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Motor control in the epaxial musculature of bluegill sunfish in
feeding and locomotion
Yordano E. Jimenez*,‡ and Elizabeth L. Brainerd

ABSTRACT
Fishes possess an impressive repertoire of feeding and locomotor
behaviors that inmany cases rely on the same power source: the axial
musculature. As both functions employ different skeletal systems,
head versus body, integrating these functions would likely require
modular motor control. Although there have been many studies of
motor control in feeding or locomotion in fishes, only one study to date
has examined both functions in the same individuals. To characterize
bilateral motor control of the epaxial musculature in feeding and
locomotion, we measured muscle activity and shortening in
bluegill sunfish (Lepomis macrochirus) using electromyography and
sonomicrometry. We found that sunfish recruit epaxial regions in a
dorsal-to-ventral manner to increase feeding performance, such that
high-performance feeding activates all the epaxial musculature. In
comparison, sunfish seemed to activate all three epaxial regions
irrespective of locomotor performance. Muscle activity was present
on both sides of the body in nearly all feeding and locomotor
behaviors. Feeding behaviors used similar activation intensities
on the two sides of the body, whereas locomotor behaviors
consistently used higher intensities on the side undergoing muscle
shortening. In all epaxial regions, fast-starts used the highest
activation intensities, although high-performance suction feeding
occasionally showed near-maximal intensity. Finally, active muscle
volume was positively correlated with the peak rate of body flexion in
feeding and locomotion, indicating a continuous relationship between
recruitment and performance. A comparison of these results with
recent work on largemouth bass (Micropterus salmoides) suggests
that centrarchid fishes use similar motor control strategies for feeding,
but interspecific differences in peak suction-feeding performance are
determined by active muscle volume.

KEY WORDS: Muscle activity, Swimming, Suction feeding, C-starts,
Fast-starts, Performance

INTRODUCTION
Motor control makes muscle functionally versatile, enabling
animals to match their movements to a wide range of physical and
environmental conditions. Variable muscle recruitment can adjust
the speed, force and direction of movement, and altogether change
what type of behavior is produced (Biewener and Corning, 2001;
Ellerby et al., 2001; Jimenez and Brainerd, 2020). For example,

monitor lizards vary the activity of red and white muscle fibers to
maintain similar locomotor speeds despite temperature changes that
are expected to have detrimental effects on locomotor performance
(Jayne et al., 1990). Golden-colored manakins alter the activation
patterns of flight muscles during courtship displays to produce
audible snaps with their wings – a behavior markedly different
from powered flight (Fuxjager et al., 2017). Thus, comparing the
activation patterns of muscle under various conditions and during
different behaviors can elucidate the functional versatility,
specialization, limitations and evolution of muscle.

In fishes, the axial musculature is equipped with a neural circuitry
that enables most species to switch seamlessly between distinct
mechanical tasks: axial locomotion and suction feeding (Jimenez and
Brainerd, 2020). Axial locomotion involves lateral body bending
produced by alternating contractions of the left and right sides of the
axial musculature. In contrast, suction feeding involves rapid cranial
expansion that is typically, through numerous musculoskeletal
linkages in the skull, driven by neurocranial elevation from the pull
of the epaxials, and/or pectoral girdle retraction from the pull of the
hypaxials (Camp and Brainerd, 2014; Camp et al., 2018, 2020; Van
Wassenbergh et al., 2005). This configuration enables the axial
muscles to generate over 90% of suction power routinely (Camp et al.,
2015, 2018; Jimenez and Brainerd, 2020). These starkly different
behaviors involving different musculoskeletal regions, the head and
the body, are united by a common power source, and the emerging
challenge is to determine the mechanical and evolutionary
implications of such a dual-function muscle. A critical first step in
this effort is to quantify the motor control patterns that have integrated
these two musculoskeletal systems. To do so, it is necessary to first
review motor control of axial locomotion and feeding in fishes.

Fishes use several recruitment strategies to adjust the
performance of axial locomotion. The first strategy recruits
muscle in order of fiber type, where the progression of muscle
activation starts with slow-twitch muscle (small red fibers) and
ends with fast-twitch muscle (large white fibers), a phenomenon
known as the size principle (Boddeke et al., 1959; Bone et al., 1978;
Henneman, 1957; Henneman et al., 1965). Consequently, fish
generally activate only red muscle fibers at low swimming speeds
but at some threshold begin activating white muscle fibers,
increasing the number of active white fibers to increase tailbeat
frequency (Bone et al., 1978; Jayne and Lauder, 1994; Jimenez and
Brainerd, 2020; Johnston et al., 1977). This pattern is also observed
in fish species with pink muscle fibers, with an intermediate stage of
pink fiber activation between red and white fiber activation
(Coughlin and Rome, 1996; Johnston et al., 1977). Once white
muscle fibers are recruited, subsequent increases in performance
are produced not by activating different fiber types but by activating
a greater number of white fibers (Bello-Rojas et al., 2019; Jimenez
and Brainerd, 2020; McLean et al., 2007), which comprise
75–100% of the muscle’s cross-sectional area (Boddeke et al.,
1959; Greer-Walker and Pull, 1975). For example, largemouth bassReceived 25 May 2021; Accepted 20 September 2021
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(Micropterus salmoides) vary swimming performance by activating
muscle in a ventral-to-dorsal progression, where low-frequency
sprinting recruits only the ventral epaxial regions, and high-
frequency sprinting activates both the ventral and dorsal epaxial
regions (Jimenez and Brainerd, 2020). At the peak of locomotor
performance, evasive and predatory fast-starts, fishes can recruit the
totality of fibers in all regions of the axial musculature (Ellerby and
Altringham, 2001; Jimenez and Brainerd, 2020; Lauder, 1980; Liu
and Hale, 2014; Tytell and Lauder, 2002; Westneat et al., 1998).
Underlying these complex activation patterns is a motor pool
composed of spatially diverse motor units that, depending on the
behavior, can independently activate different muscle regions and
different numbers of muscle fibers within those regions (Bello-
Rojas et al., 2019; McLean et al., 2007).
Suction-feeding fishes use the same axial motor pool for both

locomotion and feeding and can modulate performance and function
with variable white muscle activity. Largemouth bass increase
suction-feeding performance via incremental recruitment of different
epaxial regions (Jimenez and Brainerd, 2020) and increased
activation intensity (Carroll and Wainwright, 2006; Jimenez and
Brainerd, 2020). An important difference is that the progression
of muscle recruitment is inverted in suction feeding, such that muscle
activity starts dorsally and progresses ventrally. For example,
low-motivation strikes on pellet food partially recruit the dorsal
region, but high-motivation strikes on live prey are more likely to
partially recruit all epaxial regions. Unlike locomotion, suction
feeding in largemouth bass exhibits a rostrocaudal recruitment pattern
where low-performance strikes activate rostral muscle, but high-
performance strikes activate rostral, midbody and caudal muscle
(Jimenez and Brainerd, 2020; Thys, 1997). Until now, axial motor
control as a dual-function phenomenon has only been studied directly
in one species, largemouth bass (Jimenez and Brainerd, 2020).
Neuroanatomical similarities across fish taxa would suggest fishes
share the capacity to modulate behavior and performancewith similar
motor control strategies, but good reasons exist to expect variability.
Fishes exhibit a wide range of variability in suction-feeding

performance (Carroll et al., 2004; Longo et al., 2016; Oufiero et al.,
2012), and the mechanical contributions of the axial musculature to
suction feeding can vary by species (Camp et al., 2020). Thus, some
species generate high suction expansion power relative to body mass,
whereas others do not (Camp et al., 2020). For example, largemouth
bass use very low activation intensities (Jimenez and Brainerd, 2020)
and generate only a fraction of the muscle’s theoretical maximum
power in suction feeding (Camp et al., 2015; Carroll et al., 2009).
In contrast, bluegill sunfish routinely generate very high muscle
power outputs, up to 438 W kg−1 (Camp et al., 2018). The varying
mechanical contribution of the axial musculature to suction feeding
raises the question: what is responsible for interspecific and
intraspecific differences in suction-feeding power?
The objectives of this study were threefold. (1) Determine

whether the dual-function recruitment patterns found in bass also
exist in a closely related species with a different body shape,
ecological niche and feeding strategy (Higham, 2007; Norton and
Brainerd, 1993). Is there evidence that the observed recruitment
patterns in suction feeding are preserved? (2) Assess muscle
recruitment in a species that produces high muscle power for suction
feeding compared with largemouth bass. Can a species that
generates high suction expansion power relative to its body mass
recruit a greater cross-sectional area of the musculature to generate
higher power outputs? (3) Quantify and compare the bilateral
muscle activity between locomotor and feeding behaviors in the
same set of experimental animals. Is muscle activity bilaterally

symmetrical for suction feeding and bilaterally asymmetrical for
swimming?

MATERIALS AND METHODS
Animals
Bluegill sunfish (Lepomis macrochirus Rafinesque 1819) were
caught at Lake Waban in Wellesley, MA, USA. Fish (standard
length, SL: 173, 171, 164 and 161 mm for Lm01, Lm02, Lm03 and
Lm04, respectively) were housed at Brown University in tanks at
room temperature (19–21°C).We acclimated the fish for a minimum
of 6 weeks, during which time they were trained to feed on carnivore
pellets and live prey, such as goldfish (Carassius auratus) and
rosies (Pimephales promelas). Two weeks before surgery and
experimentation, we fed the fish less frequently, and eventually not
at all, to increase their appetite. All procedures were approved by
and followed the policies of the Institutional Animal Care and Use
Committee (IACUC) of Brown University.

Experimental design
To detect disparities in muscle activity related to function and
performance, we recorded EMGs and muscle strain during feeding
and locomotion at a range of performance levels. To elicit a range of
feeding performance levels, we fed the sunfish carnivore pellets and
live prey (goldfish and rosies) as prior studies have documented that
fish suction feed on elusive prey at higher performance levels
(Jimenez and Brainerd, 2020; Nemeth, 1997; Norton and Brainerd,
1993). Sunfish were fed pellets and live prey in haphazard order to
ensure that differential performance was associated with food type
and not with satiation during data collection. We analyzed data from
successful and unsuccessful suction strikes.We used video footage to
categorize behaviors and exclude trials with aberrant movements that
could affect the EMG signal (e.g. fish bumping into the tank). To
ensure that muscle activity during suction feeding was not
confounded with locomotor activity, we used a combination of
video and sonomicrometry data to exclude trials with substantial
lateral body flexion during the strike. To record a range of locomotor
performance levels, we used hand movements of varying intensity in
the water to elicit three types of burst swimming: turns, sprints and
fast-starts. All three burst swimming behaviors use white muscle
fibers, but they differ in their mechanics and intensity. We
categorized turns and sprints as lower-performance behaviors and
fast-starts as a high-performance behavior.We recorded a range of tail
beat frequencies (3–22 Hz, based on the duration of muscle
shortening) comparable to the range of frequencies recorded in
largemouth bass (Jimenez and Brainerd, 2020) and other fish species
similar in length to our sunfish (Bainbridge, 1958; Wardle, 1975),
suggesting that we indeed elicited strong sprinting performance.
All feeding and swimming trials were done in a 60 gallon tank
with dimensions 48×13×22 inches (∼122×33×56 cm,
length×width×height).

Electrode construction
Bipolar electrodes were constructed from 0.1 mm diameter, Teflon-
insulated stainless-steel wire (A-M Systems, Sequim,WA,USA).We
twisted together two wires and added a tighter twist to the last ∼3 cm
on the recording end, where we offset the tips by 3 mm. After
offsetting the wires, we removed approximately 1 mm of insulation
from the tip of the recording end for each wire. Connector pins were
soldered onto the connector ends of thewire. The recording end of the
bipolar electrodewas placed inside the beveled opening of a 23-gauge
hypodermic needle and bent back to form a hook, allowing the leads
with connector pins to hang on the outside of the needle.
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Surgical procedures
Prior to each surgery, we anesthetized and CT (computed
tomography) scanned each individual in vivo and took
measurements of the intended implantation sites. Fish were
anesthetized via immersion in 0.12 g l−1 buffered MS-222 (tricaine
methanesulfonate). We then placed the fish in a surgical tray with a
flow of anesthetic solution and intubated the mouth to flow
oxygenated water over the gills. For each sonomicrometry
transducer (4 total per individual), we removed scales from the
implantation site, made a small dermal incision (1 mm), and used a
16-gauge needle with a blunted tip to make a path for the transducer–
holder unit (see below). We then sutured the external arms of the
holder onto the skin. Electrodes (6–8 per individual but only 6 were
analyzed in this study) were then percutaneously implanted through
the soft tissue between the scales to a depth halfway between the skin
and the vertical septum. The electrode and sonomicrometer leads
exiting from the muscle were glued together (E600 flexible craft
adhesive) to form a common cable, which we then sutured onto the
region above the head to relieve any tension from the leadwires and to
prevent them from dislodging from the animal.

Implantation sites
Electrodes were implanted in a total of six positions in each sunfish
at ∼35% SL (Fig. 1A). Three electrodes were implanted on each
side of the body, each dorsoventral location corresponding to
different myomeric regions of the epaxial musculature: the dorsal-
pointing arm (DPA), the posterior-pointing cone (PPC) and
the anterior-pointing cone (APC), anatomical regions which also
approximate the territories of distinct motoneurons (Fig. 1B; Bello-
Rojas et al., 2019). Sonomicrometry transducers were positioned to
measure longitudinal strain of the epaxial muscle mass at different
distances from the neutral axes of bending, not to measure strain
within a single myomere or measure muscle fiber strain along the
white muscle fibers that typically lie at various angles relative to the
long axis of the body (Alexander, 1969; Gemballa and Vogel,
2002). Each sonomicrometry transducer was mounted on a custom-
made stainless steel holder with three arms (Carr et al., 2011; Olson
andMarsh, 1998) and the positioning of the holder on the transducer
lead was used to implant the transducer at the desired muscle depth.
We implanted two pairs of transducers (1 mm diameter) in the
epaxial musculature on the left side of the body. Each pair was
approximately 15 mm apart, with each unit on either side of the
electrodes. Each pair was also oriented parallel to the long-axis
of the animal, defined as a line going from the snout tip to the

notch in the caudal fin. One pair was implanted dorsomedially
at approximately 14 mm dorsal to the vertebral column and 3 mm
lateral to the vertical septum. The other pair was implanted
ventrolaterally at approximately 8 mm dorsal to the vertebral
column and 5 mm lateral to the vertical septum (Fig. 1B). After
each experiment, sunfish were CT scanned with a Fidex scanner
(Animage, Pleasanton, CA, USA) at a 0.15 mm voxel resolution to
confirm electrode and transducer positions.

Data collection and filtering
Trials were filmed from a lateral view and a dorsal or anterior viewwith
a GoPro camera at a minimum of 60 frames s−1. We synchronized
EMG recordings with sonomicrometry recordings by sending a 1 Hz
signal from the LabChart PowerLab (Model PL3516) to the
sonomicrometry acquisition software. To synchronize data and
video, this 1 Hz square wave signal was also sent to a flashing LED
light in the field of view of the cameras. Video, EMG and
sonomicrometry data for this publication have been deposited in the
ZMAPortal (zmaportal.org) in the study ‘Sunfish EMG and
Sonomicrometry in Feeding and Locomotion’ with permanent ID
ZMA27. Video data are stored in accordance with best practices for
video data management in organismal biology (Brainerd et al., 2017).

Electromyograms were amplified by 1,000 or 10,000, depending
on signal strength, with low- and high-pass hardware filters set to
10 kHz and 100 Hz, respectively (A-M Systems, differential
AC amplifier, model 1700). A 60 Hz hardware notch filter was
also used to reduce noise from ambient AC circuits. Analog to
digital conversion was done using PowerLab data acquisition
hardware at a sampling frequency of 4 kHz, and EMGs were
recorded in LabChart (AD Instruments, Sydney, NSW, Australia).
EMG signals were rectified and software-filtered using the
biosignalEMG package for R-studio (https://CRAN.R-project.org/
package=biosignalEMG). Rectified data were processed with a
Butterworth filter with low- and high-pass settings of 1 kHz and
100 Hz, respectively. Finally, we calculated the moving average
(window of 5 frames or 1.25 ms) to create an envelope of the
rectified-and-filtered signal for parts of the analysis.

Muscle length (L) data were recorded at a sampling rate of
1041 Hz in SonoLab software (version 3.4.81) using a Sonometrics
system (Model TR-USB Series 8). We measured water temperature
to get the muscle temperature in our ectothermic fish, and input the
appropriate speed of sound at the beginning of each experiment
to account for any temperature changes (Marsh, 2016). Post-
processing of level shifts in the sonomicrometer signals was

Fig. 1. Diagram of electrode and sonomicrometry transducer positions within the axial musculature. (A) Lateral and (B) transverse views of a bluegill
sunfish showing the approximate positions of electrodes and sonomicrometry transducers implanted within the axial musculature, composed of serially repeating
myomeres. Red circles show approximate electrode positions in the three epaxial regions at 35% standard length (SL) considered in this study. Blue and green
circles show the positions of the two sonomicrometry transducer pairs used to measure muscle shortening. (C) Lateral view of an isolated myomere indicating the
three epaxial regions examined in this study. APC, anterior-pointing cone; DPA, dorsal-pointing arm; PPC, posterior-pointing cone.
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done in Igor Pro (Wavemetrics, Lake Oswego, OR, USA) and
muscle length data were smoothed using the smooth.spline function
in the stats package before and after calculating strain in R
(http://www.R-project.org/). Initial muscle length (Li) was defined as
the muscle length (L) prior to the onset of the behavior and muscle
shortening. Strain (E) was calculated as (L−Li)/Li. Muscle shortening
velocity (L s−1) was calculated as the time-derivative of strain.

Data analysis
We defined the on–off state of muscle based on a subjectively
determined voltage threshold set for each channel, where muscle
with a filtered peak voltage exceeding the threshold is considered
active (i.e. above-threshold muscle activity). We used a manually
selected time frame that approximates the duration of the ipsilateral
activity to calculate peak voltage in the ipsilateral and contralateral
sides. Thus, our detection of concurrent ipsilateral and contralateral
muscle activity indicates some temporal overlap but does not imply
the same onset and offset times, which we did not analyze in this
study. We calculated normalized activation intensity in each
electrode by dividing all voltage envelopes by the maximum
voltage envelope recorded. We calculated active muscle volume by
multiplying the normalized activation intensity of each muscle
region (DPA, PPC and APC) by its percentage of epaxial cross-
sectional area and adding all the values. Unless otherwise noted, we
analyzed the activation intensities for feeding behaviors on the side
with the highest value (left or right side of a given muscle region at
any point during the strike). For locomotor behaviors, we calculated
the normalized activation intensity and active muscle volume on the
ipsilateral side at any point during muscle shortening.
Bilateral symmetry of normalized activation intensity was

calculated for each trial by comparing values of each left–right
electrode pair. As feeding and locomotion flex the body in different
directions (Jimenez et al., 2021), we used different criteria to assess
symmetry. For feeding, we used the peak normalized activation
intensity at any point during the activity burst and a trial was
counted as symmetrical if the pairwise difference of a left–right
electrode pair did not exceed a tolerance level. Tolerance levels were
set using the standard deviation for data aggregated by feeding
behavior, individual and muscle region. For example, the standard
deviation of normalized activation intensity for Lm01 within the
DPA for live prey strikes was 22%, so a strike would be counted as
symmetrical if the left and right electrodes of the DPA region of
individual Lm01 had values within 22% (absolute percentage) of
each other. For the same region and individual, the left–right
intensities would have to bewithin 1.3% of each other for a chewing
behavior because the standard deviation for that behavior was so
much lower. We set the tolerance to 1% in cases where an electrode
pair had standard deviations less than 1%, as we consider
differences less than 1% to be negligible. For swimming, a trial
was counted as asymmetrical only if ipsilateral activity, the sidewith
active muscle shortening, was greater than contralateral activity at
the time of peak ipsilateral activity. The tolerance level for
asymmetry was set to 200% (relative percentage), such that the
normalized activation intensity of the ipsilateral side had to be at
least twice that of the contralateral side. For our analysis, trials with
higher intensities on the contralateral side were classified as
symmetrical, as they do not meet the a priori expectation that
higher levels of muscle recruitment occur on the side toward which
the fish bends.
In order to pool strain rate data from all individuals, we corrected

our muscle strain measurements to account for differences caused
by variable sonomicrometry transducer locations. Longitudinal

muscle strain has been shown to vary with distance from the neutral
axis of bending (i.e. the vertebral column) as a result of the beam-
like deformation of fish muscle, where locomotion produces a
mediolateral gradient and feeding produces a dorsoventral gradient
(Jimenez et al., 2021). Assuming that the strain gradient is linear and
that strain is zero at the vertebral column, we applied the following
correction factor: Eestimated=Emeasured×(Zmeasured/Zestimated), where
Emeasured is the strain measured by a transducer pair, Zmeasured is the
linear distance of the transducer pair from the neutral axis, and
Zestimated is the distance from the neutral axis for which an estimate
of longitudinal muscle strain is desired. We applied this correction
factor to all individuals to estimate strain at the furthest point from
the neutral axis of each function. After correcting strain data for
variable positions, we pooled data from all individuals and
calculated rate of body flexion for feeding and locomotion by
dividing peak strain rates by the greatest rate measured in each
function. Relative rate of body flexion provided a continuous
measure of performance that avoided the confounding factors
associated with using strain measurements to analyze the
performance in these functions: (1) different strain gradients and
muscle distributions with respect to the neutral axes of feeding and
locomotion (Jimenez et al., 2021) and (2) unknown gearing of the
oblique axial muscle fibers (Gemballa and Vogel, 2002).

Statistical analysis
Statistical analyses, including linear regressions, eta-squared test of
variance, ANOVA and Tukey post hoc tests were performed in R
using its native functions (http://www.R-project.org/). ANOVA
with significant results were followed up with Tukey’s HSD post
hoc tests. For all tests, a P-value <0.05 was considered statistically
significant. Owing to uneven sample sizes across individuals and
behaviors, the percentage of trials with bilateral symmetry were
aggregated by individual, behavior, function (feeding or
locomotion) and muscle region for statistical analysis.

RESULTS
Muscle strain and activation
The epaxial musculature actively shortened in both feeding and
locomotor behaviors (Fig. 2). In both behaviors, muscle activation
began prior to the onset of muscle shortening. An example suction
strike on a live prey (Fig. 2A) shows the onset of simultaneous
bilateral muscle activation in all epaxial regions promptly followed
by rapid muscle shortening. We observed pre-lengthening in some
strikes, typically those on live prey. The example fast-start (Fig. 2B)
shows bilateral asymmetry of muscle activity, where stage-1 muscle
activity is prominent ipsilaterally (the side of the body undergoing
muscle shortening), followed by prominent contralateral muscle
activity that begins just prior to stage 2. Muscle strain data in this
study were used to confirm that muscle produced positive
mechanical work and, in conjunction with video recordings, to
distinguish behaviors and their directionality. Strain data helped
distinguish between stage 1 and stage 2 of the fast-start and
determine which side of the axial musculature was actively
shortening during sprints and turns.

Regional muscle activation
During feeding, the presence or absence of muscle activity varied
with epaxial region and feeding behavior (Fig. 3A). On average, the
percentage of trials with above-threshold muscle activity was
highest in the dorsal-most region (dorsal-pointing arm, DPA),
intermediate in the middle region (posterior-pointing cone, PPC)
and lowest in the ventral-most region (anterior-pointing cone, APC).
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Although differences were not always statistically significant, mean
percentage decreased from dorsal to ventral for all feeding behaviors
on both sides of the body. Furthermore, the averages were
consistently highest in live prey strikes, intermediate in pellet

strikes and lowest in chews. All individuals activated the DPA more
frequently for suction feeding (live prey and pellet strikes) than for
chewing, except for the left DPA in Lm03. Ventral muscle regions
(PPC and APC) were also activated more frequently for live prey
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strikes than for pellet strikes and chews. Across locomotor
behaviors, the percentage of trials with above-threshold ipsilateral
muscle activity varied with behavior but not by region (Fig. 3B).
Stage-1 and stage-2 fast-starts activated ipsilateral muscle in 100%
of trials and contralateral muscle in over 95% of trials. In contrast,
contralateral muscle activity was present in over 21% of sprints and
in over 36% of turning maneuvers for each of the three regions.

Bilateral symmetry of activation intensity
Muscle activity was frequently observed in both sides of the body
during both feeding and locomotion (Fig. 3), so we compared
activation intensity in the different sides of the body. Intensity was
bilaterally symmetrical in feeding, i.e. similar intensities within the
left and right sides of a muscle region, but asymmetrical in axial
locomotion, i.e. higher intensities in the intensities muscle region
relative to the contralateral side (Fig. 4). Feeding behaviors used
bilaterally symmetrical activation intensities at a much greater
frequency than locomotion (Fig. 4; factorial ANOVAwith function,
individual and muscle region as factors, P<0.001). Bilateral
symmetry was significantly affected by function – feeding or

locomotion – in all three muscle regions (factorial ANOVA
followed by Tukey post hoc tests, P<0.001). Other factors and
interactions between factors also had a statistically significant effect
on bilateral symmetry (function×region, function×individual,
function×region×individual), but when combined they explained
only 14% of variance, whereas function alone explained 72% of
variance (partial eta-squared test). Data pooled by function alone
showed that 86% of feeding observations were symmetrical (601 of
702; 234 feeding trials×3 muscle regions=702 total), whereas only
16% of locomotor observations were categorized as symmetrical
using our conservative estimate of locomotor symmetry (218 of
1329; 443 locomotion trials×3 muscle regions=1329 total).

Normalized activation intensity
Muscle activation intensity was significantly affected by behavior,
accounting for 57% of the variance in activation intensity (Fig. 5;
factorial ANOVA, P<0.01; eta-squared test of variance). Other
significant effects included individual, and behavior×region,
behavior×individual and region×individual interactions (P<0.01),
but combined accounted for less than 3% of the variance (eta-
squared test of variance). Region alone and
region×individual×behavior interactions had no statistically
significant effect on activation intensity. Mean±s.d. normalized
activation intensity for pooled data grouped only by behavior were
from highest to lowest: stage-1 fast-starts (54±27%), stage-2 fast-
starts (33±25%), prey strikes (17±20%), turns (4±5%), sprints
(3±5%), pellet strikes (2±2%) and chews (1±2%).

We performed a Tukey post hoc test to determine which
interactions between individual, region and behavior were
statistically significant. Prey strikes had higher mean activation
intensities than pellet strikes and chews in all three epaxial regions
for all individuals, including Lm02, where the average differences
were smaller. However, these differences were only statistically
significant in two cases: the prey strike–chew comparison in the
DPA of Lm01 and Lm04. Pellet strikes and chews used statistically
similar intensities across all epaxial regions and individuals. Prey
strikes and stage-1 fast-starts used statistically similar activation
intensities in 5 of 12 cases: the DPA and PPC of Lm01 and Lm03,
and the APC of Lm03. In the other 7 cases, stage-1 fast-starts used
statistically higher activation intensities than prey strikes. Activation
intensities were also statistically similar in prey strikes and stage-2
fast-starts in 10 of 12 cases, except for the PPC and APC of Lm02,
where activation intensities were statistically greater for stage-2 fast-
starts. Prey strikes were in all cases statistically similar to sprints and
turns. Within each muscle region of each individual, stage-1 fast-
starts used statistically higher activation intensities than both sprints
and turns, and stage-2 fast-starts used statistically higher activation
intensities than sprints. Stage-2 fast-starts used statistically higher
activation intensities than turns in 10 of 12 cases, those statistically
non-significant being the DPA and APC of Lm04. We found no
statistical differences between sprint and turn activation intensities
for any region of any individual.

Active muscle volume
Active muscle volume was significantly correlated with peak rate of
body flexion in feeding and locomotion (Fig. 6). Both biological
functions had moderate to strong positive logarithmic relationships
between active muscle volume in both sides of the body and rate of
flexion, where the effects of active muscle volume on rate of flexion
decreased as active muscle volume increased. For feeding, the
relationship between active muscle volume and body flexion rate
was very similar in the left and right sides of the body even though
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strain, from which we calculated rate of flexion, was measured only
in the left side. A similar relationship was found in locomotion,
though the regressions for the left and right sides had different
shapes (Fig. 6C,D). The different shapes of these regressions may be
due to behavioral changes in response to the heavier instrumentation
on the left side of the body or an error associated with estimating rate
of body flexion for rightward movements with sonomicrometry
transducers located in the left side of the body.
Active muscle volume was also correlated with categorical

variables in bluegill sunfish and largemouth bass (re-analyzed data
from Jimenez and Brainerd, 2020). Behavior had a statistically
significant and primary effect on the active muscle volume in
both species, accounting for 73% of variance in bass and 59% of
variance in sunfish (factorial ANOVA, P<0.01; eta-squared test).
Within each species, all other significant and non-significant
effects combined accounted for less than 4% of variation. Thus, we
pooled all data to statistically test species differences in active
muscle volume (Fig. 7). Behavior, species and behavior×species
interactions all had statistically significant effects (factorial
ANOVA, P<0.01) but behavior accounted for 60% of the
variance (60%) as compared with 2% explained by the other two
variables (eta-squared test). Sunfish and bass used similar activation

intensities for each behavior except turns (Tukey post hoc test,
P<0.01). In both species, stage-1 fast-starts activated significantly
more muscle volume than all other behaviors, including stage-2
fast-starts. Stage-2 fast-starts activated significantly more muscle
volume than all other behaviors, except stage-1 fast-starts.

DISCUSSION
Comparison of bluegill sunfish and largemouth bass
Muscle recruitment patterns of bluegill sunfish in feeding and
locomotion show important similarities and differences to those
of largemouth bass (Jimenez and Brainerd, 2020). As far as we
know, these are the only two species in which muscle recruitment
patterns have been recorded in the same individuals with the same
electrodes in both behaviors, thereby allowing comparison between
biological functions. Similarities between these species include:
(1) dorsal-to-ventral activation of the epaxial musculature
associated with increased feeding performance, (2) activation of
all epaxial regions in fast-starts, and (3) substantially higher
activation intensities for fast-starts than for all other behaviors.
Differences between these species include: (1) sunfish did not show
a strong ventral-to-dorsal activation pattern of muscle activity
associated with swimming performance, whereas bass were less
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likely to use the dorsal muscle regions for sprinting, (2) sunfish used
activation intensities for prey strikes that were substantially higher
than those for pellet strikes, whereas these were more similar in
largemouth bass, (3) sunfish used activation intensities for the
highest performance prey strikes that were similar to the highest
activation intensities in fast-starts. Overall, the recruitment patterns
observed in largemouth bass and bluegill sunfish are consistent with
the epaxial neuroanatomy in fishes, described in zebrafish (Danio
rerio) and goldfish (Cyprinus carpio), which consists of some
motoneurons that innervate varying numbers of muscle fibers
within a given epaxial region and other motoneurons that innervate
spatially distinct epaxial regions (Bello-Rojas et al., 2019; Fetcho,
1987; Westerfield et al., 1986). Our observations and those made in
prior anatomical and experimental studies suggest that teleost fishes
possess the prerequisite neuroanatomy necessary for modulating
swimming and suction-feeding performance through regionalized
and graded recruitment of axial muscle.

Differences between bluegill sunfish and largemouth bass also
suggest that active muscle volume is an important determinant of
muscle mass-specific power output in suction feeding. Active muscle
volume for sunfish and bass overlaps considerably (Fig. 7), coinciding
with the overlapping muscle mass-specific power output generated by
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the epaxial muscle of these species (Camp et al., 2018). Yet, at the
highest levels of suction-feeding performance, sunfish and bass
produce considerably different muscle power outputs and, as we found
here, the highest recorded active muscle volumes are considerably
greater in sunfish as compared with the highest values for bass (Fig. 7).
For example, the highest recorded muscle mass-specific power for the
axial muscle for sunfish in suction feeding (438 W kg−1) is over 3
times greater than that recorded for bass (141 W kg−1; Camp et al.,
2018), and here we showed sunfish routinely used active muscle
volumes 2–3 times greater than the highest value recorded in bass (see
highest performance sunfish strikes on live prey in Fig. 7).
Additionally, in sunfish, the relationship between active muscle
volume and peak rate of body flexion – a continuous measure of
performance – provides strong evidence that these high values of active
muscle volume represent highly motivated behaviors (Fig. 6) rather
than outliers due to methodological or analytic error. Demonstrating
this relationship is important because highly motivated behaviors are
known to be difficult to elicit in experimental settings (Astley et al.,
2013;Moran et al., 2019). These findings suggest that although epaxial
muscle is critical to suction feeding in both of these species, only some
species may maximize the mechanical output of the muscle by
activating all of it for suction feeding. Sunfish generate very high
suction powers using epaxial activation intensities on par with fast-
starts, whereas bass do not.

Active muscle volume and performance
The relationship between active muscle volume and peak rate of body
flexion suggests that muscle recruitment drives performance for
feeding and locomotion. This relationship is remarkable considering
that these two functions involve different loading regimes (Day et al.,
2005; Tytell and Lauder, 2008) and body movements (Jimenez et al.,
2021), along with differences between locomotor behaviors such as
sprinting and fast-starts (Tytell and Lauder, 2004). These data suggest
that feeding performance in sunfish is modulated by activating a
different number of muscle regions and a different number of muscle
fibers with in each region, whereas locomotor performance is
modulated primarily by activating a different number of muscle fibers
as all three epaxial regions are almost always active (Fig. 3).
Furthermore, it suggests that performance is partly responsible for
variationwithin behavior categories (e.g. Fig. 5). Although our results
suggest that active muscle volume is a reasonable estimate of
muscular exertion, the exact relationships between active muscle
volume, muscle output and organismal performance are unclear. This
is likely due to the difficulty of using the EMG signal to infer muscle
mechanics from the EMG signal (Roberts and Gabaldón, 2008) and
the complexity of muscles contracting against dynamic loads such as
those present in suction feeding and locomotion (Marsh, 1999;
Richards, 2011). Nevertheless, in fishes, the strength of the EMG
signal has been previously correlated to suction forces (Carroll and
Wainwright, 2006; Jimenez and Brainerd, 2020) and tail-beat
frequency (Jimenez and Brainerd, 2020). EMG signal strength has
also been correlated with force and shortening velocity in bird flight
(Hedrick et al., 2003), and with running speed in humans (Biewener
et al., 2004). In this study and its counterpart (Jimenez and Brainerd,
2020), the well-established full activation of axial muscle during the
escape behavior provides an intuitive way of normalizing the signal,
as the percentage value approximates the relative number of muscle
fibers active in a given region for a given behavior. Additionally,
combining EMGdata frommultiple electrodes positioned in different
muscle regions, while accounting for the size of each region, provides
a more representative estimate of mechanical exertion in large
muscles. Our analysis suggests that this metric is a powerful tool for

comparative research, though future work should be done to explore
in more detail the relationship between active muscle volume and
organismal performance.

Mechanical implications of bilateral activation
Feeding and locomotion use distinct motor control strategies (Figs 3
and 4) and, consequently, different mechanical strategies (for bilateral
asymmetry ofmuscle activity along the body, seeWestneat et al., 1998,
and Tytell and Lauder, 2002). Feeding and locomotion involve
different muscle synergies, as each function requires axial muscle
flexionwithin a different anatomical plane (Jimenez et al., 2018, 2021).
In swimming, the left and right sides of the body are antagonistic:
active shortening on one side (ipsilateral: positive work) tends to
produce lengthening on the other side (contralateral: negativework). In
suction feeding, the left and right sides of the body are synergistic, as
both sides of the epaxial musculature must actively shorten (positive
work) to elevate the neurocranium (for bilateral epaxial activity during
ram feeding, see Lauder and Norton, 1980). Thus, if positive work
production is unilateral for swimming but bilateral for feeding, it is
plausible that high-performance suction feeding can produce higher net
muscle power outputs than fast-starts. Although axial muscles on
opposite sides of the body are necessarily antagonistic in locomotion,
this arrangement may still provide performance advantages.

It has been speculated that the preparatory phase of the fast-start
(stage 1) can enhance muscle mechanics of the propulsive phase
(stage 2) (Franklin and Johnston, 1997; James and Johnston, 1998).
Higher muscle power output, mechanical output, velocity and
acceleration in stage-2 fast-starts provide evidence of enhancement
(Altringham and Johnston, 1990; Frith and Blake, 1995; James
and Johnston, 1998; Tytell and Lauder, 2008), although the specific
mechanisms are unclear. One proposed mechanism is that of force
enhancement via eccentric muscle contraction. As force production is
enhanced when an active muscle is lengthened by its antagonist, the
same contralateral muscle that actively lengthens during stage 1
produces higher muscle force and power when it actively shortens in
stage 2 (Franklin and Johnston, 1997; James and Johnston, 1998).
However, only a relatively small percentage of muscle fibers actively
lengthen in swimming (Fig. 2), and anymechanical enhancement due
to active lengthening would be limited to that smaller group of fibers.
Thus, a hypothesis of enhanced muscle performance in stage 2 needs
to account for active lengthening in a few fibers and passive
lengthening in most fibers. An alternative hypothesis suggests that
intramuscular pressure in the contralateral muscle enhances fast-start
performance through elastic energy storage (Westneat et al., 1998),
and not necessarily enhanced muscle performance. However, it
should be noted that intramuscular pressure can also enhance
contractile forces (Sleboda and Roberts, 2020).

Finally, contralateral muscle activity may be used to modulate
body stiffness, force transmission and/or escape trajectory (Tytell
et al., 2018; Westneat et al., 1998) – alternatives not necessarily
related to enhancing muscle mechanics. Future studies are needed to
more precisely test these hypotheses and to determine if the role of
contralateral muscle activity varies across species with different
body shapes and swimming modes (Altringham and Ellerby, 1999).

Patterns of muscle activation in fast-starts
Bluegill sunfish activated epaxial muscle bilaterally for fast-starts, but
with higher activation intensities on the side of muscle shortening
(Figs 2 and 6). Other fish species have also been shown to activate the
axial muscle bilaterally for fast-starts, although muscle recruitment
patterns for fast-starts can vary intraspecifically and interspecifically
(Czuwala et al., 1999; Ellerby and Altringham, 2001; Hale, 2002;
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Tytell and Lauder, 2002; Westneat et al., 1998). One example of this
intraspecific variation is themuskellunge (Esoxmasquinongy), which
activatemuscle unilaterally along thewhole body during stage 1 ofC-
starts, but activate muscle bilaterally in posterior regions during stage
1 of S-starts (Hale et al., 2002). Interspecific variation of bilateral
muscle activity during C-starts ranges from some species using
bilateral activity for some stages, to unilateral activity for other stages
and, in some cases, no activity whatsoever in stage-2 fast-starts (Hale
et al., 2002). In comparison, we show both qualitatively (Fig. 2B) and
quantitatively (Fig. 3B) that bluegill sunfish activate ipsilateral and
contralateral muscle during both stages of the fast-start. These
intraspecific and interspecific differences may be a result of the
diverse neural circuits used for initiating fast-starts (Liu and Hale,
2014), but we suspect that methodological factors are also important.
Here, we used a thresholding method to determine whether muscle
was active, whereas other studies used different methods. In some
cases, EMG bursts with very low peak voltages that would have been
reasonably ruled out as inactive in other studies may have been
included as active in our analysis. Although thesemethodological and
biological factors may yield different results and interpretations, it is
worth noting that these studies consistently found higher levels of
muscle activity on the side of muscle shortening as compared to the
side of muscle lengthening for fast-starts (Fig. 3).

Functional diversity of muscle activation
Species from various vertebrate taxa have been shown to modulate
muscle activity in response to variable conditions and for different
behaviors (Azizi et al., 2008; Biewener and Gillis, 1999; Carr et al.,
2011; Gillis and Biewener, 2000; Roberts et al., 2007). In fishes,
motor control of the axial musculature has been studied primarily in
relation to locomotor function, corresponding to a tradition of
interpreting musculoskeletal anatomy, physiology and mechanics
primarily through the lens of axial locomotion. Considering that
locomotion is the ancestral function of the axial musculoskeletal
system (Fletcher et al., 2014; Webb, 1982), such an approach has
yielded critical insights into the form–function relationships of fish
locomotion. Yet, the emerging multifunctional perspective for fish
axial musculature cautions against automatically assuming
musculoskeletal traits are locomotor adaptations. The evidence
suggests that most suction-feeding fish can activate all epaxial
regions (Camp et al., 2015, 2018; Jimenez and Brainerd, 2020), and
that even a fish species with a relatively common mouth and body
shape, bluegill sunfish, may be capable of activating the entire muscle
volume at 35% SL in high-performance suction feeding. How does
this affect our understanding of and approach to the axial musculature
of fishes?
In largemouth bass, high muscle recruitment in high-performance

swimming and low muscle recruitment in suction feeding provide
evidence that the axial musculature is primarily suited for swimming.
If all fish used the axial muscle like bass, then it would strongly
support the historical perspective that this is primarily a swimming
muscle. The similar levels ofmuscle recruitment in high-performance
swimming and high-performance suction feeding in bluegill sunfish
provide a counter example to the historical locomotor perspective.
Our discovery that high-performance swimming and suction feeding
can use similar levels of muscle recruitment suggests that either
biological function could be the subject of natural selection on
epaxial muscle structure and mechanical function. Elucidating the
functional specialization of this muscle may require exploration into
its architecture and physiology, as well as in vitro experiments that
simulate muscle performance under the strain–activation conditions
observed in both functions.
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