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Fishes can use axial muscles as anchors or motors for powerful
suction feeding
Ariel L. Camp1,2,*, Aaron M. Olsen2, L. Patricia Hernandez3 and Elizabeth L. Brainerd2

ABSTRACT
Some fishes rely on large regions of the dorsal (epaxial) and ventral
(hypaxial) body muscles to power suction feeding. Epaxial and
hypaxial muscles are known to act as motors, powering rapid mouth
expansion by shortening to elevate the neurocranium and retract the
pectoral girdle, respectively. However, some species, like catfishes,
use little cranial elevation. Are these fishes instead using the epaxial
muscles to forcefully anchor the head, and if so, are they limited to
lower-power strikes? We used X-ray imaging to measure epaxial and
hypaxial length dynamics (fluoromicrometry) and associated skeletal
motions (XROMM) during 24 suction feeding strikes from three
channel catfish (Ictalurus punctatus). We also estimated the power
required for suction feeding from oral pressure and dynamic endocast
volume measurements. Cranial elevation relative to the body was
small (<5 deg) and the epaxial muscles did not shorten during peak
expansion power. In contrast, the hypaxial muscles consistently
shortened by 4–8% to rotate the pectoral girdle 6–11 deg relative to
the body. Despite only the hypaxial muscles generating power,
catfish strikes were similar in power to those of other species, such as
largemouth bass (Micropterus salmoides), that use epaxial and
hypaxial muscles to power mouth expansion. These results show that
the epaxial muscles are not used as motors in catfish, but suggest
they position and stabilize the cranium while the hypaxial muscles
power mouth expansion ventrally. Thus, axial muscles can serve
fundamentally different mechanical roles in generating and
controlling cranial motion during suction feeding in fishes.

KEY WORDS: Hypaxial, Epaxial, Craniovertebral, Pectoral girdle,
XROMM

INTRODUCTION
In ray-finned fishes the postcranial bones and muscles are an
important part of the feeding apparatus. In most species the bones
and muscles of the vertebral column and pectoral girdle attach
directly to the head, forming dorsal (cranio-vertebral) and ventral
(hyo-pectoral) interfaces between the head and body (Camp, 2019;
Day et al., 2015; Liem, 1980; Muller, 1987; Tchernavin, 1948).

These anatomical connections allow the body muscles to contribute
to cranial motions, such as expanding the mouth cavity during
suction feeding (Fig. 1). Suction feeding is the most common
feeding mode in fishes, and relies on rapid mouth expansion to
increase volume and decrease pressure inside the mouth cavity,
generating high-velocity fluid flows that accelerate entrained food
items into the mouth (Ferry-Graham and Lauder, 2001; Jacobs and
Holzman, 2018). Both postcranial interfaces can act on the cranial
linkage system of the skull to increase the volume of the mouth
cavity (Aerts et al., 1987; Alexander, 1970; Camp et al., 2015;
Carroll and Wainwright, 2006; Muller, 1987). Dorsally, the epaxial
muscles can act through the cranio-vertebral interface to dorsally
rotate (elevate) the neurocranium relative to the vertebral column
(Fig. 1C). These are the only muscles that cross the craniovertebral
joint and can generate cranial elevation. Ventrally, the hypaxial
muscles can act through the hyo-pectoral interface to retract the
pectoral girdle (Fig. 1D), which in turn depresses and retracts the
hyoid apparatus and lower jaw (Van Wassenbergh et al., 2005b).
Ventral expansion can also be generated by the sternohyoideus
muscle (Fig. 1A) shortening to retract the hyoid apparatus relative to
the pectoral girdle. The mouth cavity can also expand laterally
through the abduction of bony elements to increase the width of the
mouth cavity. Lateral expansion can be generated by direct muscle
action, as well as motion transmitted through bony linkages from the
dorsal and ventral expansionmodules (Liem, 1980;Muller, 1989). The
dorsal and ventral expansion modules may function independently,
or their motions may be coupled as they are connected to each
other through the cranial linkage system (Muller, 1987).

The hypaxial and epaxial muscles can contribute substantially to
expanding the mouth cavity (buccal and opercular cavities) during
suction feeding. The power for this mouth expansion is generated by
muscles actively producing force and positive (shortening) velocity,
as power is the product of force and velocity. The axial muscles have
the appropriate anatomy to generate mouth expansion motions, as
described above, and are active during suction feeding in many
species (Grubich, 2001). Recent studies of largemouth bass,
Micropterus salmoides (Camp and Brainerd, 2014), and bluegill
sunfish, Lepomis macrochirus (Camp et al., 2018), have shown that
large regions of hypaxial and epaxial muscles shorten during
suction feeding, and therefore generate power for mouth expansion.
Moreover, these axial muscles generated at least 90% of the power
required for high-performance suction feeding strikes in these
species (Camp et al., 2015, 2018). It is reasonable to expect that
fishes with similar feeding behaviors and kinematics – including
cranial elevation and pectoral girdle retraction – also use both
epaxial and hypaxial muscles as motors to power suction feeding.
However, not all fishes both elevate the head and retract the pectoral
girdle during suction feeding (Alexander, 1970; Van Wassenbergh
et al., 2009).

Clariid catfishes are one example of suction feeding fishes where
cranial elevation may be minimal or absent (Van WassenberghReceived 27 April 2020; Accepted 16 July 2020
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et al., 2009), and epaxial muscles are therefore unlikely to generate
power for suction feeding. Previous studies have observed variable
cranial elevation – from minor depression to 25 deg elevation – in
clariid catfishes during suction feeding (Van Wassenbergh et al.,
2004, 2009). The sternohyoideus lengthened during suction feeding
in two species (and therefore could not contribute substantial
power), and only shortened during the first half of mouth expansion
in a third species (Van Wassenbergh et al., 2007b). But pectoral
girdle retraction was consistent and substantial, leading to the
conclusion that the hypaxial muscles provided most of the power for
mouth expansion (Van Wassenbergh et al., 2005b; Van
Wassenbergh et al., 2007b). This suggests that, unlike bass and
sunfish, clariid catfishes are using primarily the hypaxial muscles,
and not the epaxial muscles, to power mouth expansion.
Instead, the epaxial muscles and cranio-vertebral interface in

clariid catfishes may act as an anchor to control the position of the
head and stabilize the dorsal ‘roof’ of the mouth. Anchoring the
neurocranium during suction feeding could provide a stable
attachment site for cranial muscles and also resist the sub-ambient
pressures in the expanding mouth cavity (Camp, 2019). Otherwise, if
the neurocranium were free to move, the sub-ambient pressure
resulting from ventral expansion would pull the neurocranium
towards the center of the mouth cavity, resulting in the whole head
rotating ventrally rather than expanding (Carroll et al., 2004; Muller,
1987). In functioning as an anchor to maintain the position of the
head, the cranio-vertebral interface may still undergo motion (e.g. to
move the mouth into an optimal position over the food) even though
the expaxial muscles are not powering mouth expansion. Indeed,
these ‘anchor’ and ‘motor’ functions represent extrema of a
functional continuum proposed for the postcranial interfaces during
feeding (Camp, 2019). In reality, the cranio-vertebral interface may

combine anchor and motor functions throughout feeding, and
measurements of joint and muscle motion are needed to determine
its role. However, epaxial muscle length and neurocranium motion
have not beenmeasured in clariid catfish to test this. Anchor functions
of the cranio-vertebral interface have been difficult to confirm in
fishes because it requires measuring dorsal and ventral expansion
independently of each other (i.e. relative to the body), and measuring
length changes across the large axial muscles.

If some fishes are using the epaxial muscles and cranio-vertebral
interface as anchors during suction feeding, can they still generate
powerful mouth expansion? Mouth expansion has been estimated to
require substantial power – to a maximum of 300–400 W kg−1 in
bluegill sunfish (Camp et al., 2018) – and all else being equal,
greater muscle masses can generate more power. Therefore, the
massive, fast-fibered epaxial muscles have the potential to generate
substantial power for suction feeding. But without cranial elevation
and muscle shortening, the epaxial muscles cannot generate positive
power. Are fish like the clariid catfishes then limited to less-
powerful suction feeding strikes, compared with species like
largemouth bass and bluegill sunfish that use both axial muscles
to power suction feeding?

This study used channel catfish (Ictalurus punctatus, family
Ictaluridae) to test the hypotheses that (1) the epaxial muscles and
cranio-vertebral interface position and stabilize the cranial linkage
dorsally during suction feeding, while the hypaxial muscles power
mouth expansion ventrally and that (2) as a result, catfish are limited
to less-powerful suction feeding strikes than largemouth bass and
bluegill sunfish. Like clariid catfishes, I. punctatus has a
dorsoventrally compressed head and uses ventral expansion,
including hypaxial muscle-powered pectoral girdle retraction,
during suction feeding (Olsen et al., 2019). We used X-ray
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Fig. 1. Body shape and anatomy of the feeding apparatus of channel catfish Ictalurus punctatus. (A) Lateral view of the neurocranium and Weberian
apparatus, pectoral girdle, left-side bones and muscles of the cranial expansion system, and the cranial half of the axial muscles and vertebral column. Note that
the white portions of the levator arcus palatini and dilator operculi show the tendinous portions of these muscles. (B) Whole-body shape of the channel catfish
compared with previously studied species: bluegill sunfish (Lepomis macrochirus) and largemouth bass (Micropterus salmoides). (C) Dorsal and (D) ventral
expansion modules, which could be used to increase the volume of the mouth during suction feeding. These also illustrate the dorsal, cranio-vertebral
interface between the head and the body, and the ventral, hyo-pectoral interface.
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reconstruction of moving morphology (XROMM) (Brainerd et al.,
2010) to measure cranial elevation and pectoral girdle retraction
independently and relative to the body, and fluoromicrometry
(Camp et al., 2016) to measure length changes throughout the
epaxial and hypaxial muscles. The raw data for these XROMM
animations and fluoromicrometry come from an existing dataset of
X-ray videos, intra-oral pressure and digital bone models (Olsen
et al., 2019). Additionally, we estimated mouth expansion power
from measurements of the rate of mouth volume change from the
XROMM animations (using a dynamic endocast) and intra-oral
pressure measurements. With these data, we determined the role of
the epaxial muscles and cranio-vertebral interface during suction
feeding and how this impacts the fish’s ability to generate powerful
strikes. Examining the diversity of axial muscle functions during
suction feeding will provide a better understanding of the evolution
and functional morphology of this feeding behavior, and how it has
been successfully employed across the spectacular morphological
diversity of ray-finned fishes.

MATERIALS AND METHODS
We used X-ray video and CT data from three channel catfish
(Ictalurus punctatus, Rafinesque 1818): Cat1 (individual 1;
standard length SL=32 cm), Cat2 (individual 2; SL=31 cm) and
Cat5 (individual 3; SL=38 cm), collected as part of a previous study
(Olsen et al., 2019). We summarize the methods briefly below, but a
full description of surgical procedures and X-ray video collection is
in Olsen et al. (2019). Catfish were obtained from Osage
Catfisheries, Inc. (Osage Beach, MO, USA) and maintained at
Brown University on a diet of sinking pellets and earthworms. All
experimental procedures were approved by the Brown University
Institutional Animal Care and Use Committee.

Marker implantation
Each fish was anesthetized with buffered tricaine methanesulfonate
and markers (0.5–0.8 mm diameter tantalum spheres) were
surgically implanted into the fish’s bones and muscles. The
neurocranium, urohyal and the left lower jaw, suspensorium,
operculum, ceratohyal, cleithrum and post-temporal bones were
marked, along with the epaxial and hypaxial muscles. Muscle
markers were implanted superficially and just to the left of the
midsagittal plane in the epaxial muscles (4 markers) and hypaxial
muscles (4–5 markers), and mid-belly in the sternohyoideus (2–3
markers). Three additional, deep epaxial markers were used with 3
superficial epaxial markers to define a body plane (Camp and
Brainerd, 2014). A cannula to hold the pressure probe was
implanted in the ethmo-frontal region of the neurocranium. All
fish recovered fully within 3 days, resuming aggressive feeding with
no signs of the implants causing distress or impeding normal
behavior.

Feeding trials
High-speed, biplanar X-ray videos were collected at 300 frames s−1

from each fish during suction feeding (Fig. 2A), as described in
Olsen et al. (2019). Intra-oral pressure was measured with a SPR-
407 Mikro-tip pressure probe (Millar Instruments, Houston, TX,
USA) inserted into the neurocranial cannula (Fig. 2B), recording at
1000 Hz with PowerLab and LabChart 7.2.2 (ADInstruments,
Colorado Springs, CO, USA). The pressure probe was calibrated
daily, and synchronization tests confirmed no offset between
pressure and video recording. Each fish was recorded capturing half
or whole live worms (>25 mm), dead squid pieces (up to 25 mm) or
sinking pellets (approximately 5 mm), and the trials with the
greatest sub-ambient pressure (almost exclusively worm trials)
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Fig. 2. Methods for measuring bone and muscle kinematics and
estimating mouth expansion power during suction feeding. All
measurements are from a sample strike from individual Cat5 and are shown
relative to their initial value prior to the strike, with time relative to the time of
peak gape. The gray bar shows the period of peak (within 25% of
maximum) mouth expansion power. (A) Biplanar X-ray videos (left lateral
view and dorsal view) with XROMM animated bone models (neurocranium
in red, cleithrum in blue, body plane in gray) superimposed. Dorsoventral
rotation of the neurocranium (red) and cleithrum (blue) was measured
relative to the body plane, with negative values indicating cranial
depression and cleithrum retraction. (B) Mouth (buccal and opercular)
volume was estimated from the animated skeleton using a dynamic
endocast (yellow), while pressure was recorded with an intra-oral
transducer (black). (C) Cranial muscle lengths (pale red cylinders) were
measured from virtual landmarks on animated bones, while axial muscle
lengths were measured from intramuscular markers with fluoromicrometry
(red spheres and cylinders). Sample muscle lengths are shown from
subregions of the epaxial muscles (red line and highlighted region) and
hypaxial muscles (blue line and highlighted region), with positive values
indicating lengthening and negative values indicating shortening.
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from each individual were selected for further analysis. Video,
pressure and calibration data are stored with their essential metadata
on the XMAPortal (http://xmaportal.org) in the study ‘Catfish
suction feeding’, with the permanent identifier BROWN61, in
accordance with best practices for video data management in
organismal biology (Brainerd et al., 2017).

Morphological data
Computed tomography (CT) scans of each fish were taken post-
mortem on a FIDEXCT Scanner (Animage, Pleasanton, CA, USA),
with 480×480 pixel resolution and 0.173 mm slice thickness. Right-
side muscles (levator arcus palatini, levator operculi, dilator
operculi, sternohyoideus, epaxial muscles, hypaxial muscles; see
Fig. 1) were dissected out and weighed. Epaxial and hypaxial
muscle mass included only the marked region of each muscle. On
the left side of the fish, the bony attachment sites of the cranial
muscles were exposed and the origin and insertion of three fibers
were marked before CT scanning (Camp et al., 2018). Polygonal
mesh models of each marked bone and all bone and muscle markers
were generated in Horos (v3.3.5; Horos Project; horosproject.org)
and edited in Geomagic 2013 (Research Triangle Park, NC, USA).

Pressure data
Intra-oral pressure recordings were exported from LabChart, and all
further analysis done with custom-written scripts in MATLAB
(R2019a; The Mathworks, Natick, MA, USA) following the
methods of Camp et al. (2018). Pressure data were filtered
(Butterworth, low-pass, 300 Hz cutoff ), converted from mV to
Pa, and re-calculated relative to the initial, ambient pressure prior to
the start of the strike. Therefore, negative pressure values indicate
sub-ambient intra-oral pressure (Fig. 2B).

XROMM animation
Undistortion transforms were generated, the X-ray videos were
calibrated, and markers tracked to calculate the 3D coordinates of
each bone and muscle marker using XMALab 1.5-1.5.2 (Knörlein
et al., 2016). Software and instructions are available at https://
bitbucket.org/xromm/xmalab. Marker tracking precision, measured
as the mean of the standard deviation of intraosseus markers,
averaged 0.08 mm across all bones. Bone marker coordinates were
combined with marker coordinates from the CT scan to calculate
and filter (Butterworth, low-pass, 40 Hz) the rigid body
transformations of each marked bone in XMALab. For the body
plane (Fig. 2A), rigid body transformations were calculated as
though it was a single, rigid object based on the 6 epaxial markers
(Camp and Brainerd, 2014). For the post-temporal and
suspensorium, the implanted markers were restricted to a small
portion of the bone and additional virtual landmarks were placed at
joints between these bones and the neurocranium and animated with
the neurocranium to more accurately calculate their rigid body
transformations. Where necessary, marker-based animation was
supplemented with scientific rotoscoping: manually aligning the
bone model to match both X-ray images (Gatesy et al., 2010). These
methods were used together to create a single skeletal animation for
each strike in Maya 2018 (Autodesk, San Rafael, CA, USA) using
custom-written MEL scripts (available at https://bitbucket.org/
xromm/xromm_mayatools).

Skeletal kinematics
Neurocranium and cleithrum motion were measured relative to the
body plane using joint coordinate systems (JCSs), as in Camp and
Brainerd (2014) and Camp et al. (2018). For the neurocranium, an

anatomical coordinate system (ACS) was created at the
craniovertebral joint with the x-axis midsagittal and running
rostro-caudally, the y-axis running dorsoventrally and the z-axis
orthogonal to both. The ACS was duplicated, with one ACS
attached to the neurocranium and one to the body plane, to create a
JCS measuring neurocranium motion relative to the body plane
(Fig. 3). For the cleithrum, the ACSs were aligned the sameway and
placed at the cleithrum–post-temporal joint to measure cleithrum
motion relative to the body plane. Joint motions were measured as
translations and rotations along and about each axis, following a zyx
rotation order. For both JCSs, z-axis motion corresponds to
translation toward the right side (positive) or left side (negative)
and rotation dorsally (positive) or ventrally (negative). Thus, cranial
elevation is measured as positive z-axis rotation and pectoral girdle
retraction as negative z-axis rotation, relative to the body plane
(Fig. 3). Gape was measured as the distance between the upper and
lower jaws, using virtual landmarks attached to the rostral tip of the
lower jaw and to the rostral tip of the neurocranium, in the
midsagittal plane. To compare timings across strikes and
individuals, we measured all times relative to the time of peak gape.

Muscle length measurements
For the epaxial and hypaxial muscles, length changes were measured
with fluoromicrometry (Fig. 2C; Movie 1): using the biplanar X-ray
videos to measure the change in distance between radio-opaque,
intramuscular markers (Camp et al., 2016). The x, y and z coordinates
of the intramuscular markers were filtered with a Butterworth, low-
pass filter at a 40 Hz cutoff. To measure length changes of muscles in
the head, virtual landmarks were added to the animated bones in
Maya at the attachment sites of three fibers within each muscle:
levator operculi, sternohyoideus, levator arcus palatini and dilator
operculi as in Camp et al. (2018). Whole-muscle length was
calculated as the average length of all three fibers for each muscle at
every frame (Movie 1). For parallel-fibered muscles with minimal
tendons (sternohyoideus and levator operculi), these measurements
represent both whole-muscle and muscle fiber length (Fig. 1). For
muscles with substantial tendinous elements (levator arcus palatini,
dilator operculi), these measurements represent the length of the
muscle–tendon unit, not fiber length. Sternohyoideus length was also
calculated from fluoromicrometry and compared with the lengths
calculated from the XROMM animations to confirm that the two
methods gave similar results. Calculation and analysis of muscle
length changes were done in MATLAB with custom-written scripts
(Camp and Brainerd, 2014; Camp et al., 2018).

For all muscles, strain was calculated as the percent change in
length relative to the mean initial length (Li) across all strikes from
each individual, with positive values indicating shortening. The
strain rate, or shortening velocity, was calculated in initial lengths
per second. For the axial muscles, strain was calculated within each
subregion (i.e. between each pair of intramuscular markers) and
across the whole region (i.e. between the cranial-most and caudal-
most intramuscular markers). Maximum strain and strain rate during
peak power (i.e. when expansion power was within 25% of its
maximum value) were calculated for each muscle.

Mouth volume measurements
Mouth volume was estimated dynamically throughout the suction
strike by fitting an endocast to the space enclosed by the cranial
skeleton using custom-written MATLAB and Maya scripts
(available at https://bitbucket.org/ArielCamp/dynamicendocast).
As in previous studies, virtual landmarks were placed along the
medial surface of all left-side animated bones, and up to the
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midsagittal plane of the neurocranium and pectoral girdle (Camp
et al., 2015). Based on dissections, the esophagus (caudal edge of
the mouth cavity) was assumed to be in the frontal plane between
the left and right cleithra. These landmarks were attached to the
animated bones models, so they moved with the bones during the
strike (Movie 2). The volume enclosed by the 3D landmarks was
calculated in MATLAB (alphaShape function) using the 3D
coordinates of all landmarks at each frame and an alpha value of
2. An obj file of the alpha shape for each frame was then imported
into the XROMM animation to visually confirm the fit within the
mouth cavity (Fig. 2B; Movie 2). The volume of this unilateral,
dynamic endocast was doubled to estimate the total mouth cavity
volume at each frame, assuming bilateral symmetry.

Power estimates
The power required for mouth expansion was estimated from
measurements of intra-oral pressure and rate of volume change

using custom-written MATLAB scripts, as in Camp et al. (2018).
Instantaneous expansion power at each frame was estimated as the
product of the instantaneous pressure (Pa) and rate of volume
change (m3 s−1) at that frame. Sub-ambient pressures were
multiplied by −1 to give positive power values, and maximum
expansion power was calculated for each strike. Instantaneous and
maximum expansion power were normalized by the total mass of
the cranial muscles (including the sternohyoideus) and the mass of
the hypaxial muscles (marked region only) to determine the mass-
specific outputs they would have to generate if they were the sole
source of power for mouth expansion.

Our power values are estimates, as both the pressure and volume
values have multiple sources of error (Camp et al., 2018). The
dynamic endocast overestimates the absolute mouth volume
because it does not take into account soft tissues or internal
structures, although this overestimate should be constant throughout
the strike and therefore have less impact on the rate of volume
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change. The single intra-oral pressure measurement does not reflect
the variation in pressure throughout the mouth cavity during suction
feeding (Muller et al., 1982; VanWassenbergh, 2015). Modeling of
a morphologically similar species, clariid catfishes, suggests the
most sub-ambient pressures occur more caudally in the mouth
cavity (Van Wassenbergh et al., 2005a, 2006a), and our pressure
values likely underestimate the total sub-ambient pressure and
mouth expansion power. Lastly, our estimates do not include the
force required to overcome inertia or drag (Van Wassenbergh et al.,
2015). While modeling studies of clariid catfishes suggest these
would be small compared with those required to overcome sub-
ambient pressure forces (VanWassenbergh et al., 2005a), our values
are likely underestimating expansion power.

RESULTS
All catfish in this study used suction to capture prey items, with
substantial variation among strikes and individuals. Therefore, we
report mean and standard error values for each individual (N=8
strikes for Cat1, N=7 strikes for Cat2, and N=9 strikes for Cat5)

below and in Tables 1 and 2. As previously described (Olsen et al.,
2019), catfish were fed a variety of food items (pellets, squid pieces,
live worms), but strikes on worms elicited the greatest sub-ambient
pressures and suction power. We note that none of these foods were
highly elusive and capable of escape responses, which can elicit
greater and faster mouth expansion (Van Wassenbergh and De
Rechter, 2011). As our goal was to analyze the most powerful
suction feeding, we primarily used worm strikes (2 of 8 Cat1 strikes,
6 of 7 Cat2 strikes, and 9 of 9 Cat5 strikes were on worms).
However, this unbalanced design did not allow us to test the impact
of prey type on suction feeding, so we pooled data from all prey
types for each individual. Pectoral girdle retraction and hypaxial
shortening (over the cranial-most hypaxial subregion) were reported
previously, although calculated from the X-ray videos using slightly
different methods (Olsen et al., 2019). We include them here for
context and comparison with the new measurements of the
neurocranium, epaxial muscles and more caudal subregions of the
hypaxial muscles.

Cleithrum and neurocranium kinematics
The cleithrum consistently retracted relative to the body plane,
rotating caudoventrally and in the negative direction about the z-axis
of the cleithrum JCS (Fig. 3, Table 1). Cleithrum retraction usually
occurred during the period of peak power (Fig. 3), although it
reached its peak just after this period. Dorsoventral rotation of the
neurocranium relative to the body plane was small (usually <5 deg)
and included both cranial elevation and depression (Fig. 3). In one
individual, Cat5, the neuro cranium was consistently depressed
(mean peak of −6.3±0.5 deg) and then elevated (mean peak of 1±
0.5 deg). In this individual, cranial elevation did occur during peak
power, although peak cranial elevation was reached later. For the
remaining two individuals, dorsoventral cranial rotation was highly
variable (Fig. 3). Where cranial elevation was present, its initial
phase sometimes overlapped with the period of peak power.

Table 2. Mean (±s.e.m.) magnitude of initial length (Li), peak muscle strain (% Li, positive values indicate shortening), velocity during the period of
peak power (positive values indicate shortening) and bilateral muscle mass for each individual

Muscle Variable Cat1 (N=8) Cat2 (N=7) Cat5 (N=9)

Epaxialis Mass (g) 49.6 59.4 109.6
Li (mm) 89.8±0.05 79.9±0.2 112.8±0.4
Strain (%) 0.13±1.5 −0.65±0.6 −0.42±0.7
Velocity (Li s−1) 0.091±0.04 0.14±0.08 0.077±0.04

Hypaxialis Mass (g) 58.7 60.9 139.5
Li (mm) 128.3±1.1 –* 138.0±1.5
Strain (%) 4.4±1.5 –* 8.3±2.4
Velocity (Li s−1) 0.41±0.08 –* 1.33±0.1

Levator arcus palatini Mass (g) 0.76 0.6 1.38
Li (mm) 14.8±0.03 13.3±0.03 20.3±0.05
Strain (%) 0.9±0.5 2.1±0.6 1.0±0.4
Velocity (Li s−1) 0.3±0.1 0.4±0.1 0.5±0.03

Dilator operculi Mass (g) 0.58 0.38 1.06
Li (mm) 17±0.1 15.8±0.02 22.2±0.1
Strain (%) 0.8±0.5 1.9±0.5 1.0±0.8
Velocity (Li s−1) 0.4±0.1 0.5±0.1 0.5±0.1

Levator operculi Mass (g) 0.28 0.24 0.56
Li (mm) 7.8±0.1 8.5±0.04 11.6±0.04
Strain (%) 4.3±3.0 5.2±1.6 6.1±1.2
Velocity (Li s−1) 0.006±0.1 0.6±0.1 0.8±0.2

Sternohyoideus Mass (g) 2.32 2.32 4.72
Li (mm) 18.1±0.1 13.3±0.2 22.6±0.2
Strain (%) 1.9±2.3 9.8±3.2 9.6±2.4
Velocity (Li s−1) −0.02±0.1 0.2±0.1 1.0±0.2

*Hypaxial values are not reported for Cat2 because shortening was only measured over the anterior two subregions in this individual.

Table 1. Mean (±s.e.m.) peak skeletal kinematics (rotations relative to
the body plane, during the period of peak power), pressure, absolute
volume of the mouth cavity, rate of change of mouth cavity volume and
power of suction feeding strikes, along with body mass for each
individual

Variable

Individual

Cat1 (N=8) Cat2 (N=7) Cat5 (N=9)

Body mass (g) 465 424 860
Cranial Elevation (deg) −0.29±0.31 −0.35±0.3 −3.73±0.3
Cleithrum Retraction (deg) −5.9±0.30 −6.0±0.43 −10.5±0.53
Pressure (kPa) −6.0±3.8 −7.3±3.4 −18.4±3.1
Mouth Volume (cm3) 74.3±1.3 69.5±1.2 106.3±2.3
Volume Rate (cm3 s−1) 236.9±46.0 297.0±62.3 927.5±70.2
Instantaneous Power (W) 2.3±1.8 2.3±1.4 13.9±2.9
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However, mean peak cranial elevation was lowmagnitude (Table 1)
and occurred after the period of peak power.

Muscle length changes
The epaxial muscles showed little or no shortening during mouth
expansion. In all subregions measured, from the muscles’ cranial
attachments on the neurocranium to the caudal edge of the dorsal
fin, mean strain during peak power production was near zero
(Fig. 4A). Like neurocranium rotation, strain magnitude was highly
variable across strikes and individuals, with both negative (muscle
lengthening) and positive (muscle shortening) peaks (Fig. 4). Only
subregion 3 in Cat5 showed small (up to 4% Li), but consistent
positive strain during the period of peak power production (Fig. 4A).
In contrast, the hypaxial muscles consistently shortened over a

region extending from their attachment on the cleithrum to at least
the cranial edge of the anal fin (Fig. 4B). Across this entire region,

the peak hypaxial strain during the period of peak power production
averaged 4.4±1.5% and 8.3±2.4% for Cat1 and Cat5 (mean±s.e.m.
% Li for each individual, respectively). For Cat2, only the first two
hypaxial subregions were visible and could be measured.Within the
hypaxial regions investigated, the magnitude of strain varied across
subregions. For all individuals, the first (cranial-most) subregion
had the lowest magnitudes of peak strain (Fig. 4B). The largest
strain magnitudes tended to occur in the second subregion in Cat1
and Cat2, but in the fourth subregion for Cat5. However, for all
individuals and subregions, hypaxial shortening consistently
occurred during the period of peak power production (Fig. 4B).

Among the muscles of the head, only the sternohyoideus and
levator operculi muscles showed substantial shortening during
mouth expansion (Fig. 5). The sternohyoideus shortened
consistently and substantially in Cat2 and Cat5, with mean
maximum strains of nearly 10% Li during the period of peak
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power (Table 2, Fig. 5). In Cat1, sternohyoideus length changes
were much smaller – often less than 5% Li – during the period of
peak expansion power (Table 2, Fig. 5). The levator operculi
shortened in all individuals during the period of peak expansion
power, although again the magnitude was quite variable in Cat1 and
Cat2 (Table 2, Fig. 5). For the levator arcus palatini and dilator
operculi muscles, the whole muscle–tendon units did not change
length substantially throughout the strike (Fig. 5). For both muscles
the mean maximum strain during peak expansion power was <3% Li
(Table 2). However, we could not directly measure changes in the
fiber length of these muscles as they had substantial tendons
(Fig. 1A).

Estimated mouth expansion power
Catfish strikes had maximum instantaneous expansion powers of
0.07–29.3 W (Fig. 6), as estimated from measurements of intra-oral
pressure and rate of mouth volume change. The maximum sub-
ambient intra-oral pressure achieved in any strike was similar for
each individual (−31.7 kPa in Cat1, −26.7 kPa in Cat2 and
−31.7 kPa in Cat5), although Cat5 had the greatest mean
maximum sub-ambient pressure across all strikes (Table 1). We
recorded the greatest absolute mouth volumes in Cat5 (Table 1),
which achieved an estimated maximum mouth volume of 117 cm3,
while Cat1 and Cat2 only reached maxima of 82.3 and 73.6 cm3,
respectively. Similarly, the greatest rate of change in mouth volume
during any strike was also observed in Cat5 (1234.8 cm3 s−1), while
the maximum rates observed in Cat1 and Cat2 were only 502.3 and
655.2 cm3 s−1, respectively. When calculated relative to the mass of

the hypaxial muscles, the estimated expansion power would have
required hypaxial power outputs of no more than 246 W kg−1

(Fig. 6). This represents the peak power output required from the
hypaxial muscles if they were the sole source of mouth expansion
power, and only includes the bilateral hypaxial mass of the region
over which shortening was measured. Epaxial muscle mass was not
included as these muscles did not shorten during peak mouth
expansion power. If estimated expansion power was calculated
relative to the summed, bilateral mass of the cranial muscles, then
mouth expansion would have required excessively high power
outputs of up to 3663 W kg−1 (Fig. 6). For Cat5, all strikes would
have required peak power outputs of over 500 W kg−1 from these
head muscles if they were the sole source of mouth expansion
power. But some of the low-power strikes recorded from Cat1 and
Cat2 would have required only 11–100 W kg−1 peak power output
from the cranial muscles (Fig. 6).

DISCUSSION
We conclude that, under the feeding conditions recorded here,
channel catfish do not use the epaxial muscles and cranio-vertebral
interface as a motor during suction feeding. The epaxial muscles did
not shorten during mouth expansion, and therefore did not generate
power, and we observed little cranial elevation. Instead, the epaxial
muscles and cranio-vertebral interface stabilized the head dorsally
while the hypaxial muscles powered mouth expansion ventrally.
Even without power from the epaxial muscles, the strikes from these
channel catfish were equally powerful or more powerful than those
of largemouth bass (Fig. 7), which do use both epaxial and hypaxial
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muscles to power mouth expansion (Camp et al., 2015). These
results demonstrate how the axial muscles and postcranial interfaces
can have different roles during suction feeding, with both motor and
anchor functions contributing to powerful suction feeding.

Cranio-vertebral interface as an anchor
Channel catfish did not use the cranio-vertebral interface as a motor,
but as an anchor to stabilize the dorsal part of the cranial linkage and
control the position of the head. The epaxial muscles did not shorten
substantially during peak power: epaxial length changes were
highly variable and often included lengthening, but on average the
epaxial muscles maintained a relatively constant length (Fig. 4A).
Without shortening, the epaxial muscles cannot generate positive

velocity and power or elevate the neurocranium. Stabilizing the
dorsal expansion system may be important for resisting negative
pressure generated by ventral – and potentially lateral – expansion of
the mouth cavity (Camp, 2019). Otherwise, the sub-ambient buccal
pressures could rotate the cranium ventrally, resulting in ventral
rotation of the entire head rather than expansion of the mouth cavity
(Alexander, 1969; Carroll et al., 2004; Muller, 1987). As part of this
anchor function, motion at the cranio-vertebral interface before the
strike (Fig. 3) may also adjust the position of the head and mouth
relative to the food, as previously hypothesized in clariid catfishes
(Van Wassenbergh et al., 2006b). Anchoring of the cranio-vertebral
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interface is not surprising given observations of minimal cranial
elevation in other catfish (Van Wassenbergh et al., 2009), but our
study confirms this with direct measurements of in vivo muscle
strain and bone motion.
We hypothesize that the epaxial muscles were actively, rather

than passively, anchoring the cranio-vertebral interface, although
this needs to be tested with electromyography. Theoretically, the
cranio-vertebral interface could be anchored passively if the bones
and joints of the interface (such as the Weberian apparatus; Fig. 1A)
physically prevent dorsoventral motion. However, this seems
unlikely for two reasons. First, although the timing and intensity
may vary, the epaxial muscles are active during suction feeding
across ray-finned fishes, including other ostariophysians with
limited cranial elevation (Ballintijn et al., 1972; Grubich, 2001;
Lauder, 1981; Sibbing, 1982; Wainwright et al., 1989). It would be
surprising, therefore, if the epaxial muscles were completely
inactive during suction feeding in channel catfish.
Second, the cranio-vertebral interface of channel catfish was

capable of dorsoventral motion, despite the presence of the
Weberian apparatus. In one individual (Cat5), we consistently
observed small magnitudes of cranial elevation and depression
(Fig. 3). This motion did not contribute substantially to mouth
expansion – as only the initial few degrees of elevation occurred
during the period of peak expansion power – but clearly such
motions are possible. The same individual also showed small (2–4%
Li) but consistent shortening in a subregion of epaxial muscle caudal
to the Weberian apparatus (Fig. 4A). Varying magnitudes of cranial
elevation have been observed in other ostariophysians, suggesting
that the Weberian apparatus does not necessarily prevent
dorsoventral motion between the head and body (Lauder, 1981;
Van Wassenbergh et al., 2005a). Therefore, we hypothesize that in
channel catfish the epaxial muscles were actively generating force
(through isometric or eccentric contractions) to prevent dorsoventral
motion and anchor the cranio-vertebral interface during suction
feeding.

Hyo-pectoral interface as a motor
The hypaxial muscles appeared to be the main source of mouth
expansion power for channel catfish during suction feeding.
Hypaxial muscle shortening extended beyond the cranial-most
subregion (reported in Olsen et al., 2019), continuing to at least the
level of the anal fin, and potentially further as we did not put
markers in more caudal regions (Fig. 4B). In addition to hypaxial
shortening, we found consistent caudoventral rotation (retraction) of
the pectoral girdle relative to the body during peak expansion power
(Fig. 3). Activity patterns of the hypaxial muscles have not been
measured in this species during suction feeding, but these muscles
are active during expansion in other suction feeding fishes (Lauder
and Lanyon, 1980; Westneat, 2006). As we are unaware of plausible
mechanisms for passive shortening of these muscles, it is reasonable
to assume the hypaxial musculature was actively shortening to
generate power.
Based on their mass, the hypaxial muscles in the region we

measured could have powered all recorded strikes without
exceeding power outputs of 250 W kg−1 (Fig. 6). Maximum
hypaxial muscle power output has not been measured in channel
catfish, but this is in line with the maximum power output measured
from axial muscles in other fishes, e.g. 216 W kg−1 in largemouth
bass (Coughlin and Carroll, 2006), 120 W kg−1 from clariid
catfishes (Van Wassenbergh et al., 2007a), and below the
500 W kg−1 measured in saithe, Pollachius virens (Altringham
et al., 1993). Of the muscles of the head, only the levator operculi

and sternohyoideus shortened during peak expansion power and
therefore could have contributed power (Fig. 5). However, these
muscles are much smaller than the hypaxial muscles: the levator
operculi was <0.5% and the sternohyoideus <4% of the mass of the
hypaxial muscles. Even assuming they operated under optimal
conditions for power production to reach power outputs of
300 W kg−1, together they could have generated no more than
3 W of power – only enough for the weakest strikes or about a tenth
of the most powerful strike.

The shortening of the sternohyoideus in these channel catfish
differed from some clariid catfishes, where the sternohyoideus
lengthens or remains relatively isometric during mouth expansion
(Van Wassenbergh et al., 2007b). Van Wassenbergh et al. (2007b)
hypothesized that only relatively large sternohyoid muscles would
be able to shorten against the hypaxials, otherwise shortening of the
larger hypaxial muscles would be too forceful and the sternohyoid
would be lengthened or remain isometric. However, in channel
catfish (this study) and bluegill sunfish (Camp et al., 2018), the
sternohyoid and hypaxial muscles both shorten even though the
sternohyoideus muscle is <0.6% of body mass in the catfish and
<1.5% of body mass in the sunfish. This suggests sternohyoid
behavior may not depend only on its mass and the forces and motion
applied to its attachment site on the cleithrum (by hypaxial
shortening). In the species examined so far, the role of the
sternohyoideus has been variable and investigating the role and
mechanisms of sternohyoid length changes is an important subject
for future studies.

Relative power of catfish feeding strikes
Channel catfish do not seem to be limited to low-power strikes
relative to fishes that use both epaxial and hypaxial muscles to
power suction feeding. We compared channel catfish strikes with
those of largemouth bass and bluegill sunfish, which are the only
species for which similar muscle shortening and estimated mouth
expansion power data are available. This is a very limited sample
size, and it is unlikely that the maximum strike performance has
been captured for any of these species, given the small number and
laboratory conditions of recorded strikes (Astley et al., 2013).
Therefore, the following are preliminary observations, intended to
inform further hypotheses and future studies with more species.
Additionally, catfish strikes were recorded feeding on less-elusive
prey (worms, >25 mm), which may not have elicited as powerful
strikes as the live goldfish (30–40 mm) prey used in the bass and
sunfish studies. This suggests our current study may be
underestimating the potential power of catfish suction feeding
strikes compared with those of bass and sunfish.

The absolute magnitudes of peak instantaneous mouth expansion
power in catfish strikes are similar to or greater than those of bass
and sunfish (Fig. 7A). However, this does not take into account the
different body and mouth sizes of these species. When standardized
to total body mass, channel catfish and bass strikes occupy a similar
range of mass-specific power, but bluegill sunfish strikes can be 2–3
times more powerful (Fig. 7B). In other words, sunfish can generate
equally powerful strikes to those of bass and catfish, despite their
much smaller body mass. If power is standardized to maximum
mouth cavity volume – the space over which this power is being
applied – channel catfish and bluegill sunfish strikes occupy a
similar range and reach greater volume-specific power than
largemouth bass strikes (Fig. 7C). Despite the potential for prey-
type differences to lead to an underestimation of catfish suction
power, all three comparisons suggest channel catfish strikes were
not particularly low power. Interestingly, largemouth bass occupy
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the lowest range of strike power among the three species (Fig. 7),
even though this species uses large regions of both epaxial and
hypaxial muscles as motors.
Channel catfish could theoretically generate more powerful

strikes if they used the epaxial muscles as motors, so why are these
large body muscles not generating power during suction feeding?
Suction feeding is a power-limited behavior, at least for centrarchids
like largemouth bass and bluegill sunfish feeding on fish in the
water column (Carroll and Wainwright, 2009). We presume this is
also the case for channel catfish feeding benthically on worms,
although it has not yet been tested. One hypothesis is that cranial
elevation may not be an effective mechanism of expanding the
mouth cavity in channel catfish because of their cranial
morphology. Fish with relatively dorsoventrally flattened heads
are expected to rely more on ventral than lateral expansion to
increase the volume of the mouth cavity, based on the geometry of
the hyoid apparatus (Alexander, 1970; Van Wassenbergh et al.,
2009). However, these studies measured ventral expansion relative
to the neurocranium, so presumably dorsoventral expansion could
also be achieved by neurocranial elevation. The dorsoventrally
flattened neurocranium of catfish would also result in unfavorable
leverage – a long rostrocaudal out-lever relative to a short
dorsoventral in-lever – for transmitting epaxial force (Carroll
et al., 2004), although the epaxial muscles are clearly still capable of
dorsoventral rotation of the neurocranium (Fig. 3).
Alternatively, the cranio-vertebral interface may be used to

precisely position the mouth relative to the food to improve suction
feeding performance, and cranial elevation would interfere with this
function. This has previously been proposed for clariid catfishes
(Van Wassenbergh et al., 2006b) to explain the variation in cranial
elevation observed in these fishes during suction feeding. For
benthic suction feeders like channel catfish, holding the mouth near
the substrate may improve suction hydrodynamics (Nauwelaerts
et al., 2007). Rotation of the neurocranium relative to the body may
allow catfish to position the mouth relative to the food before the
strike, while allowing space for ventral expansion of the mouth
cavity (Van Wassenbergh et al., 2009). In support of this, some
benthic, suction feeding sharks use minimal cranial elevation
(Motta et al., 2002) and even cranial depression as in Fig. 3 (Camp
et al., 2017). These hypotheses are not exclusive: geometrical and
hydrodynamic factors could contribute to the cranio-vertebral
interface acting as an anchor in channel catfish.
We expect that channel catfish are not unique, but that fishes with

similar morphology and kinematics also use the cranio-vertebral
interface as an anchor to position and stabilize the neurocranium
during suction feeding. The absence of cranial elevation is likely to
be a good proxy for the dorsal interface anchoring the head during
feeding, with the force generated by passive musculoskeletal
structures, active epaxial muscle contraction, or both. Suction
feeding without cranial elevation seems common in catfishes (Van
Wassenbergh et al., 2009), and other ostariophysians (but see
Lesiuk and Lindsey, 1978). In such species, the hyo-pectoral
interface is likely to be acting as a motor to power mouth expansion.
Interestingly, a robotic model has demonstrated the kinematics and
sub-ambient pressures of largemouth bass suction strikes can be
replicated with the epaxial muscles functioning as an anchor
(Kenaley and Lauder, 2016). This model shows the mechanism of
mouth expansion does not require cranial elevation, although it did
not include the power required for generating mouth expansion and
sub-ambient pressure. We hypothesize that for all fishes, powerful
suction feeding requires at least one of the axial muscles to act as a
motor. Even for species that use elastic energy storage to amplify

muscle power during suction feeding, the axial muscles seem to be
an important source of energy to load the elastic system (Aerts et al.,
1987; Van Wassenbergh et al., 2008). Therefore, the absence of
cranial elevation in suction feeding fishes may also be a good
indicator that the hypaxial muscles are functioning as motors.
Conversely, the absence of pectoral girdle retraction and hypaxial
muscle shortening would imply that the cranio-vertebral interface
alone is powering suction feeding, although this has not yet been
measured in any suction feeding fish to our knowledge.

Conclusions
Channel catfish strikes in this study demonstrated how the epaxial
muscles and cranio-vertebral interfaces of fishes can be used as a
forceful anchor – and not just a powerful motor – during suction
feeding. Our results suggest the axial muscles have important, but
potentially variable roles in generating and controlling cranial
motion during feeding. Future work can test this to determine
whether the epaxial muscles actively anchor the cranio-vertebral
interface, and function as brakes or struts rather than motors. While
this range of muscle functions has been demonstrated during
locomotion (Dickinson et al., 2000), it is less well established for
feeding (but see Kenaley et al., 2019 and Konow et al., 2010). Thus,
the axial muscles of suction feeding fishes may be a useful model
for investigating the diversity of muscle functions in feeding
systems. As the feeding functions of axial muscles are examined in
more species, it will be possible to investigate the distribution of
motor and anchor functions across fishes and how these roles may
(or may not) correspond to morphology, body shape or feeding
ecology. The morphological, phylogenetic and ecological diversity
of ray-finned fishes offers an exceptional opportunity to study the
mechanisms and evolution of the postcranial musculoskeletal
systems’ feeding roles.

Acknowledgements
We are grateful to Peter Falkingham and Stephen Gatesy for their assistance in
developing the methods for the dynamic digital endocast, to David Baier for the
XROMM Maya Tools, to Hannah Weller and Elska Kaczmarek for helpful
discussions and assistance with XROMM animations, and to Chris Kenaley and an
anonymous reviewer for improvements to the manuscript.

Competing interests
The authors declare no competing or financial interests.

Author contributions
Conceptualization: A.L.C., A.M.O., L.H., E.L.B.; Methodology: A.L.C., A.M.O., L.H.;
Formal analysis: A.L.C.; Investigation: A.M.O., L.H.; Writing - original draft: A.L.C.;
Writing - review & editing: A.L.C., A.M.O., L.H., E.L.B.; Visualization: A.L.C.;
Supervision: L.H., E.L.B.; Project administration: E.L.B.; Funding acquisition: A.L.C.,
A.M.O., L.H., E.L.B.

Funding
This work was supported by the US National Science Foundation [1612230 to
A.M.O., 1655756 to E.L.B. and A.L.C., 1661129 to E.L.B., and 1025845 to L.P.H.],
the UK Biotechnology and Biological Sciences Research Council Future Leader
Fellowship [A.L.C.], and the Bushnell Research and Education Fund [A.M.O. and
E.L.B.]. Open access funding provided by University of Liverpool. Deposited in PMC
for immediate release.

Data availability
Data for this publication have been deposited in the XMAPortal (xmaportal.org), in
the study ‘Catfish suction feeding,’ with the permanent identifier BROWN61, and
opened for public use under CCBY 4.0 in the Public Data Collecton ‘Channel catfish
data for Camp et al., 2020’ with the full URL: http://xmaportal.org/webportal/larequest.
php?request=CollectionView&StudyID=61&instit=BROWN&collectionID=12.

Supplementary information
Supplementary information available online at
https://jeb.biologists.org/lookup/doi/10.1242/jeb.225649.supplemental

11

RESEARCH ARTICLE Journal of Experimental Biology (2020) 223, jeb225649. doi:10.1242/jeb.225649

Jo
u
rn
al

o
f
Ex

p
er
im

en
ta
lB

io
lo
g
y

http://xmaportal.org/webportal/
http://xmaportal.org/webportal/larequest.php?request=CollectionView&StudyID=61&instit=BROWN&collectionID=12
http://xmaportal.org/webportal/larequest.php?request=CollectionView&StudyID=61&instit=BROWN&collectionID=12
http://xmaportal.org/webportal/larequest.php?request=CollectionView&StudyID=61&instit=BROWN&collectionID=12
https://jeb.biologists.org/lookup/doi/10.1242/jeb.225649.supplemental
https://jeb.biologists.org/lookup/doi/10.1242/jeb.225649.supplemental


References
Aerts, P., Osse, J. W. M. and Verraes, W. (1987). Model of jaw depression during
feeding in Astatotilapia elegans (Teleostei: Cichlidae): mechanisms for energy
storage and triggering. J. Morphol. 194, 85-109. doi:10.1002/jmor.1051940108

Alexander, R. M. N. (1969). Mechanics of feeding action of a cyprinid fish. J. Zool.
159, 1-15. doi:10.1111/j.1469-7998.1969.tb03067.x

Alexander, R. M. N. (1970). Mechanics of the feeding action of various teleost
fishes. J. Zool. 162, 142-156. doi:10.1111/j.1469-7998.1970.tb01261.x

Altringham, J. D., Wardle, C. S. and Smith, C. I. (1993). Myotomal muscle function
at different locations in the body of a swimming fish. J. Exp. Biol. 182, 191-206.

Askew, G. N. and Marsh, R. L. (2001). The mechanical power output of the
pectoralis muscle of blue-breasted quail (Coturnix chinensis): the in vivo length
cycle and its implications for muscle performance. J. Exp. Biol. 204, 3587-3600.

Astley, H. C., Abbott, E. M., Azizi, E., Marsh, R. L. and Roberts, T. J. (2013).
Chasing maximal performance: a cautionary tale from the celebrated jumping
frogs of Calaveras County. J. Exp. Biol. 216, 3947-3953. doi:10.1242/jeb.090357

Ballintijn, C., Van Den Burg, A. and Egberink, B. (1972). An electromyographic
study of the adductor mandibulae complex of a free-swimming carp (Cyprinus
carpio L.) during feeding. J. Exp. Biol. 57, 261-283.

Brainerd, E. L., Baier, D. B., Gatesy, S. M., Hedrick, T. L., Metzger, K. A., Gilbert,
S. L. and Crisco, J. J. (2010). X-ray reconstruction of moving morphology
(XROMM): precision, accuracy and applications in comparative biomechanics
research. J. Exp. Zool. 313A, 262-279. doi:10.1002/jez.589

Brainerd, E. L., Blob, R. W., Hedrick, T. L., Creamer, A. T. and Mu ller, U. K.
(2017). Data management rubric for video data in organismal biology. Integr.
Comp. Biol. 57, 33-47. doi:10.1093/icb/icx060

Camp, A. L. (2019). What fish can teach us about the feeding functions of
postcranial muscles and joints. Integr. Comp. Biol. 59, 383-393. doi:10.1093/icb/
icz005

Camp, A. L. and Brainerd, E. L. (2014). Role of axial muscles in powering mouth
expansion during suction feeding in largemouth bass (Micropterus salmoides).
J. Exp. Biol. 217, 1333-1345. doi:10.1242/jeb.095810

Camp, A. L., Roberts, T. J. and Brainerd, E. L. (2015). Swimming muscles power
suction feeding in largemouth bass. Proc. Natl. Acad. Sci. USA 112, 8690-8695.
doi:10.1073/pnas.1508055112

Camp, A. L., Astley, H. C., Horner, A. M., Roberts, T. J. and Brainerd, E. L.
(2016). Fluoromicrometry: a method for measuring muscle length dynamics with
biplanar videofluoroscopy. J. Exp. Zool. 325A, 399-408. doi:10.1002/jez.2031

Camp, A. L., Scott, B., Brainerd, E. L. andWilga, C. D. (2017). Dual function of the
pectoral girdle for feeding and locomotion in white-spotted bamboo sharks.
Proc. R. Soc. Lond. Ser. B Biol. Sci. 284. doi:10.1098/rspb.2017.0847

Camp, A. L., Roberts, T. J. and Brainerd, E. L. (2018). Bluegill sunfish use high
power outputs from axial muscles to generate powerful suction-feeding strikes.
J. Exp. Biol. 221. doi:10.1242/jeb.178160

Carroll, A. M. and Wainwright, P. C. (2006). Muscle function and power output
during suction feeding in largemouth bass, Micropterus salmoides. Comp.
Biochem. Physiol. A Mol. Integr. Physiol. 143, 389-399. doi:10.1016/j.cbpa.2005.
12.022

Carroll, A. M. and Wainwright, P. C. (2009). Energetic limitations on suction
feeding performance in centrarchid fishes. J. Exp. Biol. 212, 3241-3251. doi:10.
1242/jeb.033092

Carroll, A. M., Wainwright, P. C., Huskey, S. H., Collar, D. C. and Turingan, R. G.
(2004). Morphology predicts suction feeding performance in centrarchid fishes.
J. Exp. Biol. 207, 3873-3881. doi:10.1242/jeb.01227

Coughlin, D. J. and Carroll, A. M. (2006). In vitro estimates of power output by
epaxial muscle during feeding in largemouth bass. Comp. Biochem. Physiol. A
Mol. Integr. Physiol. 145, 533-539. doi:10.1016/j.cbpa.2006.08.026

Day, S. W., Higham, T. E., Holzman, R. and Van Wassenbergh, S. (2015).
Morphology, kinematics, and dynamics: the mechanics of suction feeding in
fishes. Integr. Comp. Biol. 55, 21-35. doi:10.1093/icb/icv032

Dickinson, M. H., Farley, C. T., Full, R. J., Koehl, M. A. R., Kram, R. and Lehman,
S. (2000). How animals move: an integrative view. Science 288, 100-106. doi:10.
1126/science.288.5463.100

Ferry-Graham, L. A. and Lauder, G. V. (2001). Aquatic prey capture in ray-finned
fishes: a century of progress and new directions. J. Morphol. 248, 99-119. doi:10.
1002/jmor.1023

Gatesy, S. M., Baier, D. B., Jenkins, F. A. and Dial, K. P. (2010). Scientific
rotoscoping: a morphology-based method of 3-D motion analysis and
visualization. J. Exp. Zool. 313A, 244-261. doi:10.1002/jez.588

Grubich, J. R. (2001). Prey capture in actinopterygian fishes: a review of suction
feeding motor patterns with new evidence from an elopomorph fish, Megalops
atlanticus. Am. Zool. 41, 1258-1265. doi:10.1093/icb/41.6.1258

Jacobs, C. N. and Holzman, R. (2018). Conserved spatio-temporal patterns of
suction-feeding flows across aquatic vertebrates: a comparative flow visualization
study. J. Exp. Biol. 221, jeb174912. doi:10.1242/jeb.174912

Kenaley, C. P. and Lauder, G. V. (2016). A biorobotic model of the suction-feeding
system in largemouth bass: the roles of motor program speed and hyoid
kinematics. J. Exp. Biol. 219, 2048-2059. doi:10.1242/jeb.132514

Kenaley, C. P., Marecki, M. C. and Lauder, G. V. (2019). The role of an overlooked
adductor muscle in the feeding mechanism of ray-finned fishes: predictions from

simulations of a deep-sea viperfish. Zoology 135, 125678. doi:10.1016/j.zool.
2019.02.005

Kno rlein, B. J., Baier, D. B., Gatesy, S. M., Laurence-Chasen, J. D. and
Brainerd, E. L. (2016). Validation of XMALab software for marker-based
XROMM. J. Exp. Biol. 219, 3701-3711. doi:10.1242/jeb.145383

Konow, N., Thexton, A., Crompton, A. W. and German, R. Z. (2010). Regional
differences in length change and electromyographic heterogeneity in sternohyoid
muscle during infant mammalian swallowing. J. Appl. Physiol. 109, 439-448.
doi:10.1152/japplphysiol.00353.2010

Lauder, G. V. (1981). Intraspecific functional repertoires in the feeding mechanism
of the characoid fishes Lebiasina, Hoplias and Chalceus. Copeia 1981, 154-168.
doi:10.2307/1444050

Lauder, G. and Lanyon, L. (1980). Functional anatomy of feeding in the bluegill
sunfish, Lepomis macrochirus: in vivo measurement of bone strain. J. Exp. Biol.
84, 33-55.

Lesiuk, T. P. and Lindsey, C. C. (1978). Morphological peculiarities in the neck-
bending Amazonian characoid fish Rhaphiodon vulpinus. Can. J. Zool. 56,
991-997. doi:10.1139/z78-139

Liem, K. F. (1980). Acquisition of energy by teleosts: adaptive mechanisms and
evolutionary patterns. Environ. Physiol. Fish. 35, 299-334. doi:10.1007/978-1-
4899-3659-2_10

Motta, P. J., Hueter, R. E., Tricas, T. C. and Summers, A. P. (2002). Kinematic
analysis of suction feeding in the nurse shark, Ginglymostoma cirratum
(Orectolobiformes, Ginglymostomatidae). Copeia 2002, 24-38. doi:10.1643/
0045-8511(2002)002[0024:KAOSFI]2.0.CO;2

Muller, M. (1987). Optimization principles applied to the mechanism of neurocranium
levation and mouth bottom depression in bony fishes (Halecostomi). J. Theor. Biol.
126, 343-368. doi:10.1016/S0022-5193(87)80241-2

Muller, M. (1989). A quantitative theory of expected volume changes of the mouth
during feeding in teleost fishes. J. Zool. 217, 639-661. doi:10.1111/j.1469-7998.
1989.tb02515.x

Muller, M., Osse, J. W. M. and Verhagen, J. (1982). A quantitative hydrodynamical
model of suction feeding in fish. J. Theor. Biol. 95, 49-79. doi:10.1016/0022-
5193(82)90287-9

Nauwelaerts, S., Wilga, C., Sanford, C. and Lauder, G. (2007). Hydrodynamics of
prey capture in sharks: effects of substrate. J. R Soc. Interface 4, 341-345. doi:10.
1098/rsif.2006.0180

Olsen, A. M., Hernández, L. P., Camp, A. L. and Brainerd, E. L. (2019). Channel
catfish use higher coordination to capture prey than to swallow. Proc. R. Soc. B
286, 20190507. doi:10.1098/rspb.2019.0507

Sibbing, F. A. (1982). Pharyngeal mastication and food transport in the carp
(Cyprinus carpio L.): a cineradiographic and electromyographic study. J. Morphol.
172, 223-258. doi:10.1002/jmor.1051720208

Tchernavin, V. V. (1948). On the mechanical working of the head of bony fishes.
Proc. Zool. Soc. Lond. 118, 129-143. doi:10.1111/j.1096-3642.1948.tb00369.x

Van Wassenbergh, S. (2015). A solution strategy to include the opening of the
opercular slits inmoving-meshCFDmodels of suction feeding. Integr. Comp. Biol.
55, 62-73. doi:10.1093/icb/icv031

Van Wassenbergh, S. and De Rechter, D. (2011). Piscivorous cyprinid fish
modulates suction feeding kinematics to capture elusive prey. Zoology 114,
46-52. doi:10.1016/j.zool.2010.10.001

VanWassenbergh, S., Herrel, A., Adriaens, D. andAerts, P. (2004). Effects of jaw
adductor hypertrophy on buccal expansions during feeding of air breathing
catfishes (Teleostei, Clariidae). Zoomorphology 123, 81-93. doi:10.1007/s00435-
003-0090-3

VanWassenbergh, S., Aerts, P. and Herrel, A. (2005a). Scaling of suction-feeding
kinematics and dynamics in the African catfish, Clarias gariepinus. J. Exp. Biol.
208, 2103-2114. doi:10.1242/jeb.01603

Van Wassenbergh, S., Herrel, A., Adriaens, D. and Aerts, P. (2005b). A test of
mouth-opening and hyoid-depression mechanisms during prey capture in a
catfish using high-speed cineradiography. J. Exp. Biol. 208, 4627-4639. doi:10.
1242/jeb.01919

Van Wassenbergh, S., Aerts, P. and Herrel, A. (2006a). Hydrodynamic modelling
of aquatic suction performance and intra-oral pressures: limitations for
comparative studies. J. R Soc. Interface 3, 507. doi:10.1098/rsif.2005.0110

VanWassenbergh, S., Herrel, A., Adriaens, D. and Aerts, P. (2006b). Modulation
and variability of prey capture kinematics in clariid catfishes. J. Exp. Zool. AComp.
Exp. Biol. 305A, 559-569. doi:10.1002/jez.a.293

Van Wassenbergh, S., Herrel, A., James, R. S. and Aerts, P. (2007a). Scaling of
contractile properties of catfish feeding muscles. J. Exp. Biol. 210, 1183-1193.
doi:10.1242/jeb.000109

Van Wassenbergh, S., Herrel, A., Adriaens, D. and Aerts, P. (2007b).
Interspecific variation in sternohyoideus muscle morphology in clariid catfishes:
functional implications for suction feeding. J. Morphol. 268, 232-242. doi:10.1002/
jmor.10510

VanWassenbergh, S., Strother, J. A., Flammang, B. E., Ferry-Graham, L. A. and
Aerts, P. (2008). Extremely fast prey capture in pipefish is powered by elastic
recoil. J. R Soc. Interface 5, 285-296. doi:10.1098/rsif.2007.1124

Van Wassenbergh, S., Lieben, T., Herrel, A., Huysentruyt, F., Geerinckx, T.,
Adriaens, D. and Aerts, P. (2009). Kinematics of benthic suction feeding in

12

RESEARCH ARTICLE Journal of Experimental Biology (2020) 223, jeb225649. doi:10.1242/jeb.225649

Jo
u
rn
al

o
f
Ex

p
er
im

en
ta
lB

io
lo
g
y

https://doi.org/10.1002/jmor.1051940108
https://doi.org/10.1002/jmor.1051940108
https://doi.org/10.1002/jmor.1051940108
https://doi.org/10.1111/j.1469-7998.1969.tb03067.x
https://doi.org/10.1111/j.1469-7998.1969.tb03067.x
https://doi.org/10.1111/j.1469-7998.1970.tb01261.x
https://doi.org/10.1111/j.1469-7998.1970.tb01261.x
https://doi.org/10.1242/jeb.090357
https://doi.org/10.1242/jeb.090357
https://doi.org/10.1242/jeb.090357
https://doi.org/10.1002/jez.589
https://doi.org/10.1002/jez.589
https://doi.org/10.1002/jez.589
https://doi.org/10.1002/jez.589
https://doi.org/10.1093/icb/icx060
https://doi.org/10.1093/icb/icx060
https://doi.org/10.1093/icb/icx060
https://doi.org/10.1093/icb/icz005
https://doi.org/10.1093/icb/icz005
https://doi.org/10.1093/icb/icz005
https://doi.org/10.1242/jeb.095810
https://doi.org/10.1242/jeb.095810
https://doi.org/10.1242/jeb.095810
https://doi.org/10.1073/pnas.1508055112
https://doi.org/10.1073/pnas.1508055112
https://doi.org/10.1073/pnas.1508055112
https://doi.org/10.1002/jez.2031
https://doi.org/10.1002/jez.2031
https://doi.org/10.1002/jez.2031
https://doi.org/10.1098/rspb.2017.0847
https://doi.org/10.1098/rspb.2017.0847
https://doi.org/10.1098/rspb.2017.0847
https://doi.org/10.1242/jeb.178160
https://doi.org/10.1242/jeb.178160
https://doi.org/10.1242/jeb.178160
https://doi.org/10.1016/j.cbpa.2005.12.022
https://doi.org/10.1016/j.cbpa.2005.12.022
https://doi.org/10.1016/j.cbpa.2005.12.022
https://doi.org/10.1016/j.cbpa.2005.12.022
https://doi.org/10.1242/jeb.033092
https://doi.org/10.1242/jeb.033092
https://doi.org/10.1242/jeb.033092
https://doi.org/10.1242/jeb.01227
https://doi.org/10.1242/jeb.01227
https://doi.org/10.1242/jeb.01227
https://doi.org/10.1016/j.cbpa.2006.08.026
https://doi.org/10.1016/j.cbpa.2006.08.026
https://doi.org/10.1016/j.cbpa.2006.08.026
https://doi.org/10.1093/icb/icv032
https://doi.org/10.1093/icb/icv032
https://doi.org/10.1093/icb/icv032
https://doi.org/10.1126/science.288.5463.100
https://doi.org/10.1126/science.288.5463.100
https://doi.org/10.1126/science.288.5463.100
https://doi.org/10.1002/jmor.1023
https://doi.org/10.1002/jmor.1023
https://doi.org/10.1002/jmor.1023
https://doi.org/10.1002/jez.588
https://doi.org/10.1002/jez.588
https://doi.org/10.1002/jez.588
https://doi.org/10.1093/icb/41.6.1258
https://doi.org/10.1093/icb/41.6.1258
https://doi.org/10.1093/icb/41.6.1258
https://doi.org/10.1242/jeb.174912
https://doi.org/10.1242/jeb.174912
https://doi.org/10.1242/jeb.174912
https://doi.org/10.1242/jeb.132514
https://doi.org/10.1242/jeb.132514
https://doi.org/10.1242/jeb.132514
https://doi.org/10.1016/j.zool.2019.02.005
https://doi.org/10.1016/j.zool.2019.02.005
https://doi.org/10.1016/j.zool.2019.02.005
https://doi.org/10.1016/j.zool.2019.02.005
https://doi.org/10.1242/jeb.145383
https://doi.org/10.1242/jeb.145383
https://doi.org/10.1242/jeb.145383
https://doi.org/10.1152/japplphysiol.00353.2010
https://doi.org/10.1152/japplphysiol.00353.2010
https://doi.org/10.1152/japplphysiol.00353.2010
https://doi.org/10.1152/japplphysiol.00353.2010
https://doi.org/10.2307/1444050
https://doi.org/10.2307/1444050
https://doi.org/10.2307/1444050
https://doi.org/10.1139/z78-139
https://doi.org/10.1139/z78-139
https://doi.org/10.1139/z78-139
https://doi.org/10.1007/978-1-4899-3659-2_10
https://doi.org/10.1007/978-1-4899-3659-2_10
https://doi.org/10.1007/978-1-4899-3659-2_10
https://doi.org/10.1643/0045-8511(2002)002[0024:KAOSFI]2.0.CO;2
https://doi.org/10.1643/0045-8511(2002)002[0024:KAOSFI]2.0.CO;2
https://doi.org/10.1643/0045-8511(2002)002[0024:KAOSFI]2.0.CO;2
https://doi.org/10.1643/0045-8511(2002)002[0024:KAOSFI]2.0.CO;2
https://doi.org/10.1016/S0022-5193(87)80241-2
https://doi.org/10.1016/S0022-5193(87)80241-2
https://doi.org/10.1016/S0022-5193(87)80241-2
https://doi.org/10.1111/j.1469-7998.1989.tb02515.x
https://doi.org/10.1111/j.1469-7998.1989.tb02515.x
https://doi.org/10.1111/j.1469-7998.1989.tb02515.x
https://doi.org/10.1016/0022-5193(82)90287-9
https://doi.org/10.1016/0022-5193(82)90287-9
https://doi.org/10.1016/0022-5193(82)90287-9
https://doi.org/10.1098/rsif.2006.0180
https://doi.org/10.1098/rsif.2006.0180
https://doi.org/10.1098/rsif.2006.0180
https://doi.org/10.1098/rspb.2019.0507
https://doi.org/10.1098/rspb.2019.0507
https://doi.org/10.1098/rspb.2019.0507
https://doi.org/10.1002/jmor.1051720208
https://doi.org/10.1002/jmor.1051720208
https://doi.org/10.1002/jmor.1051720208
https://doi.org/10.1111/j.1096-3642.1948.tb00369.x
https://doi.org/10.1111/j.1096-3642.1948.tb00369.x
https://doi.org/10.1093/icb/icv031
https://doi.org/10.1093/icb/icv031
https://doi.org/10.1093/icb/icv031
https://doi.org/10.1016/j.zool.2010.10.001
https://doi.org/10.1016/j.zool.2010.10.001
https://doi.org/10.1016/j.zool.2010.10.001
https://doi.org/10.1007/s00435-003-0090-3
https://doi.org/10.1007/s00435-003-0090-3
https://doi.org/10.1007/s00435-003-0090-3
https://doi.org/10.1007/s00435-003-0090-3
https://doi.org/10.1242/jeb.01603
https://doi.org/10.1242/jeb.01603
https://doi.org/10.1242/jeb.01603
https://doi.org/10.1242/jeb.01919
https://doi.org/10.1242/jeb.01919
https://doi.org/10.1242/jeb.01919
https://doi.org/10.1242/jeb.01919
https://doi.org/10.1098/rsif.2005.0110
https://doi.org/10.1098/rsif.2005.0110
https://doi.org/10.1098/rsif.2005.0110
https://doi.org/10.1002/jez.a.293
https://doi.org/10.1002/jez.a.293
https://doi.org/10.1002/jez.a.293
https://doi.org/10.1242/jeb.000109
https://doi.org/10.1242/jeb.000109
https://doi.org/10.1242/jeb.000109
https://doi.org/10.1002/jmor.10510
https://doi.org/10.1002/jmor.10510
https://doi.org/10.1002/jmor.10510
https://doi.org/10.1002/jmor.10510
https://doi.org/10.1098/rsif.2007.1124
https://doi.org/10.1098/rsif.2007.1124
https://doi.org/10.1098/rsif.2007.1124
https://doi.org/10.1242/jeb.023929
https://doi.org/10.1242/jeb.023929


Callichthyidae and Mochokidae, with functional implications for the evolution of
food scraping in catfishes. J. Exp. Biol. 212, 116-125. doi:10.1242/jeb.023929

Van Wassenbergh, S., Day, S. W., Hernández, L. P., Higham, T. E. and
Skorczewski, T. (2015). Suction power output and the inertial cost of rotating the
neurocranium to generate suction in fish. J. Theor. Biol. 372, 159-167. doi:10.
1016/j.jtbi.2015.03.001

Wainwright, P. C., Sanford, C. P., Reilly, S. M. and Lauder, G. V. (1989). Evolution
of motor patterns: aquatic feeding in salamanders and ray-finned fishes. Brain
Behav. Evol. 34, 329-341. doi:10.1159/000116519

Westneat, M. W. (2006). Skull Biomechanics and Suction Feeding in Fishes. In Fish
Physiology (ed. R. E. Shadwick and G. Lauder), pp. 29-75. San Diego, CA:
Academic Press.

13

RESEARCH ARTICLE Journal of Experimental Biology (2020) 223, jeb225649. doi:10.1242/jeb.225649

Jo
u
rn
al

o
f
Ex

p
er
im

en
ta
lB

io
lo
g
y

https://doi.org/10.1242/jeb.023929
https://doi.org/10.1242/jeb.023929
https://doi.org/10.1016/j.jtbi.2015.03.001
https://doi.org/10.1016/j.jtbi.2015.03.001
https://doi.org/10.1016/j.jtbi.2015.03.001
https://doi.org/10.1016/j.jtbi.2015.03.001
https://doi.org/10.1159/000116519
https://doi.org/10.1159/000116519
https://doi.org/10.1159/000116519

