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The maneuverability demonstrated by the weakly electric ghost knifefish (Apteronotus albifrons) is a
result of its highly flexible ribbon-like anal fin, which extends nearly three-quarters the length of its
body and is composed of approximately 150 individual fin rays. To understand how movement of the
anal fin controls locomotion we examined kinematics of the whole fin, as well as selected individual fin
rays, during four locomotor behaviors executed by free-swimming ghost knifefish: forward swimming,
backward swimming, heave (vertical) motion, and hovering. We used high-speed video (1000 fps) to
examine the motion of the entire anal fin and we measured the three-dimensional curvature of four
adjacent fin rays in the middle of the fin during each behavior to determine how individual fin rays bend
along their length during swimming. Canonical discriminant analysis separated all four behaviors on
anal fin kinematic variables and showed that forward and backward swimming behaviors contrasted the
most: forward behaviors exhibited a large anterior wavelength and posterior amplitude while during
backward locomotion the anal fin exhibited both a large posterior wavelength and anterior amplitude.
Heave and hover behaviors were defined by similar kinematic variables; however, for each variable,
the mean values for heave motions were generally greater than for hovering. Individual fin rays in the
middle of the anal fin curved substantially along their length during swimming, and the magnitude of
this curvature was nearly twice the previously measured maximum curvature for ray-finned fish fin rays
during locomotion. Fin rays were often curved into the direction of motion, indicating active control of
fin ray curvature, and not just passive bending in response to fluid loading.
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1. Introduction

Access to a three-dimensional medium with a wide diversity of
habitats has resulted in the evolution of a vast array of propulsive
systems in ray-finned fishes. A key feature facilitating maneuver-
ability in ray-finned fishes is the presence of fins that extend into
the water and act as control surfaces during locomotion (Lauder
and Drucker, 2004; Lauder et al., 2006). Median and paired fins
arrayed around the fish body and the ability of fishes to control fin
movement allows fishes to vector forces during locomotion which
in turn permits directional movement. One special design feature
of ray-finned fish fins is active curvature control which is possi-
ble due to the bilaminar design of individual fin rays (McCutchen,
1970; Geerlink and Videler, 1986; Lauder et al., 2006; Alben et al.,
2007; Taft and Taft, 2012). Ray-finned fishes can thus control the
curvature of the whole fin surface by differentially moving the two
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distinct halves of each fin ray. Active curvature control in fins has
been the subject of a number of recent experimental (e.g., Lauder
etal.,, 2011; Taft and Taft, 2012) and kinematic studies (e.g., Lauder
et al., 2006; Taft et al., 2008; Chadwell et al., 2012) which demon-
strate that fishes use this ability to resist fluid loading on the fin that
occurs during locomotion: by curving the fin surface into oncoming
flow, fishes can effectively stiffen the fin and resist fin deformation
that would otherwise occur.

Among the diversity of teleost fishes, one highly specialized
group, the American knifefishes or Neotropical electric fishes
(Teleostei: Gymnotiformes), are among the most maneuverable
and possess an especially impressive fin - the elongate anal fin -
that is their primary mechanism for generating locomotor forces.
The anal fin can extend more than three-quarters the length of
the body and be composed of nearly 340 individual fin rays in
some species (Albert, 2001). This provides the capability of highly
controlled wave-like fin bending patterns as well as localized con-
formational adaptation of fin shape to specific locomotor situations.
Gymnotiform fishes, and especially the ghost knifefish, Apterono-
tus albifrons, have been used as a basis for a number of different
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investigations of the anal fin propulsive system. For example, kine-
matic analyses of the anal fin have been conducted (Blake, 1983;
Ruiz-Torres et al., 2013), the elongate anal fin has been studied as
a locomotor system for analyzing how opposing forces are used
to control body position (Sefati et al., 2013), fluid dynamic func-
tion of the anal fin has been studied both experimentally (Neveln
et al., 2014) and computationally (Lighthill, 1990; Lighthill and
Blake, 1990; Shirgaonkar et al., 2008), the role of locomotion in
prey capture has been described (Maclver et al.,, 2001), and a
novel heave (vertical) maneuvering behavior has been identified in
which counter-propagating waves on the elongate anal fin generate
downwardly directed forces allowing knifefish to move vertically
(Curet et al., 2011a,b). And, the elongate ribbon fin of knifefish has
also been used as inspiration for robotic models of wave-like loco-
motion (e.g., Maclver et al., 2004; Low and Willy, 2006; Hu et al.,
2009; Curet et al., 2011a; Neveln et al., 2013).

In the present paper, we focus on the function of the anal fin
during locomotor behaviors exhibited by free-swimming individ-
uals, and on analyzing the relatively short duration of locomotor
events that make up the typical free-swimming maneuvering char-
acteristic of ghost knifefish, A. albifrons. Knifefish, moving in an
unconstrained area, are very active and typically move forward,
backward, in heave (vertically), and hover, and execute relatively
rapid transitions among these behaviors. Previous studies of knife-
fish locomotion have focused for the most part on one behavior,
and often in a relatively constrained experimental setting that lim-
its maneuverability. We provide an online supplementary movie
that demonstrates the complex function of the anal fin associated
with unconstrained locomotion in the highly maneuverable ghost
knifefish and the rapid behavioral switching that occurs among
locomotor behaviors (see the supplementary video in the online
Appendix). Studying locomotion under the free-swimming condi-
tion represents a qualitatively different approach than focusing on
steady rectilinear flow-tank locomotion, and we emphasize in this
paper (i) how anal fin function differs among locomotor behaviors,
and (ii) the function and curvature of selected individual fin rays
within the anal fin.

Our overall goal was to quantify how anal fin kinematic and fin
ray curvature patterns change with different locomotor behaviors.
Because modulation of the kinematics of a single fin is responsi-
ble for both vertical and horizontal movement, we hypothesized
that anal fin kinematics necessary to produce forward, backward,
heave, and hovering swimming behaviors would be accomplished
by variation in the position and extent of fin ray curvature along
the length of the anal fin. Furthermore, we anticipated that the
direction, amplitude, and wavelength of fin undulations required to
execute one behavior (e.g., forward swimming) would be different
from those that produced other behaviors (e.g. backward, heave,
or hover swimming). A further goal was to compare the curvatures
exhibited by knifefish anal fin rays during unrestrained swimming
with values measured previously in the literature in other teleost
fish species during locomotion.

2. Materials and methods
2.1. Fish

Data were collected from three ghost knifefish, A. albifrons
(Linnaeus, 1766), purchased from a local commercial supplier.
Fish were maintained separately in 401 aquaria and kept under
a 12h:12h L:D photoperiod with a mean water temperature of
26 +1°C (mean =+ standard error of the mean, s.e.). The three fish
analyzed had a mean total length of 18.9+0.8cm. Fish were
allowed to acclimate in the experimental tank for 15 min prior to
recording any video footage.

2.2. Morphology

Anal fin morphology was investigated to aid in interpretation
of fin kinematics. Superficial dissection of the musculature sur-
rounding the anal fin was used to determine the structure of the
different layers of muscle possibly involved in the movement of
the anal fin. For a study of the skeleton, a cleared and stained spec-
imen of A. albrifrons (specimen number MCZ# 45195; Museum of
Comparative Zoology, Harvard University, Cambridge, MA, USA)
was examined. For a more in-depth examination of the skeleton,
X-ray computed microtomography (micro CT) scans of both an
entire specimen and a small posterior section (MCZ# 169184) were
analyzed in VGStudio Max version 2.0 (Volume Graphics GmbH,
Heidelberg, Germany). Micro CT scans were conducted with an X-
Tec HMXST 225 scanner (Nikon Metrology, Inc., Brighton, MI, USA).
Each scan slice had a resolution of 920 x 844 pixels and we pro-
duced 1998 slides with a voxel size of 0.0586 mm along the x-, y-,
and z-axes.

2.3. Behavioral analysis

Experiments were conducted in a 201 glass aquarium with a
water temperature of 26+ 1°C. Three synchronized high-speed
video cameras were used to record the movement of the anal fin
(two Photron Fastcam 1024 x 1024 pixel cameras, and a Photron
APX 1024 x 1024 pixel system; Photron Inc., Tokyo, Japan). Videos
were recorded at 1000 fps from lateral, posterior, and ventral per-
spectives allowing for a three-dimensional analysis of the desired
kinematic parameters.

Four visually discernible locomotor behaviors were selected
for kinematic analysis: forward swimming, backward locomotion,
heave (vertical motion), and hover (maintaining body position in
the water column). Considerable effort was devoted to identifying
discrete sequences for each behavior that were of sufficient length
for quantitative analysis and to ensure that sequences of one behav-
ior were not interrupted by other movements. A forward sequence
was selected if a fish’s dominant movement was in the anterior
direction along the horizontal axis with a minimal amount of verti-
cal movement. Abackward sequence was similarly defined but with
a dominant velocity in the posterior direction along the horizontal
axis. A heave sequence was selected if the fish’s dominant veloc-
ity was positive along the vertical axis with a minimal amount of
horizontal movement. A hover sequence was selected if a fish main-
tained its place in the water column (with minimal amounts of both
horizontal and vertical movement). Video footage was recorded
while individual knifefish swam freely. Post hoc analysis further
simplified the recorded footage, selecting smaller sequences of
footage that matched criteria for each behavior and had at least
one complete period for that behavior. For each of the four behav-
iors and for each individual fish, we measured between 10 and 20
fin waves.

Kinematic sequences were calibrated in three dimensions using
a calibration cube consisting of a square base and 15 precisely
measured perpendicularly protruding, metal spikes, which allowed
three-dimensional coordinates to be measured using conventional
direct linear transformation (DLT) methods as in our previous
research (e.g., Flammang and Lauder, 2009; Blevins and Lauder,
2012). Digitizing was done using a custom Matlab program (version
7.10; Mathworks, Natick, MA, USA) developed by Tyson Hedrick
of the University of North Carolina at Chapel Hill (Hedrick, 2008).
A second custom Matlab program was used for two-dimensional
analysis of the anal fin. Between 140 and 200 points were digi-
tized along the distal edge of the fin as well as an easily trackable
body point (nostril) for each sequence analyzed (Fig. 1). This
allowed quantification of the complete anal fin waveform. Three-
dimensional coordinate data were exported to Microsoft Office
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Fig. 1. (A) Lateral view of an individual ghost knifefish, Apteronotus albifrons, at the start of a backwards swimming sequence. (B) Ventral view of the same fish at the exact
same time in the sequence. Lateral and ventral videos were calibrated in three dimensions using direct linear transformation (see Section 2.3). Each orange circle in the lateral
view corresponds to an orange circle in the ventral view at the same location on the fin. These panels show 200 digitized points along the entire length of the anal fin. (C)
Lateral view of the fish from the ninth frame of the backwards sequence and (D) ventral view of the same fish at the frame to show the digitizing of individual fin rays. Six

points per fin ray for each of four fin rays near the middle of the anal fin were digitized.

Excel 2007 (Microsoft Corp., Redmond, WA, USA) for calculations
of kinematic variables as described in Section 2.4.

2.4. Kinematic measurements

The following kinematic variables were calculated for each indi-
vidual during each behavior: wave frequency, whole-fin wave
amplitude, wave amplitude across the anterior half of the anal
fin, wave amplitude across the posterior half of the anal fin, the
ratio of the anterior amplitude to the posterior amplitude, whole-
fin wavelength, wavelength across the anterior half of the anal fin,
wavelength across the posterior half of the anal fin, the anterior
to posterior wavelength ratio, the number of waves present along
the fin, and horizontal and vertical velocity of the fish. Wave fre-
quency was measured by taking the inverse of the period of an
individual wave for each behavior. Wave amplitude was measured
as the vertical distance between a peak and trough. Wavelength
was measured as the horizontal distance between two successive
peaks or troughs present on the anal fin. The total number of waves
present on the fin was determined by counting the number of com-
plete waves along the anal fin. Horizontal and vertical velocities of
the fish were determined by tracking the horizontal and vertical
changes in distance over time of the body point digitized on the
nostril of each fish for each sequence.

2.5. Three-dimensional analysis of fin ray curvature

The radius of curvature (R) of an arc at a point is defined as
the reciprocal of the absolute value of the curvature at that point
(Protter and Morrey, 1970). In measuring the curvature of three
points along a fin ray, a cyclic triangle can be formed. From this
triangle, it is then possible to reconstruct a circumscribed circle
with radius R and a curvature (and units) of 1/R. Six evenly spaced
points along four adjacent fin rays located in the middle of the anal
fin were digitized in three dimensions to measure the fin ray cur-
vature of two fish during each maneuver (Fig. 1C and D): points
1-6 from the proximal base of the fin to the distal tip. Whole fin
ray curvature was estimated using points 1, 4, and 6 along each fin
ray to give an average whole fin ray curvature. Basal fin ray curva-
ture was measured from the three most basal points along each fin
ray (points 1, 2, and 3). Distal fin ray curvature was measured from
the three most distal points along each fin ray (points 4, 5, and 6).

Fin ray curvature is presented here as the true three-dimensional
curvature of the fin rays.

2.6. Statistical analysis

A canonical discriminant analysis (CDA) was performed to
test multivariate differences among swimming maneuvers and to
identify which anal fin kinematic variables were most useful for
discriminating among swimming maneuvers (using JMP version
10; SAS Institute, Carey, NC, USA). Given a set of independent vari-
ables, discriminant analysis attempts to find linear combinations
of those variables that best separate the groups of cases. CDA finds
linear combinations of discriminating variables that maximize the
differences among groups and minimize the differences within the
groups (Dangles et al., 2005). For this analysis all anal fin kinemat-
ics except fin ray curvature were used. Fin ray curvature was not
included in the analysis because data were collected from only two
individuals. The Wilks’ lambda test was used to determine if the
differences explained by the discriminant variables were signifi-
cant.

A two-way mixed-model ANOVA (using Systat v12; Systat Soft-
ware, Inc.,San Jose, CA, USA) was used to test globally for differences
among individuals and behaviors (Table 1). Differences among
maneuvers for each kinematic variable were determined using post
hoc Student’s t-tests.

3. Results
3.1. Anatomy of the ghost knifefish anal fin

The black ghost knifefish has a laterally compressed body with
a deep profile that tapers in a blade-like fashion ventrally. Ghost
knifefish retains a reduced caudal fin and paired pectoral fins; how-
ever, the anal fin is the most prominent fin on the body. It extends
from the anteriorly located anus to the caudal fin, covering nearly
three-quarters of the body length ventrally, and is composed of
approximately 150 individual fin rays (varying from 140 to 160 in
differentindividuals; Albert,2001). Dorsal and pelvic fins are absent
in ghost knifefish.

Micro CT imaging and cleared and stained specimens of knife-
fish revealed two notable skeletal features: extensive formation
of intramuscular bones and a large modified haemal spine that
projects anteriorly ventral to the body cavity (Fig. 2A and B). The
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Table 1

Kinematic data for four swimming behaviors of ghost knifefish, Apteronotus albifrons, and analysis of statistical differences among the four behaviors. See text for definitions
of variables and how each variable was measured. Values are overall means for each trial &+ s.e. (standard error). Different letters indicate significant differences among

maneuvers (see Section 2.6 for details of statistical analyses).

Variable Backward Forward Heave Hover

Wave frequency (Hz)? 5.19 + 0.298¢ 6.74 + 0.73% 6.33 & 0.457B 4.38 + 0.34¢
Whole fin amplitude (cm)? 1.04 + 0.047 1.12 + 0.09° 0.87 + 0.038 0.87 + 0.048
Anterior fin amplitude (cm)? 0.95 + 0.05% 0.95 + 0.054 0.92 + 0.03A 0.94 + 0.054
Posterior fin amplitude (cm)? 1.16 + 0.05B 1.38 + 0.07A 0.86 & 0.0¢ 0.82 + 0.03¢
Ratio of anterior/posterior amplitude? 0.86 + 0.04° 0.70 + 0.0¢ 1.17 + 0.07A 1.17 + 0.06*
Wavelength (cm)? 3.03 + 0.072 2.64 + 0.18B 2.68 + 0.098 2.50 + 0.118
Anterior wavelength (cm) 3.21 + 0.072 2.7 +0.128 2.8 + 0.098 2.65 + 0.138
Posterior wavelength (cm) 2.9 + 0.098 3.3 + 0.14% 2.6 + 0.0¢ 2.45 + 0.12€
Ratio of anterior/posterior wavelength 1.13+£0.034 0.83 + 0.028 1.14 4+ 0.05% 1.13 £ 0.05*
Distal fin ray curvature (cm~1)° 1.75 + 0.15% 1.43 + 0.154 0.82 + 0.108 1.74 + 0.14*
Basal fin ray curvature (cm=1)P 1.51 £ 0.16A8 1.59 + 0.154 1.85 + 0.27A 1.10 + 0.108
Fish horizontal velocity (cm x s=1)? 5.45 + 0.30% -9.78 + 1.06¢ 0.39 + 0.198 -0.45 + 0.17B<
Fish vertical velocity (cm x s~1)? -1.22 + 0.22P 1.50 + 0.218 3.11 £ 0334 0.08 + 0.32¢
Number of waves! 3.10 £ 0.0€ 3.38 + 0.128 3.88 + 0.08* 3.81 +0.12A

3 n=3 individuals; 4 trials; each mean calculated from between 7 and 94 observations.
b n=2 individuals; 4 trials; each mean calculated from between 7 and 94 observations.
¢ Forward motions along the x-axis are negative due to the anterior end of the fish facing left in all behaviors.

presence of so many intramuscular bones, formed from calcifica-
tions within the myosepta, may reflect a relatively high passive
stiffness of the knifefish body.

The anal fin of the ghost knifefish is composed of fin rays, or
lepidotrichia, enclosed within a thin fin membrane. As in other
teleost fishes, each fin ray consists of two hemitrichs which have
the ability to slide relative to each other like the halves of a bilami-
nar strip. Each hemitrich is further segmented into numerous small
bony segments connected by collagen fibers. Anal fin rays either do
not branch or only branch once near the distal end (Fig. 2C and D).

Muscles associated with the movement of the anal fin rays, from
deep to superficial, include the mm. erectores anales, mm. depres-
sores anales, and the mm. inclinatores anales (Fig. 2E; following
the terminology of Winterbottom (1974) for ray-finned fish fin
muscles). The mm. erectores anales and mm. depressores anales
originate from the lateral faces of the basal pterygiophores of the
anal fin and insert onto the anterior and posterior aspects of the fin
ray base, respectively. The mm. inclinatores anales originate below
the hypaxial body musculature and insert laterally on the proximal
aspect of the fin ray.

3.2. Overview of whole fin kinematics

A. albifrons swims in different directions by passing undulatory
waves along the anal fin from anterior to posterior, posterior to
anterior, or in both directions simultaneously as inward-oriented
counter-propagating waves. The supplementary video in the online
Appendix provides a visual sense of the free and unconstrained
swimming in this species where rapid changes in locomotor behav-
iors among forward, backward, hover, and heave locomotion occur
frequently. To swim backwards, waves were predominantly gen-
erated from the posterior end of the fish and traveled anteriorly
along the anal fin (Fig. 3A). During forward locomotion, waves were
generated anteriorly and traveled posteriorly down the anal fin
(Fig. 3B). In both heave and hover sequences, waves were gener-
ated at both the posterior and anterior ends of the fin and traveled
inwards, ultimately colliding with one another (Fig. 3C and D). Dur-
ing these maneuvers, collisions (n=8) always occurred between
0.25 and 0.75 of total anal fin length (AFL) with the anterior-
most part of the anal fin defined as zero and the posterior end
as 1. In a collision, the wave with a smaller amplitude and wave-
length was absorbed by the larger wave, often resulting in a wave
with a smaller amplitude but larger wavelength. Collisions also
occurred in forward and backward maneuvers, with the collision
always occurring at the opposite end of the anal fin to where the

predominant waves were generated; in backward maneuvers, col-
lisions (n=2) occurred between 0.17 and 0.33 AFL, while in forward
maneuvers (n=3), they occurred between 0.76 and 0.91 AFL.

Table 1 provides mean values for variables measured from the
anal fin, standard errors for those means, and a statistical compari-
son of differences among the different swimming behaviors. During
unconstrained maneuvering locomotion, ghost knifefish swam for-
ward at nearly twice the mean velocity of backwards swimming
(Table 1). Backwards swimming was correlated with a slight down-
ward motion of the body, whereas forwards swimming resulted
in a similar upward body movement (Table 1). These correlated
vertical movements occurred despite our deliberate selection of
sequences that were as horizontal as possible. Posterior fin ampli-
tude was significantly smaller in heave and hover behaviors than in
backward and forward swimming (Table 1). Wavelength, especially
anterior fin wavelength, was greatest in backwards swimming
as compared to all other behaviors, whereas the ratio of ante-
rior wavelength to posterior wavelength was lowest for forward
swimming (Table 1).

The number of waves on the anal fin was significantly greater
in both hovering and heave behaviors, compared to forward and
backward locomotion (Table 1). Forward motion had a significantly
greater number of anal fin waves than backward locomotion, and
backward motion had a significantly longer overall wavelength;
this was primarily due to the longer wave on the anterior region of
the fin (Table 1).

The position of maximum amplitude and wavelength of the
propagating wave along the anal fin was found to vary by swim-
ming behavior. Backward and forward behaviors both exhibited the
majority of their maximum amplitudes and wavelengths along the
mid-section of the anal fin (approximately 0.33-0.67 AFL) (Fig. 4A
and B). During backward swimming (Fig. 4A), 37% of the waves with
maximum amplitude and 21% of waves with maximum wavelength
occurred along the anterior half of the anal fin. In contrast, dur-
ing forward swimming (Fig. 4B), 40% of the waves with maximum
amplitude and 17% of waves with maximum wavelength occurred
along the posterior half of the anal fin. Maximum amplitude and
maximum wavelength were not coupled during a heave behavior,
where the majority of waves with maximum amplitude occurred
in the anterior half of the anal fin and the majority of waves with
maximum wavelength occurred in the posterior half of the anal fin.
While hovering, the majority of waves with maximum amplitude
(88%) occurred in the anterior half of the anal fin and the major-
ity of waves with maximum wavelength (65%) occurred across the
mid-section of the anal fin.
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Fig. 2. Anatomy of ghost knifefish, Apteronotus albifrons. (A) Computed microtomography (micro CT) scan of a ghost knifefish specimen. (B) Cleared and stained specimen.
(C) Close-up of the micro CT scan of knifefish, corresponding to the yellow box inset in (A). (D) Close-up of the cleared and stained specimen corresponding to the green inset
in (B). (E) Superficial musculature of knifefish. Abbreviations: ep, epaxial muscle; h, hemal spine; hyp, hypaxial muscle; im, intramuscular bones; inc, inclinator muscles; pt,

pterygiophore; r, anal fin rays.

Fig. 5 shows close-up views of individual fin rays at various
locations along the length of the anal fin to demonstrate the consid-
erable complexity of localized deformation that is achieved due to
the numerous fin rays. In addition to the wave-like motion of the
anal fin with broad peaks and valleys (Fig. 4), curvature and rel-
ative motion of fin rays can generate peaked configurations with
relatively sharp crests as well as fin ray curling and curvature into
oncoming flow (Fig. 5).

3.3. Finray curvature

Curvature of four adjacent fin rays located in the middle of the
anal fin measured during a complete wave cycle showed that the
greatest curvature occurred at the distal end of the fin rays (Fig. 6).
Backward and forward swimming had similar patterns of fin ray
curvature, with each peak in proximal curvature being preceded
by a peak in distal curvature (Fig. 6A and B). Forward swimming

resulted in the greatest maximum distal fin ray curvature (Fig. 6B;
4.5cm™'), but mean fin ray curvatures were not significantly dif-
ferent for forward and backward locomotion (Table 1). Heave and
hover behaviors resulted in similar magnitude curvature of the dis-
tal part of the fin ray (Fig. 6C and D; approximately 3.5 cm~!). Heave
behavior resulted in a significantly lower distal fin ray curvature
when compared to all other behaviors (Table 1). In hover behavior
the basal fin ray curvature was significantly smaller than for heave
and forward swimming but similar to that in backward locomotion
(Table 1).

Maximum curvature of the four fin rays occurred at different
times within a wave period during each behavior (Fig. 7). For most
sequences, forward swimming had the greatest curvature for the
longest amount of time for all four fin rays within a wave period.
Greatest curvature of the fin rays occurred at 25% of the wave period
during heave behaviors and at 100% of the period during hover
behaviors.
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Fig. 3. Sinusoidal wave-like patterns of the anal fin during the knifefish’s four swimming behaviors studied here: (A) backward swimming; (B) forward locomotion; (C) heave
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for fin waveforms are given in Table 1.

Analysis of the curvature of a single fin ray during forward swim-
ming (Fig. 8), obtained from six digitized points of one ray at 1 ms
time intervals, illustrated that movement and curvature of this fin
ray was initiated at the base of the ray and was trailed by the distal
end, creating what resembles an S-wave. Such an S-wave is very
pronounced at time 3, and two-dimensional outlines are projected
onto the appropriate planes of the fin ray shape at this time (Fig. 8,
lines 3a-c). Between time 3 and time 4 the distal end of the fin ray
maintains a convex forward conformation even though it is moving
in this direction, indicating that the fin ray is maintaining a concave
curvature into the flow.

3.4. Multivariate statistical comparison among the four
swimming behaviors

The first two discriminant functions of the canonical dis-
criminant analysis had the greatest discriminating power, 98.9%
(Table 2 and Fig. 9). These first two functions provided significant

discrimination among groups (P<0.0001), but the third discrim-
inant function was not significant (Table 2). Anterior amplitude,
posterior wavelength, whole-fin wavelength, ratio of anterior
wavelength to posterior wavelength, wave frequency, and hori-
zontal velocity were positively correlated with the first axis while
the anterior wavelength, posterior amplitude, and ratio of ante-
rior amplitude to posterior amplitude were negatively correlated.
Wave number and vertical fish velocity were positively correlated
with the second axis and the whole-fin amplitude was negatively
correlated.

4. Discussion
4.1. Ghost knifefish fin kinematics
Ghost knifefish exhibit an extensive repertoire of locomotory

modes, especially considering that the diversity of swimming
behaviors is accomplished by modulating the undulation of a single
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Fig. 4. Representative anal fin waveforms during one period of each swimming behavior: (A) backward swimming; (B) forward locomotion; (C) heave or upward motion;
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given in Table 1.

fin. In addition to changing the direction of the undulatory wave
to initiate forward or backward swimming, increasing the wave-
length of the undulatory wave, particularly at the anterior end of
the fin, was an important component of backward swimming. Also,
changes in amplitude of fin undulations distinguished horizontal
swimming from heave and hover behaviors (Table 1 and Fig. 9). It
is worth noting that the body was held relatively stiff during back-
ward and hover behaviors, while in forward and heave behaviors,
the body did bend and may play a more active role in propulsion. As
shown in Fig. 3, knifefish have the ability to change the direction,
amplitude, number of waves, wavelength, and frequency of waves
along their anal fin, and this kinematic flexibility is used to execute
a diversity of locomotor behaviors and to transition rapidly among
behaviors (see video in the online Appendix). Ghost knifefish also

use their pectoral fins during free-swimming maneuvering, but
the function of these fins and their possible role in contributing
to motion of the body was not investigated here.

Fin ray curvature also varied by behavior: curvature was sim-
ilar in magnitude along the length of the fin rays for forward and
backward swimming, but greater at the proximal ends of the fin
rays for heave behavior and at the distal end of the fin rays for
hover behavior. Curvature of the fin ray is produced at the base by
the inclinator muscles (Fig. 2), contraction of which causes the two
hemitrichs of the fin ray to slide relative to each other, thus bending
the whole fin ray (Alben et al., 2007; Lauder et al., 2011). Produc-
tion of an “S”-shaped curve along an individual fin ray (Fig. 8; lines
3 and 4) requires differential activation of the left- and right-side
inclinator muscles to bend the ray along its length. The location of
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Fig. 5. Selected frames from 1000 fps high-speed video images of the ghost knifefish anal fin to show the diversity of fin ray conformations and bending patterns during
free-swimming locomotor behaviors. Individual fin rays along the length of the anal fin are clearly visible. The anal fin, due to the numerous fin rays, may curve into complex
shapes that include localized regions with (A) sharp and (B) shallow peaked configurations, (C) gently curved areas with (D) fin rays curling into the flow at the distal ends,

and (E) intricate double-peaked profiles.

maximum curvature along the length of a fin ray can be manipu-
lated by shifting the position of one hemitrich relative to the other
before initiating bending (Alben et al., 2007; Lauder et al.,, 2011).
Co-activation of the inclinator muscles, or use of the erector or
depressor muscles, may help to stiffen the fin rays (Flammang and
Lauder, 2008, 2009; Flammang et al., 2013) or alter the location
of maximum curvature along the length of the ray (Geerlink and
Videler, 1986).

The overall shape taken by fin rays during swimming is a result
of the interplay between active forces generated by the inclinator
musculature and the force on the fin that results from fluid load-
ing. A purely passive fin and fin ray would be bent away from the
direction of fluid motion, and would thus take a convex shape. But
the ability to differentially move the two hemitrichs in each fin ray
using the inclinator muscles allows teleost fin rays to oppose forces
imposed by fluid loading. Such fin behaviors have been previously
demonstrated for bluegill sunfish (Lauder and Madden, 2007), and
now for the ghost knifefish anal fin where fin rays can be seen curv-
ing into the direction of motion and taking a concave shape (e.g.,
Fig. 8).

The results presented in Table 1 indicate that forward behaviors
were best defined by a large posterior wavelength and large pos-
terior amplitude while backward behaviors were best defined by a

large anterior wavelength. The anterior fin amplitude data did not
show a significant difference among different behaviors. Heave and
hover behaviors offered an interesting contrast, although they were
generally defined by similar kinematic variables (wave frequency,
anterior amplitude, whole fin amplitude, and posterior wave-
length): for each variable in this contrast, the mean values for heave
were slightly greater than hover. These data suggest that hovering
is the equivalent of a weakly executed heave motion with lower
vertical force generation balanced by the weight of the fish body in
water.

Curet et al. (2011a,b) investigated the counter propagating
waves of the anal fin in A. albifrons, specifically those that occur
during hover and heave behaviors, and analyzed the heave behav-
ior in a robotic model of a knifefish anal fin. This style of ribbon fin
movement has been termed “inward counter-propagating waves”
and involves a series of traveling waves from the head to the tail,
simultaneous with a series of traveling waves moving from tail
to head. Our data are in concordance with their findings, and we
also show that counter-propagating waves that collide along the
fin length are present in forward and backward locomotor behav-
iors (Fig. 3). Such counter-propagating waves may act to control
body position and also to produce behavioral combinations such
as both forward and heave motions together, allowing the fish to
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Fig. 6. Mean fin ray curvature of four adjacent fin rays during a complete wave cycle of the anal fin during four behaviors: (A) backward swimming; (B) forward locomotion;
(C) heave or upward motion; (D) hovering. The black line represents the mean curvature of the entire fin ray, the blue line represents the mean curvature of the three most
proximal points of the fin rays, and the green line represents the mean curvature of the three most distal points of the fin rays (see Section 2.5 for details of the measurement

protocol). Statistics for fin ray curvature are given in Table 1.

move obliquely. In addition, Sefati et al. (2013), working with the
glass knifefish, Eigenmannia virescens, recently demonstrated that
for horizontal motion, colliding waves generate mutually opposing
forces that simplify the control of body position. They showed that
the use of counter-propagating waves increases the ability of the
fish to stabilize the body, and to quickly initiate changes in body
position.

4.2. Comparison of undulatory fin function among fishes

The ability of the ribbon-like anal fin in ghost knifefish to gen-
erate kinematic patterns that enhance body position control and
also produce rapid changes in locomotor behavior is likely to be
of particular importance for the free-swimming behaviors studied
here. During free swimming, in contrast to controlled locomotion
in a flow tank or tube, ghost knifefish rapidly transition among
behaviors and explore the nearby environment using their elec-
tric sense to gather information on their immediate surroundings.
As can be seen in the video in the online Appendix, free-swimming
locomotion involves short-duration bursts of movement in the for-
ward, backward, and heave directions, occasionally interrupted by
momentary hovering events where body position changes mini-
mally.

As a result of the dynamic nature of free swimming, we mea-
sure overall body velocities that are rarely seen in studies of
steady rectilinear swimming in a flow tank where increased speeds

are imposed on the fish and opportunities to avoid the flow are
limited. For example, in this study we recorded mean forward and
backward body velocities of about 10cms~! and 5cm s, respec-
tively (Table 1), compared to maximal tested swimming speeds
of over 30cms~! in studies of forward swimming in a flow tank
(Ruiz-Torres et al., 2013). Our free-swimming forward speeds do
correspond to the lower range of swimming speeds studied in
Ruiz-Torres et al. (2013) who also report amplitude envelopes of
fin motion and fin frequencies for these movements. Wavelengths
of 2.5cm recorded here for hovering are nearly equal to values
from Ruiz-Torres et al. (2013), while the wavelengths during free-
forward swimming are smaller than those reported for flow tank
locomotion. However, our wavelengths for the posterior portion of
the fin (Table 1) match well with the whole-fin values reported for
forward locomotion at slower speeds.

Clades other than knifefishes within ray-finned fishes use
fin undulations for propulsion and maneuvering (Blake, 1980;
Jagnandan and Sanford, 2013); recent work by Jagnandan and
Sanford (2013) reviewed the convergent evolution of ribbon-
shaped fins in fishes: locomotion using elongate ribbon fins is found
in a number of divergent phylogenetic clades. For example, bowfin
(Amia calva) possess a long dorsal fin that allows locomotion using
minimal body undulations at lower speeds, and Jagnandan and
Sanford (2013) quantified the wavelengths on the anterior and
posterior regions of this fin during forward swimming as well as
wave speed and frequency of undulation in a similar manner to our
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Fig. 7. Curvature of individual fin rays. Fin rays are plotted on the x-axis with ray 1 being the most anterior along the fin; rays 2-4 are located posteriorly in order. These four
fin rays were located in the middle of the anal fin. Each graph represents a single period of time during the sequence. Statistics for fin ray curvatures are given in Table 1.

methods here. Ghost knifefish used much higher fin frequencies
(4-6Hz; Table 1) than did bowfin (2-3 Hz) and this may be due in
part to the larger body size of the bowfin which averaged 30cm
long, and to increased use of body undulatory motion by bowfin as
swimming speed increases.

4.3. Comparison of fin ray curvatures among fishes

In addition to measuring the canonical locomotor parame-
ters that characterize undulatory bodies or fins such as wave

amplitude, frequency, and wavelength, it is important to quan-
tify details of how individual fin rays within the fin are moving.
Since it is the fin surface that interacts with the water to gener-
ate locomotor forces, determining the shape of that fin surface is
an important component of understanding fin-based locomotion.
With approximately 150 fin rays in the ghost knifefish anal fin,
it is not possible to measure the motion of all fin rays. A camera
view that provides a view of the whole fin is not able to visualize
individual fin rays and show ray conformation during swimming
(Figs. 5 and 8), and so we concentrated on four fin rays in the middle
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Fig. 8. Three-dimensional plot of the motion of one individual fin ray, located in
the middle of the anal fin, during forward swimming at six time steps (progressing
from 1 to 6), 1 ms apart. The fin ray at time 3 (yellow) is projected onto the XZ, ZY,
and XY planes (3a, 3b, and 3c, black lines with yellow nodes) to illustrate the three-
dimensional nature of fin ray curvature. The base of the ray is located at the upper
left where the colored lines converge. Note that portions of the fin ray are convexly
curved in the direction of motion, indicating active control of fin ray curvature. Units
on each axis are millimeters.

of the anal fin (Fig. 1C and D) as a focal group of fin rays to study in
detail.

Ourresults demonstrate that ghost knifefish are actively curving
their fin rays. This was found to be the case in all of the fish studied
and in each behavior analyzed. Fig. 8 demonstrates the sequence of
one fin ray through time. Starting from t =1, it is clear that the fish is
actively curving the basal portion of its fin ray against the water and
the distal end of the fin ray follows, passively curving in the opposite
direction of the basal end as a result of the force from the water
acting on the fin. The resulting fin ray shape resembles an “S”. This
helps explain our results presented in Fig. 6 in which both the basal
curvature and the distal curvature values at any point in time are
greater than the entire fin ray curvature values. The curvature of the
entire fin ray, although an accurate measurement of the curvature
between three points, measures the fin ray as though itis an arc and
not an S-wave. Hence, the values of curvature for the entire fin ray
should be less than for the basal or distal curvature values alone, if
at the time of measurement the fin ray resembles an S-wave. The
significance of fin ray curvature for hydrodynamic function of the
fin has yet to be studied in detail, but the effect produced when
individual fin rays curve into oncoming flow is to cause the entire
fin surface to bend into the flow. Lauder and Madden (2007) show
an image of the pectoral fin from a bluegill sunfish with the fin
surface curved into the flow during a turning maneuver. Based on
manipulations of robotic fish fins which allow fin stiffening and
curvature parameters to be altered and forces measured, changing
fin stiffness and hence fin ray curvature can enhance locomotor

Table 2
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Fig. 9. Canonical discriminant analysis of the four swimming behaviors in ghost
knifefish based on anal fin kinematics. See Section 2.6 for further discussion of this
analysis. The size of each circle corresponds to a 95% confidence limit for the mean
for each behavior which is indicated by the black cross. Vectors indicate the direc-
tion and magnitude of the loading of each variable in the discriminant space. Each
vector is labeled with the corresponding variable (Table 1). Table 2 provides the sta-
tistical analysis of the data presented here. Abbreviations: A, amplitude of motion,
v, velocity; A, wavelength.

forces, and when the fin is “cupped” or curved into the flow, thrust
can be increased (Tangorra et al., 2010; Esposito et al., 2012).

Fin rays show different curvatures from base to tip and different
positions relative to their base throughout a sequence of move-
ment. Curvature values even between adjacent fin rays can be quite
different. A clear example of this can be seen in Fig. 7; rays 1, 2, 3
and 4 all display different curvatures, suggesting that they have
some level of independence from one another despite being con-
nected by a flexible membrane. As the present study only looked
at the curvature of four of the 150 fin rays of the anal fin, further
data collection is required to determine if the fin rays of the entire
fin also exhibit some level of independence from one another.

The values for maximal fin ray curvature presented in this paper
are substantially higher than previously measured literature values
(Table 3). The values obtained were more than twice the value of
previously known maximum curvature values found in the pectoral
fins of the sculpin, Myoxocephalus octodecimspinosus (Taft et al.,
2008), and more than 10 times the values seen in free-swimming
bluegill sunfish. Ghost knifefish maximal fin ray curvatures during
free swimming were even greater than fin ray curvatures reported
for the escape response of bluegill sunfish (Chadwell et al., 2012),
and more than double the fin ray curvatures produced by deforma-
tion of pectoral fin rays as a result of experiments in which vortex
rings were aimed at pectoral fins of bluegill sunfish (Flammang
et al., 2013). These large fin ray curvatures in ghost knifefish may
be a function of (i) fin ray mechanical design that differs in this
species from those studied previously and allows greater bending,
(ii) greater actuation or relative muscle mass of inclinator muscu-
lature that produces fin ray bending, or (iii) some combination of
the above. Regardless of the cause, the ability of ghost knifefish to
bend their anal fin rays to a much greater extent than previously

Results for the three discriminant functions of the discriminant canonical analyses of locomotor behaviors. The first two discriminating functions are presented in graphical

form in Fig. 9.

Discriminant function Eigenvalue Cumulative percent Canonical correlation Wilks’ Lambda Probability
1 49.7 92.5 0.99 0.003 <0.0001

2 34 98.9 0.88 0.141 <0.0001

3 0.59 100 0.61 0.627 0.21
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Table 3
Comparative fin ray curvature data from the present paper and the literature for ray-finned fish fins used during locomotion.
Fish (species) Fin Maximum curvature (mm-~1) Source
Black ghost knifefish (Apteronotus albifrons) Anal 0.78 Present paper
Bluegill sunfish (Lepomis macrochirus) Anal 0.08 Standen and Lauder (2005)
Dorsal 0.09 Standen and Lauder (2005)
Pectoral 0.30 Flammang et al. (2013)
(c-start) Dorsal 0.28 Chadwell et al. (2012)
(c-start) Anal 0.25 Chadwell et al. (2012)
Longhorn sculpin (Myoxocephalus octodecimspinosus) Pectoral 0.45 Taft et al. (2008)

reported for other species suggests that further investigation of the
effects of bending on locomotor performance is warranted.
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