needle and tied two
surgeon’s knots to secure the suture to themid-dorsal area of the fish.
Five bipolar fine-wire electrodes (50 µm wire dia.; California Fine
Wire Co., Grover Beach, CA, USA) were percutaneously inserted
into repeatable locations along the axial musculature of each fish
using 30 gauge hypodermic needles. One pair of electrodes, 2 m in
length, was implanted in the anterior epaxial musculature of the
body (left and right sides) and one pair in the lateralis superficialis
muscles on the posterior part of the body (left and right sides), with
one electrode embedded into the body cavity to act as a ground
(Fig. 2). All electrodes were implanted through the barrel of the
hypodermic needle, with 0.5 mm of the Teflon coating removed at
the tip of the bi-polar electrodes. The now-exposed bi-polar wires
were split from the tip of the electrode to 1.0 mm down their long
axis and bent back over the bevel of the needle into a hooked
position; 0.5 mm of thewirewas still coated in Teflon to prevent any
noise between the twowires. Once all the electrodes were implanted,
which took approximately 10–12 min in total surgical duration, we
glued all of the electrodes together with rubber cement to form a
single flexible cable, and tied a double surgeon’s knot using the 6-0
suture, which we previously attached to the body, to secure the cable
against the body. We positioned the cable away from the paired and
median fins by looping it on top of the body, then kinking it to rest
perpendicular to the long axis of the body in the vertical direction.

Upon completion of implanting the electrodes, a fish was placed
into a 32 ounce recovery tank (no anesthetic present; 25 ppt seawater)
as we transferred the fish from the surgery platform into a 10 gallon
(37.9 liter) tank (25 ppt seawater) to conduct the electromyography
(EMG) trials. Specimens were allowed to recover for a minimum of
20 min after the opening and closing of their opercles returned to a
normal pattern. The recovery time followed the general rule about
being twice as long as the surgical procedure (Flammang and Lauder,
2008).We connected the electrodes to separate channels of differential
AC amplifiers (AM Systems, Sequim, WA, USA), with a gain of
10,000×, a 60 Hz notch filter and a bandpass of 300–10,000 Hz, and
recorded the EMG signals on a Lenovo ThinkPad computer (Lenovo
Systems, Morrisville, NC, USA). Electromyograms were captured at
3230 Hz and analyzed in AcqKnowledge version 3.9.1 (BIOPAC
Systems,Goleta, CA, USA). Onset and offset times ofmuscle activity
in the electromyogramwere determined byeye, using the criterion that
the burst activity was at least twice the amplitude of the baseline noise
level (usually extremely small). All cables and the tank were covered
in a Faraday cage (aluminum mesh; grounded) to reduce potential
electrical noise.

We used a high-speed video camera (Fastec Imaging, San Diego,
CA, USA) positioned in a lateral view to record the aquatic and
terrestrial escape responses of each fish (500 frames s−1). Two LED
light arrays (WF Studio Systems, Cowboy Studio, Allen, TX, USA)
were used for illumination. A trigger pulse stopped the video
recording and was also captured in AcqKnowledge as a separate
channel; this pulse was used to synchronize the video with EMG
signals. All videos were imported into ImageJ (National Institutes of
Health, Bethesda, MD, USA) (Rasband, 2008) for kinematic
analysis.

SL

A B

CL

Fig. 2. Diagramof implanted locations of the bi-polar fine-wire electrodes
along the body. (A) Dorsal view of the mangrove rivulus with landmarks
(orange circles) of the four fine-wire electrodes implanted into repeatable
locations on the body. A fifth electrodewas implanted into the body cavity to act
as a ground (not shown). The circular-profiled, lobed tail is illustrated to
demonstrate its plate-like form when it lies flush with the substrate due to the
torquing of the posterior region of the body when the fish is out of the water.
(B) The fish is in a C-shape position at the end of Stage 1 during the escape
response, with the concave side defined as the ipsilateral side (shown in white)
for a given escape response, and the convex side defined as the contralateral
side (shown in yellow). Standard length (SL) is the distance from the tip of the
snout to the caudal peduncle when the longitudinal axis of the fish’s body is
completely straight. Chord length (CL) is the distance from the tip of the snout
to the caudal peduncle, regardless of body position.

Aquatic C-start escape response

Terrestrial tail-flip

Rest Stage 2Stage 1

Fig. 1. Diagram of the aquatic C-start escape response, modified from
Hale and colleagues (2002), depicting the various stages of the behavior.
Grossly similar is the terrestrial tail-flip, exhibiting similar body modification for
both Stage 1 (maximum body curvature) and Stage 2 (straightening the body
as it propels out of the C-bend).
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We approached the head of the fish with the handle end of a dip
net to elicit an aquatic escape response (N=1–4 trials per specimen;
N=5 specimens). Immediately following the aquatic trials,
individual specimens were placed onto wetted bench liner paper
adjacent to the aquatic tank and the end of a dip net or an index
finger was used to elicit a terrestrial escape response (N=1–4 trials
per specimen). No differences in the fish’s reaction time were
observed between the two stimuli. The same individuals were used
for both the aquatic and terrestrial trials. Aquatic and terrestrial
kinematics were recorded before implantation of electrodes as a
control to measure whether escape responses differed with and
without the electrodes. Kinematic measurements included time to
reach maximum body curvature (Stage 1 duration), curvature
coefficient and entire duration of either the C-start escape response
or the terrestrial tail-flip. No statistical differences were observed in
the same individuals when responses with and without electrodes
were compared (Student’s t-test: P>0.05; SPSS v. 19.0, Armonk,
NY, USA).
Upon completion of the EMG recordings, we euthanized each

fish via an overdose of MS-222 and dissected the electrodes to
verify they were implanted in the targeted muscle. Distance
measurements were taken from the tip of the snout to a specific
vertebra for each electrode. We performed a two-tailed Student’s
t-test to note whether the location of the paired electrodes (anterior
and posterior pairs) along the axial musculature was offset (left
versus right). We found no differences between the left and right
sides of the body where we implanted the anterior and posterior
pairs of electrodes, respectively (paired anterior muscles:
P=0.780; paired posterior muscles: P=0.075). For example, if
we recorded asynchronous muscle activity on the left and right
sides of the body in the anterior region, we would know the
difference in onset time of muscle activation was not due to the
electrodes being placed at different positions along the length of
the body as the activation propagates along the long axis of the
body.
To compare motor patterns of aquatic versus terrestrial escape

responses, we performed a multivariate ANOVA [MANOVA; fixed
factor=medium (water versus land)] using the following variables:
muscle onset time (ms), muscle duration (ms) and the rectified
integrated area of the muscle burst (a measure of muscle activation

intensity; V×ms). We also compared the peak voltage (V) generated
by all four muscles during the aquatic escape response and the
terrestrial tail-flip using a paired two-sample t-test. To compare the
kinematics of the aquatic and terrestrial escape responses, we
measured the duration to complete Stage 1 (when the body reached
its maximum curvature) and Stage 2 (when the fish propelled its
body out of the C-bend and became straight in the water, and when
the fish launched off the terrestrial substrate to become a ballistic
projectile). To standardize our comparisons of the maximum body
curvature reached at the end of Stage 1 and the duration to complete
Stage 1 in both media, we calculated the curvature coefficient
(Webb, 1978b; Brainerd and Patek, 1998). We slightly modified this
dimensionless number by measuring the chord length (CL), which
we described as the distance from the tip of the snout to the caudal
peduncle when the fish was bent, divided by the SL of the body
when the fish was straight (tip of the snout to the caudal peduncle;
Fig. 2). Brainerd and Patek (1998) measured the CL (when fish was
bent) and SL (when fish was straight) from the base of the head to
the caudal peduncle. Because body curvature varied among
individuals within and across media, we recorded the duration to
reach a curvature coefficient of 0.74, which was achieved by all
specimens, to observe whether there were differences in reaching
the same body curvature in different media.We used aMANOVA to
compare our results and a Tukey’s post hoc test to determine where
actual differences occurred. For all statistics used, we set α=0.05 to
determine significant differences.

RESULTS
We observed differences in the motor pattern of the aquatic escape
response versus the terrestrial tail-flip in the mangrove rivulus
(MANOVA with media as the fixed factor: F5,60=53.837,
P<0.0001, Wilk’s lambda=0.182, η2=0.818). In the aquatic
escape response, there was initially synchronous activity in the
anterior and posterior axial muscle on the side of the fish away from
the stimulus [‘ipsilateral’ (to theC-bend) muscles; Tukey’s post hoc
test on muscle onset: P=0.999], where the fish reached its maximum
bending in the form of a C shape at the end of Stage 1 (Figs 3, 4). A
traveling wave (anterior to posterior) of asynchronous activity
followed in the contralateral axial muscle (Tukey’s post hoc test on
muscle onset: P<0.001), which allowed the fish to propel itself out

Aquatic C-start Terrestrial tail-flip

Ipsilateral
(anterior)

Ipsilateral
(posterior)

0.4 V

1.0 V

0.5 V

2.0 V

1.0 V

1.5 V

0.5 V

1.3 V

50 ms

Contralateral
(anterior)

Contralateral
(posterior)

CON

IP

Time 0

Stage 1 Stage 2

Time 0

Fig. 3. Raw electromyographic traces of a single
representative sequence of the aquatic C-start escape
response and the terrestrial tail-flip. The frame before the
initial movement of the fish is denoted as time 0, represented in
the figure by the thin black arrow and the associated solid
vertical line. The thick gray arrows denote the onset of muscle
activation and the thick open arrows denote muscle
deactivation. The vertical short dashed lines represent the
completion of Stage 1 for both the aquatic C-start and the
terrestrial tail-flip. The vertical long dashed lines represent the
end of Stage 2 for the escape behaviors. CON, contralateral;
IP, ipsilateral; V, volts. See Results for a detailed description of
the motor patterns observed.
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of theC shape and away from the stimulus, thus completing Stage 2
of the escape response (Fig. 4, see Movie 1).
The terrestrial tail-flip was driven by a motor pattern similar to

that of the aquatic C-start, but with consistent differences: the
ipsilateral (concave side of the C) muscles showed asynchronous
activity (anterior activated before the posterior; Tukey’s post hoc
test: P<0.001), whereas the contralateral muscles showed
synchronous activity after a short delay following ipsilateral
muscle activity (Tukey’s post hoc test on contralateral muscle
onset: P=0.993; Fig. 4, see Movie 2). Stage 1 occupied a shorter
duration in water (26.6±1.5 ms; mean±s.e.m.) compared with
terrestrial trials (80.0±2.9 ms; MANOVA: P<0.0001). Stage 2
was also significantly shorter in duration aquatically (30.5±2.1 ms)
compared with Stage 2 on land (42.9±1.5 ms; MANOVA:
P<0.0001). Overall, the motor pattern of the aquatic escape
response was similar to that of other adult teleosts and fit within
the parameters of being aC-start escape response (≤100 ms) (Jayne
and Lauder, 1993). Note that the average aquatic escape response
occurred in 57.1±3.1 ms, whereas the average terrestrial tail-flip
took 122.9±3.6 ms, well beyond the duration of being considered a
fast-start escape response.
In the tail-flip, the onset time for muscle activation occurred

earlier relative to time zero (first movement of the fish’s body) than
in the aquatic escape response (MANOVA: d.f.=7, F=8.508,
P=0.005; Fig. 4). Duration of total muscle activation was longer
for the terrestrial escape compared with the aquatic C-start
(P=0.002). Muscle intensity (V×ms) was greater during the tail-
flip compared with the aquatic escape response (P=0.004; Fig. 4).
Peak voltage generated by the four muscles of the mangrove rivulus
in the aquatic escape response (0.568±0.159 V, mean±s.e.m.) was
not different compared with the peak voltage generated by the

muscles during the terrestrial tail-flip (0.611±0.125 V; paired two-
sample t-test: P=0.808). To remove duration of muscle activation as
a confounding factor in calculating muscle intensity across the two
media, we divided the intensity (V×ms) of the muscle burst by its
duration (ms) to obtain an average voltage value. The mean (±s.d.)
intensity value in water was 0.27±0.15 V, and on land it was
0.23±0.07 V. No statistical difference was observed (paired two-
sample t-test: P=0.34).

When comparing the maximum body curvature achieved, there
was a significant difference between the aquatic and terrestrial
curvature coefficient (Student’s t-test assuming unequal variance:
P=0.002). Specimens on land achieved a greater amount of body
curvature (C shape) compared with the curvature generated during
the aquatic escape response. When comparing the duration to reach
a curvature coefficient of 0.74, fish reached that curvature
coefficient faster in water compared with specimens on land
(Student’s t-test assuming equal variance: P<0.0001).

When comparing the total duration of the escape behaviors,
mangrove rivulus showed a lower coefficient of variation (standard
deviation divided by the mean) (Wainwright et al., 2011) in the
terrestrial tail-flip (0.248) compared with the aquatic escape
response (0.490). The tail-flip appears to be a more stereotyped
behavior when eliciting a response via the same stimulus compared
with a much more variable escape response in the water under the
same conditions other than the medium.

DISCUSSION
We conclude that a modification of the motor pattern producing the
aquatic C-start behavior drives the terrestrial tail-flip. The two
behaviors are similar in the overall kinematic pattern of bending the
body into aC shape, followed by straightening and movement away
from the starting position. The motor patterns are similar in the
periods of overlapping activity in the anterior and posterior axial
muscle, first on the ipsilateral (concave) side and then on the
contralateral side. However, we also note the following differences
in the tail-flip compared with the aquatic escape response: (1) the
earlier, asynchronous activation of anterior and posterior ipsilateral
muscle in advance of Stage 1; (2) the synchronous onset of activity
in the contralateral axial muscle during Stage 1 (never seen in the
aquatic C-start for the mangrove rivulus); and (3) the longer
duration of muscle activation (both ipsi- and contralateral). We
hypothesize that during Stage 1 of the tail-flip, the asynchronous
ipsilateral muscle bursts reflect the anterior-to-posterior pattern of
‘peeling’ the body away from the substrate, where the fish was likely
to press the caudal peduncle against the substrate in preparation for
the launch to become a ballistic projectile via early offset of the
ipsilateral anterior muscle with longer activity (delayed offset) in the
ipsilateral posterior muscle. The overlap in muscle activity by the
anterior and posterior muscles contralateral to the C shape powered
the fish’s body through Stage 1 and may pressurize the body and
store elastic energy. Activity of the anterior muscle might control
the bending so the behavior is smoothly executed. The earlier onset
time (relative to time zero) and longer duration of ipsilateral muscle
activity is likely required to overcome gravitational loads when
bending into the C shape or to stress the elastic elements for energy
storage.

It is possible that more than muscle activity alone may be
responsible for the rapid launch behavior. Pre-loading of the
contralateral axial muscle during the initial bend into the C shape
(suggested by the low-level activity during Stage 1) would stretch
the series and parallel elastic elements of the muscle, as well as the
connective tissue of the myosepta and superficial collagen fibers
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Fig. 4. Mean muscle activation for both aquatic and terrestrial trials. The
vertical dashed line denotes the frame before the first movement (time 0)
during the escape responses. Stage 1 (light gray) and Stage 2 (dark gray) were
significantly shorter in duration aquatically compared with Stage 1 and Stage 2
on land (MANOVA: P<0.0001). Aquatic ipsilateral muscles were synchronous
in activation, with asynchronous contralateral muscle activation, with the
anterior muscle activating before the posterior contralateral muscle. Terrestrial
ipsilateral muscle activation was asynchronous, followed by synchronous
contralateral muscle activation. Anterior ipsilateral musclewas activated before
the posterior ipsilateral muscle. IP, ipsilateral; CON, contralateral. The width of
the bars represents the mean duration of the C-start (closed bars) and tail-flip
(open bars), and the height the mean muscle intensity (V×ms). Error bars are
±s.e.m.; left error bars denote the s.e.m. onset time and right error bars
represent the s.e.m. behavioral duration.
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(Wainwright, 1983), storing elastic strain energy. Additionally,
bending of the thin, splint-like neural and hemal spines that span
multiple intervertebral joints (Ashley-Ross et al., 2014) may occur
as a result of body bending (Videler, 1993), potentially storing strain
energy as well. Return of this energy may hasten straightening of the
body axis and the consequent ballistic launch. Finally, many
cyprinodontiform fishes that make terrestrial forays onto land share
a similar morphology of fused hypurals (Parenti, 1981). Mangrove
rivulus have fused hypural bones, which appears to be characteristic
of fishes capable of performing coordinated tail-flips (Gibb et al.,
2013; Ashley-Ross et al., 2014). It is still unclear whether the fused
hypurals bend (and thus store elastic strain energy) during the tail-
flip, or whether they serve primarily to provide a more stable
platform from which to control the launch.
What ultimately underlies the difference between aquatic and

terrestrial escape behaviors? Environmental variables may
combine with motor pattern plasticity to generate distinct
behaviors; gravitational loads, buoyancy, viscosity and other
environmental mechanics may lead to performance differences,
or multifunctionality, in water and land (Nishikawa et al.,
2007; Denny, 1993; Vogel, 1994). Many animals are capable of
multifunctionality, such as turtles using their appendages to paddle
and walk (Earhart and Stein, 2000), eels undulating their bodies for
swimming in water and moving onto land (Gillis, 1998, 2000;
Biewener and Gillis, 1999; Ellerby et al., 2001), the Pacific leaping
blenny using its median and paired fins to swim in water and for
hopping and twisting on land (Hsieh, 2010), and the mangrove
rivulus using its body for transitioning onto land (Pronko et al.,
2013) and tail-flipping once out of the water (Gibb et al., 2013;
Ashley-Ross et al., 2014). Nishikawa and colleagues (2007)
hypothesized that the environment may be an important factor in
causing neural circuits to reorganize, making it difficult to tease
apart the ‘collective output’ involving the relationships between the
brain, sensory organs, muscles and the environment in terms of the
evolution of a novel muscle pattern or behavior. Rivera and Blob
(2010) raised similar questions involving differences found in
muscle duration and intensity for the slider turtle (Trachemys
scripta) when swimming or walking on land, where the same
forelimb and hindlimb muscles were activated to generate both
behaviors across the two environments. In the toad (Bufo marinus),
Gillis and Biewener (2000) found differences in the mechanical
behavior of the hindlimbs between jumping and swimming, which
they interpreted as being due to a change in the motor output that
may, in turn, have been influenced by differences in the physical
environment. In our study, we observed the same muscles being
recruited for both aquatic and terrestrial escapes, with differences
found in the motor patterns generated that ultimately provided
similar kinematic output. Horner and Jayne (2014) showed that
lungfish increase their lateral bending of the vertebral column and
increase the amplitude of axial muscle activity when moving on
land. There was also an increase in the duration of muscle activity
and the axial bending through a locomotor cycle, similar to the
increased time of muscle activity and the kinematic output for
mangrove rivulus when moving on land. Although lungfish do not
tail-flip, the motor patterns show similar responses to the change in
environment.
In the aquatic environment, by changing the approach angle and

location of the stimulus to the fish of interest, the escape elicited will
vary considerably, demonstrating the plasticity of the fast-start
escape response generated by the Mauthner cells and their
associated network of brainstem escape neurons (Eaton et al.,
2001; Foreman and Eaton, 1993). This ‘direction change concept’

allows for the differences in both agonist and antagonist muscle
activity, with respect to the side of the stimulus, and may be
responsible for why we observed statistically different motor
patterns in the escape response in mangrove rivulus across both
aquatic and terrestrial media. We observed a greater amount of
stereotypy (lower coefficient of variation) in the tail-flip compared
with that of the aquatic C-start. This might have been due to the fish
having a reduced number of possible directions in which to go in a
successful tail-flip (which are always toward the tail and away from
the substrate), as opposed to the aquaticC-start, where the fish could
escape in nearly any direction. In both water and on land, we
approached the fish with a stimulus from a 45 deg angle toward the
head region. This angle was kept constant throughout the trials;
however, the stimulus was always directed anteriorly when on land
and sometimes anteriorly and off to one side of the body in the
aquatic trials, which may have been enough to generate a different
response as a result of the Mauthner neurons responding differently
to changes in stimulus angle, and thus a difference in muscle burst
onset and offset to power through Stages 1 and 2 of the escape
response. Even so, the ‘direction change’ concept does not account
for all of the observed differences between aquatic and terrestrial
escapes, most notably the different finding of extended contralateral
muscle activity during Stage 1. Thus, the terrestrial tail-flip is not
merely a C-start performed, unchanged, on land, but an example of
how an effective behavior for a new environment may be produced
by active modification of an ancient, robus, and flexible motor
pattern driving rapid movements in fishes.

Acknowledgements
We would like to thank the members of the Ashley-Ross lab for assistance in data
collection. Also, thanks to John Long and the anonymous reviewers for helping
improve this manuscript.

Competing interests
The authors declare no competing or financial interests.

Author contributions
B.M.P. carried out the lab work and data and statistical analyses. B.M.P. and
M.A.A.-R. conceived of the study, designed the study, coordinated the study and
helped draft the manuscript. Both authors gave final approval for publication.

Funding
The Department of Biology at Wake Forest University provided financial support.

Data availability
Raw data for this study can be found in the WakeSpace repository at https://
wakespace.lib.wfu.edu/handle/10339/58894.

Supplementary information
Supplementary information available online at
http://jeb.biologists.org/lookup/suppl/doi:10.1242/jeb.128744/-/DC1

References
Abel, D. C., Koenig, C. C. andDavis,W. P. (1987). Emersion in themangrove forest

fish Rivulus marmoratus: a unique response to hydrogen sulfide. Environ. Biol.
Fish. 18, 67-72.

Ashley-Ross, M. A., Perlman, B. M., Gibb, A. C. and Long, J. H. Jr. (2014).
Jumping sans legs: does elastic energy storage by the vertebral column power
terrestrial jumps in bony fishes? Zoology 117, 7-18.

Biewener, A. A. and Gillis, G. B. (1999). Dynamics of muscle function
during locomotion: accommodating variable conditions. J. Exp. Biol. 202,
3387-3396.

Brainerd, E. L. and Patek, S. N. (1998). Vertebral column morphology, C-start
curvature, and the evolution of mechanical defenses in tetraodontiform fishes.
Copeia 1998, 971-984.

Denny, M. W. (1993). Air and Water. Princeton: Princeton University Press.
Domenici, P. and Blake, R. W. (1993). The effect of size on the kinematics and

performance of angelfish (Pterophyllum eimekei) escape responses.Can. J. Zool.
71, 2319-2326.

1864

RESEARCH ARTICLE Journal of Experimental Biology (2016) 219, 1860-1865 doi:10.1242/jeb.128744

Jo
u
rn
al

o
f
Ex

p
er
im

en
ta
lB

io
lo
g
y

https://wakespace.lib.wfu.edu/handle/10339/58894
https://wakespace.lib.wfu.edu/handle/10339/58894
https://wakespace.lib.wfu.edu/handle/10339/58894
http://jeb.biologists.org/lookup/suppl/doi:10.1242/jeb.128744/-/DC1
http://jeb.biologists.org/lookup/suppl/doi:10.1242/jeb.128744/-/DC1
http://dx.doi.org/10.1007/BF00002329
http://dx.doi.org/10.1007/BF00002329
http://dx.doi.org/10.1007/BF00002329
http://dx.doi.org/10.1016/j.zool.2013.10.005
http://dx.doi.org/10.1016/j.zool.2013.10.005
http://dx.doi.org/10.1016/j.zool.2013.10.005
http://dx.doi.org/10.2307/1447344
http://dx.doi.org/10.2307/1447344
http://dx.doi.org/10.2307/1447344
http://dx.doi.org/10.1139/z93-325
http://dx.doi.org/10.1139/z93-325
http://dx.doi.org/10.1139/z93-325


Domenici, P. and Blake, R.W. (1997). The kinematics and performance of fish fast-
start swimming. J. Exp. Biol. 200, 1165-1178.

Earhart, G. M. and Stein, P. S. G. (2000). Step, swim, and scratch motor patterns in
the turtle. J. Neurophysiol. 84, 2181-2190.

Eaton, R. C. and Hackett, J. T. (1984). The role of Mauthner cells in fast-starts
involving escape in teleost fish. In Neural Mechanisms of Startle Behavior (ed.
R. C. Eaton), pp. 213-266. New York: Plenum Press.

Eaton, R. C., Bombardieri, R. A. and Meyer, O. H. (1977). The Mauthner-initiated
startle response in teleost fish. J. Exp. Biol. 66, 65-81.

Eaton, R. C., Lee, R. K. K. and Foreman, M. B. (2001). TheMauthner cell and other
identified neurons of the brainstem escape network of fish. Prog. Neurosci. 63,
467-485.

Ellerby, D. J., Spierts, I. L. Y. and Altringham, J. D. (2001). Fastmuscle function in
the European eel (Anguilla anguilla, L.) during aquatic and terrestrial locomotion.
J. Exp. Biol. 204, 2231-2238.

Flammang, B. E. and Lauder, G. V. (2008). Speed-dependent intrinsic caudal fin
muscle recruitment during steady swimming in bluegill sunfish, Lepomis
macrochirus. J. Exp. Biol. 211, 587-598.

Foreman, M. B. and Eaton, R. C. (1993). The direction change concept for
reticulospinal control of goldfish escape. J. Neurosci. 13, 4104-4113.

Gibb, A. C., Ashley-Ross, M. A., Pace, C. M. and Long, J. H. Jr. (2011). Fish out of
water: terrestrial jumping by fully aquatic fishes. J. Exp. Zool. A Ecol. Genet.
Physiol. 315A, 649-653.

Gibb, A. C., Ashley-Ross, M. A. and Hsieh, S. T. (2013). Thrash, flip, or jump: the
behavioral and functional continuum of terrestrial locomotion in teleost fishes.
Integr. Comp. Biol. 53, 295-306.

Gillis, G. B. (1998). Environmental effects on undulatory locomotion in the American
eel (Anguilla rostrata): kinematics in water and on land. J. Exp. Biol. 201, 949-961.

Gillis, G. B. (2000). Patterns of white muscle activity during terrestrial locomotion in
the American eel (Anguilla rostrata). J. Exp. Biol. 203, 471-480.

Gillis, G. B. and Biewener, A. A. (2000). Hindlimb extensor muscle function during
jumping and swimming in the toad (Bufo marinus). J. Exp. Biol. 203, 3547-3563.

Gillis, G. B. and Blob, R. W. (2001). How muscles accommodate movement in
different physical environments: aquatic vs. terrestrial locomotion in vertebrates.
Comp. Biochem. Phys. A Mol. Integr. Physiol. 131, 61-75.

Hale, M. E., Long, J. H., McHenry, M. J. and Westneat, M. W. (2002). Evolution of
behavior and neural control of the fast-start escape response. Evolution 56,
993-1007.

Horner, A. M. and Jayne, B. C. (2008). The effects of viscosity on the axial motor
pattern and kinematics of the African lungfish (Protopterus annectens) during
lateral undulatory swimming. J. Exp. Biol. 211, 1612-1622.

Horner, A. M. and Jayne, B. C. (2014). Lungfish axial muscle function and the
vertebrate water to land transition. PLoS ONE 9, e96516.

Hsieh, S.-T. T. (2010). A locomotor innovation enables water–land transition in a
marine fish. PLoS ONE 5, e11197.

Jayne, B. C. and Lauder, G. V. (1993). Red and white muscle activity and
kinematics of the escape response of the bluegill sunfish during swimming.
J. Comp. Physiol. A 173, 495-508.

Nishikawa, K., Biewener, A. A., Aerts, P., Ahn, A. N., Chiel, H. J., Daley, M. A.,
Daniel, T. L., Full, R. J., Hale, M. E., Hedrick, T. L. et al. (2007).
Neuromechanics: an integrative approach for understanding motor control.
Integr. Comp. Biol. 47, 16-54.

Parenti, L. R. (1981). A phylogenetic and biogeographic analysis of
cyprinodontiform fishes (Teleostei, Atherinomorpha). Bull. Am. Mus. Nat. Hist.
168, 335-557.

Pronko, A. J., Perlman, B. M. and Ashley-Ross, M. A. (2013). Launches,
squiggles and pounces, oh my! The water-land transition in mangrove rivulus
(Kryptolebias marmoratus). J. Exp. Biol. 216, 3988-3995.

Rasband, W. S. (2008). ImageJ. Bethesda, MD: US National Institutes of Health.
http://imagej.nih.gov/ij/

Regan, K. S., Jonz, M. G. and Wright, P. A. (2011). Neuroepithelial cells and the
hypoxia emersion response in the amphibious fish Kryptolebias marmoratus.
J. Exp. Biol. 214, 2560-2568.

Rivera, A. R. V. and Blob, R. W. (2010). Forelimb kinematics and motor patterns of
the slider turtle (Trachemys scripta) during swimming and walking: shared and
novel strategies for meeting locomotor demands of water and land. J. Exp. Biol.
213, 3515-3526.

Taylor, D. S. (1990). Adaptive specializations of the cyprinodont fish Rivulus
marmoratus. Fla. Sci. 53, 239-248.

Videler, J. J. (1993). Fish Swimming. London: Chapman and Hall.
Vogel, S. (1994). Life in Moving Fluids, 2nd edn. Princeton, NJ: Princeton University

Press.
Wainwright, S. (1983). To bend a fish. In Fish Biomechanics (ed. P. Webb and

D. Weihs), pp. 68-91. New York: Praeger Press.
Wainwright, P. C., Mehta, R. S. and Higham, T. E. (2011). Stereotypy, flexibility

and coordination: key concepts in behavioral functional morphology. J. Exp. Biol.
211, 3523-3528.

Webb, P. W. (1978a). Fast-start performance and body form in seven species of
teleost fish. J. Exp. Biol. 74, 211-226.

Webb, P. W. (1978b). Temperature effects on acceleration of rainbow trout, Salmo
gairdneri. J. Fish. Res. Board Can. 35, 1417-1422.

Weihs, D. (1973). The mechanism of rapid starting of slender fish. Biorheology 10,
343-350.

1865

RESEARCH ARTICLE Journal of Experimental Biology (2016) 219, 1860-1865 doi:10.1242/jeb.128744

Jo
u
rn
al

o
f
Ex

p
er
im

en
ta
lB

io
lo
g
y

http://dx.doi.org/10.1016/S0301-0082(00)00047-2
http://dx.doi.org/10.1016/S0301-0082(00)00047-2
http://dx.doi.org/10.1016/S0301-0082(00)00047-2
http://dx.doi.org/10.1242/jeb.012096
http://dx.doi.org/10.1242/jeb.012096
http://dx.doi.org/10.1242/jeb.012096
http://dx.doi.org/10.1002/jez.711
http://dx.doi.org/10.1002/jez.711
http://dx.doi.org/10.1002/jez.711
http://dx.doi.org/10.1093/icb/ict052
http://dx.doi.org/10.1093/icb/ict052
http://dx.doi.org/10.1093/icb/ict052
http://dx.doi.org/10.1016/S1095-6433(01)00466-4
http://dx.doi.org/10.1016/S1095-6433(01)00466-4
http://dx.doi.org/10.1016/S1095-6433(01)00466-4
http://dx.doi.org/10.1111/j.0014-3820.2002.tb01411.x
http://dx.doi.org/10.1111/j.0014-3820.2002.tb01411.x
http://dx.doi.org/10.1111/j.0014-3820.2002.tb01411.x
http://dx.doi.org/10.1242/jeb.013029
http://dx.doi.org/10.1242/jeb.013029
http://dx.doi.org/10.1242/jeb.013029
http://dx.doi.org/10.1371/journal.pone.0096516
http://dx.doi.org/10.1371/journal.pone.0096516
http://dx.doi.org/10.1371/journal.pone.0011197
http://dx.doi.org/10.1371/journal.pone.0011197
http://dx.doi.org/10.1007/BF00193522
http://dx.doi.org/10.1007/BF00193522
http://dx.doi.org/10.1007/BF00193522
http://dx.doi.org/10.1093/icb/icm024
http://dx.doi.org/10.1093/icb/icm024
http://dx.doi.org/10.1093/icb/icm024
http://dx.doi.org/10.1093/icb/icm024
http://dx.doi.org/10.1242/jeb.089961
http://dx.doi.org/10.1242/jeb.089961
http://dx.doi.org/10.1242/jeb.089961
http://imagej.nih.gov/ij/
http://imagej.nih.gov/ij/
http://dx.doi.org/10.1242/jeb.056333
http://dx.doi.org/10.1242/jeb.056333
http://dx.doi.org/10.1242/jeb.056333
http://dx.doi.org/10.1242/jeb.047167
http://dx.doi.org/10.1242/jeb.047167
http://dx.doi.org/10.1242/jeb.047167
http://dx.doi.org/10.1242/jeb.047167
http://dx.doi.org/10.1242/jeb.007187
http://dx.doi.org/10.1242/jeb.007187
http://dx.doi.org/10.1242/jeb.007187
http://dx.doi.org/10.1139/f78-223
http://dx.doi.org/10.1139/f78-223


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.32000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.32000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    34.69606
    34.27087
    34.69606
    34.27087
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    8.50394
    8.50394
    8.50394
    8.50394
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


