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a  b  s  t  r  a  c  t

Despite  the  physical  differences  between  water  and  air,  a number  of  fish  lineages  are known  to make
terrestrial  excursions  on land.  Many  of these  fishes  exhibit  an  elongate  body  plan. Elongation  of  the  body
can occur  in  several  ways,  the most  common  of  which  is  increasing  the  number  of  vertebrae  in  one  or
both  regions  of the  axial  skeleton  – precaudal  and/or  caudal.  Elongate  species  are  often  found  in  three-
dimensionally  complex  habitats.  It  has  been  hypothesized  that  elongate  fishes  use  this  structure  to  their
locomotor  advantage.  In this  study,  we  consider  how  elongation  and  differences  in  vertebral  regional-
ization  correspond  with  the use  of wooden  pegs,  which  are  provided  as analogs  to  vertically  oriented
substrate,  structures  that  protrude  above  the  ground.  We  compare  aquatic  and  terrestrial  locomotor
behaviors  of Polypterus  senegalus,  Erpetoichthys  calabaricus,  and  Gymnallabes  typus  as they  move  through
a  peg  array.  When  considering  axial  elongation  we find  that  the highly  elongate  species,  E. calabaricus
and  G. typus,  contact  more  pegs  but on  average  move  slower in  both  environments  than  P. senegalus.

When  considering  axial  regionalization,  we  find  that  the  precaudally  elongate  species,  P. senegalus  and
E. calabaricus,  differ  in the patterns  of peg contact  between  the two  environments  whereas  the  cau-
dally  elongate  species,  G. typus,  exhibits  similar  peg contact  between  the  two  environments.  Our  study
highlights  the importance  of  incorporating  body  shape  and  vertebral  regionalization  to understand  how
elongate  fishes  move  in  water  and  on land.

© 2015  Elsevier  GmbH.  All  rights  reserved.
. Introduction

Several fishes are able to withstand ground reaction forces and
pply a counteractive force onto the substrate for forward propul-
ion to make terrestrial excursions (Johnels, 1957; Blob et al., 2006;
an Wassenbergh et al., 2006; Pace and Gibb, 2009; Hsieh, 2010;
ibb et al., 2011; Cucherousset et al., 2012; Van Wassenbergh,
013). A recent review of terrestrial locomotor behaviors for
mphibious fish species identified three functional categories:
xial-based, appendage-based, and axial-appendage based loco-
otion (Pace and Gibb, 2014). Of these categories, axial-based,

sing only the body to propel forward and axial-appendage based,
here the body and fins (pectoral, tail, and/or pelvic) are mainly

elied upon for forward movement, appear to be more common for
xtant amphibious species studied to date.

Body shape may  also facilitate terrestrial forays as amphibi-

us fishes tend to exhibit an anguilliform or eel-like body plan
reviewed in Pace and Gibb, 2014). Elongation is the result of
engthening of the axial skeleton, decrease of body width or depth,

∗ Corresponding author. Tel.: +1 516 877 4204.
E-mail address: award@adelphi.edu (A.B. Ward).

ttp://dx.doi.org/10.1016/j.zool.2015.06.002
944-2006/© 2015 Elsevier GmbH. All rights reserved.
increases in the cranial skeleton, or a combination of these factors.
The axial skeleton is lengthened through either an increase in the
overall number of vertebrae or through an increase in the length of
individual vertebrae (Ward and Brainerd, 2007; Mehta et al., 2010).
While the majority of fishes elongate their bodies through adding
vertebrae in the caudal region, numerous lineages add vertebrae
to both the precaudal and caudal region. Only one clade, Polypter-
iformes, is known to add vertebrae strictly to the precaudal region
(Ward and Brainerd, 2007).

Few studies have focused on how vertebral regionalization
affects locomotory performance (Swain, 1992; Kelley et al.,
1997). One compelling study that highlights the interaction
between vertebral characteristics and survival performance with
stickleback larvae (Gasterosteus aculeatus) revealed that selec-
tion was acting on the ratio of precaudal to caudal vertebrae
and that as larvae increased in length, the optimal vertebral
ratio decreased (Swain, 1992). Thus individuals with relatively
more caudal vertebrae exhibit increased performance in their
aquatic escape response (Swain, 1992). While some species

exhibit dramatic anatomical differences between the major regions
of the vertebral column, the functional implications of verte-
bral regionalization on locomotor performance have yet to be
realized.

dx.doi.org/10.1016/j.zool.2015.06.002
http://www.sciencedirect.com/science/journal/09442006
www.elsevier.com/locate/zool
http://crossmark.crossref.org/dialog/?doi=10.1016/j.zool.2015.06.002&domain=pdf
mailto:award@adelphi.edu
dx.doi.org/10.1016/j.zool.2015.06.002
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Similar to tetrapods where highly elongate forms tend to exhibit
imb reduction and/or loss, elongation of the body in fishes tends to
e correlated with a reduction in both the length and width of the
ectoral fins (Ward and Mehta, 2010). Pectoral fin reduction has
een suggested to constrain highly elongate fishes to using only
he axial skeleton to produce movements on land (Pace and Gibb,
014). Interestingly, while most fishes use axial-based movements
or aquatic locomotion, highly elongate amphibious species from
isparate clades appear to employ axial-based lateral undulations
uring terrestrial locomotion although kinematic differences exist
etween species (Gillis, 1998; Ellerby et al., 2001; Pace and Gibb,
011).

Depending on the shape and flexibility of the fish, the number of
ends along the body can differ during locomotion (Breder, 1926).
aving more vertebrae is presumed to increase body flexibility;

here are more joints at which the body can bend (Brainerd and
atek, 1998). Vertebral number also tends to be correlated with
tandard length in fishes of similar shape (Lindsey, 1975). Elongate
errestrial vertebrates, such as snakes, are known to use push points
n their environment for forward propulsion (Gray and Lissmann,
950; Jayne and Bennett, 1990; Kelley et al., 1997). Increased flex-

bility would therefore allow individuals to reach more distantly
paced push-off points in the environment (Kelley et al., 1997).
imilarly, body elongation in actinopterygian fishes may  facilitate
he use of push points that are staggered throughout the environ-

ent. However, much of the study of fish locomotion has focused
n movement in an open water context, with one recent exception
Ellerby and Gerry, 2011). Most importantly, the link between ver-
ebral number and terrestrial locomotor movements has yet to be
xamined.

Polypteriformes provide an excellent group to investigate how
ifferences in body shape affect locomotion. Polypteriformes is
onsidered the most basal lineage of extant actinopterygians (e.g.,
lfaro et al., 2009). Extant members of the group are included in

wo genera: Erpetoichthys and Polypterus.  Erpetoichthys is mono-
ypic while Polypterus has thirteen species (Froese and Pauly, 2014).
hese genera differ remarkably in body shape, although both are
elatively elongate compared to other fishes. Erpetoichthys,  com-
only known as ropefish, has a serpentine-like body plan whereas

ll thirteen species of Polypterus are more stout-bodied (Brainerd
t al., 1989; Ward and Brainerd, 2007; Ward and Kley, 2012). All
olypteriformes are facultative air breathers (Abdel Magid, 1967;
ettit and Beitinger, 1981). Ropefish are known to make terrestrial
xcursions (Sacca and Burggren, 1982; Pace and Gibb, 2011) and a
ecent study showed how terrestrially raised Polypterus senegalus
an use their pectoral fins to effectively locomote on land (Standen
t al., 2014). Erpetoichthys calabaricus has approximately twice as
any precaudal vertebrae (100) as P. senegalus (45), while both

enera have similar caudal vertebral numbers (Ward and Brainerd,
007; Ward and Kley, 2012).

Here, we compare terrestrial and aquatic locomotion in
olypteriformes with Gymnallabes typus, a clariid catfish. Clari-
dae contains many members capable of undergoing terrestrial
xcursions. The most well-known are the “walking catfishes” (Clar-
as spp.) which are propelled with large pectoral fins (Johnels,
957). However, there are other species, with reduced pectoral
ns, that locomote terrestrially via axial undulation. Channallabes
pus has been observed undulating through grassy vegetation
Adriaens et al., 2002) and uses dorsoventral flexion of the ante-
ior aspect of the vertebral column to bite prey terrestrially (Van

assenbergh et al., 2006; Van Wassenbergh, 2013). Elongate cat-
shes tend to have more caudal vertebrae than close relatives

Adriaens et al., 2002; Ward and Brainerd, 2007). G. typus has 19
recaudal vertebrae and 73 caudal vertebrae (Ward, pers. obs.).
herefore, anguilliform catfishes such as G. typus provide an inter-
sting comparison to the precaudally elongated ropefish.
18 (2015) 312–319 313

In the present study, we  investigated the effects of environment
(aquatic and terrestrial) on peg use in elongate amphibious fishes.
We consider the pegs to be analogous to vertical substrate (reeds,
rocks, etc.). As terrestrial axial undulation has been shown to gen-
erate less force compared to aquatic axial undulation (Ellerby et al.,
2001), we designed locomotor trials in two environments where
fishes had uniform access to vertical substrate (i.e., wooden pegs).
Here, we simply asked, “Do differences in elongation and verte-
bral regionalization affect peg use in the aquatic and terrestrial
environment?”

2. Materials and methods

2.1. Animals and animal care

We obtained the following three freshwater fish species
through the pet trade: four individuals of P. senegalus (total
length (TL) range: 7.7–9.4 cm;  maximum body width (BW) range
0.94–1.01 cm), three individuals of E. calabaricus (TL range:
23.5–27.4 cm;  BW range: 0.93–1.03 cm), and three individuals of
G. typus (TL range: 16.7–22.0 cm;  BW range 0.96–1.36 cm). Each
individual was kept in a 38-liter glass aquarium maintained at a
temperature range of 24–27 ◦C with standard aquarium heaters.
Individuals were fed either frozen bloodworms (Chironomidae) or
live blackworms (Lumbriculus variegatus)  three times per week. All
experiments performed were approved by the Adelphi University
Institutional Animal Care and Use Committee.

2.2. Experimental design

A 50.8 cm × 33.0 cm plexiglass pegboard was  fitted with 77
wooden pegs (diameter = 4.88 mm,  length = 3 cm). Pegboard stud-
ies have long been used to examine axial locomotion in terrestrial
taxa (Gray and Lissmann, 1950; Jayne, 1988; Jayne and Bennett,
1990). Peg spacing influences the velocity (Gasc and Gans, 1990)
and pattern (Gans and Gasc, 1990) of movement in lizards. Peg
arrays with narrow spacing, less than 2 times the body width of
the animal, constrained the direction of motion in anguid lizards
while pegs spaced at distances at least 6 times anguid body widths
were so great that they inhibited locomotion. While total lengths
for P. senegalus, E. calabaricus, and G. typus varied greatly, body
widths were not statistically significantly different between the
three species (F2,9 = 3.35; p = 0.10). Therefore, we  chose the dis-
tance between the centers of adjacent pegs to be 3 cm;  this distance
was at least two  times maximum body width of the individ-
uals included in the study. The pegboard was placed in a plastic
container (length × width × depth = 55.9 cm × 39.4 cm × 14.0 cm).
During aquatic trials, the water level was 4 cm.  During terrestrial
trials, enough water was added to the tank to keep the peg-
board wet. Filming was  performed at 30 fps with a Panasonic HD
camcorder.

Individuals were allowed to acclimate and explore the pegboard
environment 5 min  prior to the onset of filming. Once acclimated,
a trial began by encouraging individuals to move by gentle coaxing
with a hand net. A trial was defined as the animal crossing the field
of pegs with continuous motion. All trials were filmed and we saved
only those where individuals were moving continuously. Four to six
locomotor bouts were analyzed for each individual in each envi-
ronmental treatment. We quantified the following six variables:
(1) number of pegs touched per trial – defined as the total number
of pegs an individual contacted during a single trial standardized

by body lengths traveled during that trial, (2) contact duration (s)
– defined as the amount of time the body touched an individual
peg, (3) “on” position – defined as the point on the body where
peg contact first occurred, standardized by body length (BL), (4)
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Fig. 1. Representative frames showing the maximum number of pegs contacted at
14 A.B. Ward et al. / Zoo

off” position – the posterior-most point along the body where the
ody leaves the peg, standardized by BL, (5) body contact length

 the total length along the body (or the proportion of the body)
hat touched an individual peg; body contact length was  calculated
s the difference between “off” position and “on” position, and (6)
verage velocity – calculated as the displacement of the snout dur-
ng a trial divided by the trial duration, standardized by body length
BL/s). Contact duration, body contact length, and “on” and “off”
ositions were averaged across pegs for each trial.

.3. Statistical analysis

We  used a two-way nested ANOVA to examine the effects of
pecies and environment on number of pegs touched per trial, con-
act duration, “on” position, “off” position, body contact length, and
verage velocity. We  ran a principal components analysis, without
otation, to reduce the dimensionality of the data set and to exam-
ne which variables accounted for the greatest variation between
pecies across the two environmental treatments. Inter-individual
ariance of the eigenvalues was calculated for each species in each
nvironment for the first three principal components axes. All anal-
ses were run in JMP  8 (SAS Institute, Inc., Cary, NC, USA).

. Results

In both environments, fish were willing to move through the
egboard. During aquatic treatments, there were a few trials where
. senegalus swam through the pegboard without touching a single
eg. We  analyzed only the trials where P. senegalus contacted a peg.
lthough the body width of each fish was at most half the distance
etween pegs, E. calabaricus and G. typus always contacted pegs
uring aquatic locomotion. For terrestrial locomotion, all species
ouched pegs when moving through the array. The highly elongate
pecies (E. calabaricus and G. typus) kept their pectoral fins against
he body during locomotion. P. senegalus exhibited more move-

ents in the pectoral fins, but still maintained the pectoral fins
gainst the body when moving forward. While only the Polypter-
formes, P. senegalus and E. calabaricus,  had distinct anal fins and
. senegalus and G. typus had pelvic fins, neither of these fin types
ere used to propel the fish forward; only axial-based propulsion
as observed.

We  observed different patterns of peg contact along the body
Fig. 1). As individuals approached new pegs, contact would occur
n the opposite side of the body from the previously contacted peg
Fig. 1A). In more elongate species, oftentimes two consecutive pegs
ould contact the same side of the body (Fig. 1B). Less frequently,
e observed three consecutive pegs contacting the same side of

he body (Fig. 1C). In general, once an individual contacted a peg,
he rest of the body would slide along that peg (Fig. 2A–D). The
wo highly elongate species would touch more pegs at any given
ime than P. senegalus during both aquatic and terrestrial trials
Figs. 1 and 2). During a locomotory trial, the highly elongate species
ontacted more pegs on average than P. senegalus (F6,84 = 21.81,

 < 0.0001; Fig. 2 and Table 1). G. typus contacted more pegs during
errestrial trials than aquatic trials; there was no difference in the
umber of pegs contacted in the other two species when comparing
nvironments (F6,84 = 2.54, p = 0.026; Fig. 3).

Contact duration exhibited a significant species × environment
nteraction (F6,84 = 4.52, p = 0.001; Fig. 4 and Table 1). For both
. senegalus and E. calabaricus,  contact duration was  significantly
reater during terrestrial trials than during aquatic trials. However,

n G. typus, there was no difference in contact duration between the
wo environments.

When “on”, “off”, and body contact length were averaged across
egs within trials, there was no difference between species or
a  single point during a terrestrial trial. Pegs that are contacted are red. Notice how
pegs are touched on opposing sides of the body.

environment in the “on” position, the point on the body where a
peg was first contacted (F13,84 = 1.78, p = 0.059; Fig. 5, Table 1). The
main difference in body contact length between species and envi-
ronments was  driven by the “off” position, the posteriormost point
along the body that contacts the peg (F13,84 = 6.928, p < 0.0001; Fig. 5
and Table 1). The “off” position extended closer to the caudal fin
rays during terrestrial trials in P. senegalus and E. calabaricus than
during aquatic trials for both species (Fig. 5). There was no differ-
ence in the “off” position in G. typus when comparing across aquatic
and terrestrial trials. Body contact length, defined as the proportion
of the body that touched a given peg, also differed between envi-

ronments and species (F13,84 = 9.87, p < 0.0001; Fig. 5 and Table 1).
Ropefish exhibited greater body contact length in terrestrial trials
compared to aquatic trials.
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Fig. 2. Successive images during a terrestrial trial of Erpetoichthys calabaricus. Images are one second apart. Red dots mark pegs being touched at each time point. Three
individual pegs were traced through A–D (marked yellow and turquoise).

Fig. 3. The average number of pegs (±SE) touched during a single trial for each
species standardized by body lengths traveled during the trial. Aquatic trials are
b
p

Fig. 4. The average (±SE) contact duration for each species. Aquatic trials are black
and terrestrial trials are gray. Polypterus senegalus and Erpetoichthys calabaricus dif-
fered in contact duration between environments while there was no difference

F
T
t
t

lack and terrestrial trials are gray. The highly elongate species contacted more
egs on average per body length traveled than Polypterus senegalus.

ig. 5. The average body position that contacts the pegs. The left side of the bar is the m
he  distance between the “on” and “off” positions is known as the contact length. The d
he  axial skeleton. The range in total length for each of the three species was: Polypteru
ypus  = 16.7–22.0 cm.  P. senegalus and E. calabaricus primarily contact pegs in their precau
between contact duration in the two treatments for Gymnallabes typus.

ean “on” position ± SE and the right side of the bar is the mean “off” position ± SE.
ashed line designates the transition between precaudal and caudal regions along
s senegalus = 7.7–9.4 cm,  Erpetoichthys calabaricus = 23.5–27.4 cm,  and Gymnallabes
dal region whereas G. typus contacts pegs in the caudal region.
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Table 2
Least-square mean and standard error of average velocity.

Species (individual) Environment Mean SE Post hoc grouping

Polypterus senegalus
1 Aquatic 2.49 0.29 A
2  Aquatic 1.24 0.30 C, D, E
3  Aquatic 2.11 0.30 A, B
4  Aquatic 1.09 0.11 C, D
1  Terrestrial 0.97 0.29 C, D, E, F
2  Terrestrial 1.29 0.29 B, C, D
3  Terrestrial 1.23 0.30 C, D, E
4  Terrestrial 0.69 0.11 E, F, G

Erpetoichthys calabaricus
1  Aquatic 0.16 0.29 F, G
2  Aquatic 0.59 0.30 C, D, E, F, G
3  Aquatic 0.50 0.30 E, F, G
1  Terrestrial 0.36 0.29 F, G
2  Terrestrial 0.16 0.29 G
3  Terrestrial 0.25 0.30 F, G

Gymnallabes typus
1  Aquatic 0.63 0.27 D, E, F, G
2  Aquatic 1.44 0.32 B, C
3  Aquatic 0.67 0.32 C, D, E, F, G
1  Terrestrial 0.73 0.29 C, D, E, F, G
2  Terrestrial 0.61 0.29 C, D, E, F, G
3  Terrestrial 0.58 0.32 C, D, E, F, G

Significance is based on a post hoc Student’s T-test. Individuals not connected by
the  same letter are significantly different from one another. A is the fastest velocity
and G designates the slowest average velocity.

Table 3
Loadings for the six locomotor variables on the first three principal components
ig. 6. The average velocity (±SE) for each species. Velocity was standardized by
otal  length. Aquatic trials are black and terrestrial trials are gray. Polypterus sene-
alus was faster in both environments than the highly elongate species.

P. senegalus moved faster during aquatic trials than during ter-
estrial trials (F6,84 = 2.54, p < 0.026; Fig. 6, Tables 1 and 2) and
xhibited faster locomotor velocities compared to the two highly
longate species. G. typus and E. calabaricus did not vary their loco-
otor velocity across environments (Fig. 6 and Table 2).
A principal components analysis enabled us to examine the vari-

bles driving inter-individual trial differences between species and
nvironmental treatments (Fig. 7). Principal components axis (PC)

 accounted for 42.62% of the variation, 24.85% was  described by
C 2, and 18.89% was described by PC 3. The variables that loaded

trongly and positively on PC 1 were body contact length and “off”
osition. The variable “number of pegs contacted” loaded strongly
nd negatively on PC 1. Contact time loaded strongly and positively
hile average velocity had a strong negative loading on PC 2. “On”

able 1
esults of two-way nested ANOVA for the six variables considered in this study.

Variable DF F-ratio P-value Eta-squared

Pegs touched/body length 13, 84 12.87 <0.0001
Species (individual) 6 26.27 <0.0001 0.63
Environment 1 0.61 0.439 0.00
Species × environment
(individual)

6 1.42 0.216 0.03

Contact duration (s) 13, 84 10.58 <0.0001
Species (individual) 6 10.18 <0.0001 0.27
Environment 1 50.06 <0.0001 0.23
Species × environment
(individual)

6 4.52 0.001 0.12

“On” position (BL) 13, 84 1.78 0.059
Species (individual) 6 2.05 0.068 0.11
Environment 1 1.65 0.203 0.02
Species × environment
(individual)

6 1.59 0.160 0.09

“Off” position (BL) 13, 84 6.93 <0.0001
Species (individual) 6 10.80 <0.0001 0.37
Environment 1 13.46 0.0004 0.08
Species × environment
(individual)

6 1.85 0.099 0.06

Body contact length (BL) 13, 84 9.87 <0.0001
Species (individual) 6 15.38 <0.0001 0.44
Environment 1 21.14 <0.0001 0.10
Species × environment
(individual)

6 2.18 0.053 0.12

Average velocity (BL/s) 13, 84 4.88 <0.0001
Species (individual) 6 7.47 <0.0001 0.30
Environment 1 7.15 0.009 0.05
Species × environment
(individual)

6 1.94 0.084 0.08

olded p-values indicate significance <0.05.

axes.

Species PC 1 (42.62%) PC 2 (24.85%) PC 3 (18.89%)

Pegs touched/body length −0.531 0.161 −0.022
Contact duration (s) 0.085 0.732 −0.076
Body contact length (BL) 0.574 0.147 −0.217
“On” position (BL) −0.121 0.148 0.897

“Off” position (BL) 0.507 0.283 0.301
Average velocity (BL/s) 0.331 −0.561 −0.022

position was the variable that loaded strongly and positively on PC
3 (Table 3).

The trials of all species separate along PC 1 with P. senegalus
occupying the area defined by longer body contact length and more
posterior “off” position (Fig. 7). Trials for the highly elongate species
are characterized by greater peg contact. PC 2 separates trials by
environment for the Polypteriformes with terrestrial trials defined
as having longer contact duration and slower average velocities.
For PC 1, P. senegalus has the greatest variance during aquatic trials
while E. calabaricus has the least. For terrestrial trials, E. calabaricus
has the greatest variance in PC 1 scores and G. typus has the least.
Both aquatic and terrestrial trials of G. typus occupy a narrow region
of PC 2 as exemplified by the lower variances (Table 4). Both PC 2

and PC 3 show similar trends with P. senegalus having the greater
variance (larger inter-individual variation) and G. typus having the
least variance across all trials.

Table 4
Total inter-individual variance calculated by species and environment for the first
three principal components.

Species Environment PC 1 PC 2 PC 3

Polypterus senegalus Aquatic 1.798 1.273 2.989
Polypterus senegalus Terrestrial 0.499 1.692 1.220
Erpetoichthys calabaricus Aquatic 0.650 0.216 0.517
Erpetoichthys calabaricus Terrestrial 0.876 0.628 0.555
Gymnallabus typus Aquatic 1.147 0.090 0.427
Gymnallabus typus Terrestrial 0.370 0.143 0.379
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ig. 7. Plot of principal components (PC) axis 1 versus principal components axis 2
he  trials of Polypterus senegalus separate from the trials of the highly elongate spe
etween environmental treatments.

. Discussion

In the present study, we examined peg use during both aquatic
nd terrestrial locomotion in three fish species that vary in axial
longation. While P. senegalus, E. calabaricus, and G. typus are con-
idered elongate with an increased number of vertebrae compared
o close relatives, the proportions of the precaudal and caudal
egions differ dramatically. P. senegalus and E. calabaricus exhibit
recaudal elongation whereas G. typus has increased body length
y caudal elongation.

During locomotion trials, fishes contacted the 3 cm spaced pegs
uring both aquatic and terrestrial locomotion (Fig. 3). In a few
quatic trials (that were not included in our data set), P. senegalus
wam the array without contacting any of the pegs. The highly elon-
ate species consistently contacted pegs during both aquatic and
errestrial trials. In fact, from our preliminary trials, we observed
hat E. calabaricus and G. typus were struggling to move forward on
lain plexiglass without the pegs. This was not surprising because
he animals did not have anything to utilize for propulsion; Gillis
1998) noted in his studies on terrestrial locomotion of American
els (Anguilla rostrata) that the eels would depress the sand form-
ng a shallow trench. The eels could then propel forward by pushing
gainst the sides of the trench (Gillis, 1998). In the present study, the
ubstrate (plexiglass) was manipulated by the addition of vertical
ubstrate, pegs, to allow for forward propulsion. The highly elon-
ate fishes contacted more pegs during a locomotory trial per body
ength traveled than P. senegalus (Fig. 3). There were no differences
n the number of pegs touched per body length between environ-

ental treatments (Table 1). From these results we  speculate that
longate fishes are pushing against the pegs for forward propul-
ion as described in limbless tetrapods (Gray and Lissmann, 1950;
ayne, 1988; Gans and Gasc, 1990; Gasc and Gans, 1990; Kelley et al.,
997). In some instances, the highly elongate species appeared to

uddenly propel themselves forward, advancing a considerable dis-
ance by pushing off of the pegs. During these events, we observed
he pegs moving in the opposite direction from where an individual

ade contact. Future studies incorporating force measurements
he six variables included in this study. Variable loadings are noted in parentheses.
long PC 1. For PC 2, the trials of Erpetoichthys calabaricus and P. senegalus separate

with peg use, our proxy for vertical substrate use, will enable us
to understand the magnitude of forces highly elongate fishes need
to propel themselves forward as well as which regions of the axial
skeleton are producing force.

4.1. Vertebral regionalization and locomotor performance

The significant differences in velocity, measured in BL/s,
between species (p < 0.0001; Fig. 6) were remarkable. P. senegalus
could move up to 2 BL/s in the aquatic environment, which was
reduced to just over 1 BL/s in the terrestrial environment. This
was achieved by touching one-third to a half as many pegs per
body length traveled as the highly elongate species. Despite the
dramatic difference in vertebral regionalization, there was no dif-
ference in velocity between highly elongate species (Fig. 6 and
Table 2). However, the highly elongate species moved significantly
slower than P. senegalus.  This was, in part, due to differences in
behavior. The highly elongate species tended to meander through
the peg array whereas P. senegalus individuals would swim straight
through the center of the array in aquatic treatments. While their
velocities were not significantly different, G. typus possibly moved
more body lengths compared to ropefish because it not only con-
tacted more pegs but the time it spent on any one peg was shorter
(Figs. 3 and 4).

Despite similarities in velocity between the elongate species,
the use of the pegs differed between the two types of vertebral
regionalization (Figs. 3 and 4). Peg contact duration corresponded
more with axial regionalization whereas velocity varied in relation
to extent of elongation (elongate to highly elongate). For the species
with greater precaudal vertebral numbers (P. senegalus and E. cal-
abaricus), both peg contact duration and proportion of the body in
contact with a peg increased during terrestrial locomotion. Veloc-
ity did not differ between environments in G. typus, the caudally

elongate species (Fig. 6). The differences in peg contact between
Polypteriformes and G. typus are likely due to the fact that forward
propulsion in a highly elongate fish during terrestrial locomotion
requires greater muscular force than during aquatic locomotion
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Gillis, 2000); P. senegalus and E. calabaricus are pushing against the
egs with the precaudal region that presumably would produce less
orce than the caudal region (Fig. 5). Ellerby et al. (2001) demon-
trated that undulation in a terrestrial environment produces less
orce than during aquatic locomotion. G. typus only contacted the
eg with the caudal region, but in doing so, was able to produce
nough force to propel the individual (Fig. 5).

.2. Use of substrate during locomotion

A previous study of aquatic locomotion in E. calabaricus showed
hat the major axial movement occurred in the caudal region
hereas terrestrial locomotion occurred through large amplitude
ndulations across the entirety of the body which is more similar
o the manner of locomotion that we observed in the present study
Pace and Gibb, 2011; Fig. 2). The differences in locomotory style
etween free swimming and peg-based movements during aquatic
rials indicate that E. calabaricus modify their movement patterns
hen presented with complex environments.

The peg use by elongate, limbless tetrapods has been described
n several ectothermic vertebrate groups including snakes and
nguid lizards. In laboratory studies using snakes and lizards,
orward movement of the body occurred when animals took
dvantage of peg arrays, pushing off of individual pegs (Gray and
issmann, 1950; Gans and Gasc, 1990; Gasc and Gans, 1990). For the
imbless lizards (Anguis and Ophisaurus), as peg spacing increased,
t became more challenging for the lizards to maintain undulatory
ocomotion (Gasc and Gans, 1990). Anguis was able to contact pegs
paced at greater distances compared to Ophisaurus, which is likely
ue to the fact that Anguis have more precaudal vertebrae than
phisaurus (Gasc and Gans, 1990). However, in the garter snake

Thamnophis elegans), vertebral number was not correlated with the
bility to move through low-density peg arrays (Kelley et al., 1997).
n all but the lowest density peg array, individual garter snakes

ith more caudal vertebrae exhibited greater locomotor speeds
han those individuals with fewer (Kelley et al., 1997).

Although elongate fishes are known to make terrestrial forays,
e hypothesized that the manner of forward propulsion using ver-

ical substrate would differ between species with divergent axial
egionalization. Here we observe that the precaudally elongate
opefish do not use a greater portion of their body, compared to
he caudally elongate G. typus in the aquatic or terrestrial environ-

ents (Fig. 5). This suggests that the primary locomotor region in
longate fishes is the region with the greatest number of vertebrae.
t would be interesting to look at peg contact in Anguilla sp. where
otal vertebral number is more evenly distributed across the pre-
audal and caudal regions. In eel-like fishes, increases in vertebral
umber to a particular body region may  not only enhance flexibility

n that region but could provide more lateral area off which an ani-
al  can push. Species that elongate the precaudal region over the

audal region may  have somewhat of a disadvantage as the viscera
re located anterior to the tail and do not provide propulsive forces.
ncreasing contact duration with vertical substrate, as observed in
opefish especially in terrestrial trials, may  aid in providing thrust
Fig. 4).

A recent study examining an early sarcopterygian, Protopterus
nnectens,  found that axial movements resulted from trunk muscles
ith little to no tail activity in the terrestrial environment (Horner

nd Jayne, 2014). Interestingly, movement onto land shifted lung-
sh from tail-driven to trunk-driven propulsion. Protopterus and
ther members of Dipnoi have relatively equal numbers of verte-
rae in the precaudal and caudal region (Arratia et al., 2001; Horner

nd Jayne, 2008). Perhaps increases in precaudal vertebral number
ay  enable greater reliance on the axial skeleton when traveling

n land in sarcopterygians that have reduced or completely lost
heir limbs as observed in snakes, a clade that exhibits the greatest
18 (2015) 312–319

number of precaudal vertebrae in vertebrates (Ward and Mehta,
2014).

It is unknown how density of vertical substrate spacing would
affect locomotion although Kelley et al. (1997) suggested that hav-
ing more vertebrae could lead to longer body sizes resulting in
individuals being able to take advantage of push-off points at fur-
ther distances. While this hypothesis is worthy of exploration, one
could also consider how vertebral variation in a specific region of
the axial skeleton affects the ability to use substrate for forward
propulsion.

4.3. Conclusions

Elongate fishes are often found in highly structured environ-
ments such as sand burrows, rock crevices or dense vegetation
(Ward and Azizi, 2004; Mehta et al., 2010). Elongation of the body
in fishes has been proposed to have opened up the potential for
the evolution of complex prey restraint behaviors such as rota-
tional feeding and knotting (Mehta et al., 2010). Oftentimes, these
fishes are also known to make terrestrial excursions (Pace and
Gibb, 2014). When swimming, highly elongate fishes typically use
anguilliform locomotion for forward propulsion; however, these
studies tend to observe fishes swimming in open spaces (Gillis,
1998; Ellerby et al., 2001). The anguilliform movement pattern is
modified when these fishes cross from an aquatic to a terrestrial
environment; for example, wave amplitude is greater during ter-
restrial locomotion than during aquatic locomotion (Gillis, 1998;
Ellerby et al., 2001; Pace and Gibb, 2011). Gillis (1998) noted that
during terrestrial locomotion, A. rostrata (American eel) would push
into the sand producing slight indentations. Our study reveals that
when provided vertical substrate in the form of wooden pegs, elon-
gate fishes contact pegs presumably to make forward movements.
We also show that differences in axial elongation can affect peg
use in the aquatic and terrestrial environment. Future studies inte-
grating body shape metrics with vertebral number and substrate
density will further our understanding of how some fish lineages
can move on land.
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