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Synopsis Locomotion relies on the successful integration of sensory information to adjust brain commands and basic motor
rhythms created by central pattern generators. It is not clearly understood how altering the sensory environment impacts
control of locomotion. In an aquatic environment,mechanical sensory feedback to the animal can be readily altered by adjusting
water viscosity. Computer modeling of fish swimming systems shows that, without sensory feedback, high viscosity systems
dampen kinematic output despite similar motor control input. We recorded muscle activity and kinematics of six Polypterus
senegalus in four different viscosities of water from 1 cP (normal water) to 40 cP. In high viscosity, P. senegalus exhibit increased
body curvature, body wave speed, and body and pectoral fin frequency during swimming. These changes are the result of
increased muscle activation intensity and maintain voluntary swimming speed. Unlike the sensory-deprived model, intact
sensory feedback allows fish to adjust swimming motor control and kinematic output in high viscous water but maintain
typical swimming coordination.

Introduction
Coordinated locomotion in vertebrates is the result
of central pattern generators (CPGs), top-down sig-
nals (i.e., from higher brain centers such as cerebral
cortex and including integrated sensory information),
and local sensory feedback. Sensory feedback relays in-
formation from the environment to the central ner-
vous system, altering motor output and ultimately fine-
tuning locomotor performance. Higher order senses
like vision relay environmental information to CPGs
via the brain (e.g., cortex/pallium) (Severi et al. 2014;
Bollmann 2019). Local sensory feedback such as pro-
prioception (e.g., muscle stretch receptors) and other
more reflexive systems relay information directly to
CPGs creating more immediate changes in motor out-
put (Grillner et al. 1984; Viana di Prisco et al. 1990;
Vinay et al. 1996).While each of these components is es-
sential to adaptive, flexible locomotion (Goulding 2009;
Garcia-Campmany et al. 2010; Kiehn 2016), how dif-
ferent sources of sensory feedback (either top-down or
local) integrate and modulate locomotor behavior re-
mains uncertain.

Fish use a variety of senses to tune their movements
to their environment. Perturbations in flow demon-
strate that fish use vision and lateral line sensing (both
top-down sensory feedback systems) to control loco-
motion (Liao 2007). Although little is known about pro-
prioception in fishes, new research suggests that fish do
rely on proprioceptive feedback in both the spinal cord
and fins to fine-tune motor control (Henderson et al.
2019; Aiello et al. 2020). Further, since putative verte-
bral stretch receptor cells have been found in lamprey
as well as a variety of basal vertebrates including snakes,
salamanders and elasmobranchs, it is likely that bony
fishes also possess such cells (Massarelli et al. 2017). We
can gain insight into how these sensory systems con-
trol locomotion by altering environmental conditions
andwatching how animal behavior changes. Highly vis-
cous environments alter the mechanical forces experi-
enced by an animal by increasing the boundary layer
surrounding a swimming fish and decreasing the rel-
ative importance of inertial forces (lowering Reynolds
number [Re]). In other words, high viscosity systems
are dampened, which may impact sensory feedback.
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Further, increased efforts are likely required to initiate
andmaintainmotion in these environments, necessitat-
ing changes inmotor control and affecting swimperfor-
mance (Horner and Jayne 2008; Tytell et al. 2010).

While most studies that have manipulated viscos-
ity are aimed at questions outside of motor control
(e.g., cold temperature metabolism, performance lim-
its), they all indirectly suggest that sensory feedback is
essential for adjusting to novel environmental mechan-
ics (Fuiman and Batty 1997; Johnson et al. 1998; Hunt
von Herbing and Keating 2003; McHenry and Lauder
2005; Horner and Jayne 2008; Danos 2012; Danos and
Lauder 2012). Indeed, anguilliform swimming likely re-
quires additional effort to maintain swim speed in a
high viscosity environment, as is seen in lungfish swim-
ming in high viscosity (Horner and Jayne 2008). In
addition, computer simulations of anguilliform swim-
ming that lack sensory feedback, but maintain inter-
nal mechanics andmuscle activation frequency, display
dampened kinematics and decreased swim speed when
environmental viscosity is increased (Tytell et al. 2010).
These simulations also develop an increased phase lag
between muscle activation and body curvature in a
high viscosity environment. In contrast, a variety of in-
tact fishes maintain voluntary swim speed as viscosity
increases (steady swimming: Fuiman and Batty 1997;
Johnson et al. 1998; Hunt von Herbing and Keating
2003; Horner and Jayne, 2008; and unsteady swimming:
McHenry and Lauder 2005; Danos 2012; Danos and
Lauder 2012). To maintain speed in an increased vis-
cous force environment, fish must actively change their
muscle activation patterns, as seen in lungfish, which
increase their muscle effort (rectified integrated area of
the electromyography signal, RIA) and experience the
predicted increase in phase lag between electromyogra-
phy (EMG) onset and maximum body curvature when
swimming through viscous media (Horner and Jayne
2008). The signaling of this change in motor control
is most likely due to one or many of the abovemen-
tioned sensory feedback systems. While muscle acti-
vation changes kinematic output, the altered forces in
the environment passively constrain kinematics, as is
seen in the reduction of speed and amplitude of mo-
tion in sensory-deprived computer simulations (Tytell
et al. 2010). In this study, we measure muscle activa-
tion patterns and resultant kinematic performance of
the elongate bony fish, Polypterus senegalus, in a series
of different viscous regimes. P. senegalus is the most
basal actinopterygian. It has a predominantly aquatic
life history, but also has the ability to locomote on land.
Because of its phylogenetic position, and its ability to
locomote amphibiously, P. senegalus has become an
interesting evolutionary model and a considerable
amount is known about how it changes motor control

between its walking and swimming gaits. This study
aims to understand P. senegalus’ capacity to adjust to
more subtle changes in environment, thus building a
larger dataset with which to understand how sensory
feedback and environmental forces impact motor con-
trol. By leaving sensory systems intact and manipulat-
ing the environment, we discuss how sensory feedback
systems, combined with passive mechanical constraint,
may be involved in motor control in intact animals.

Materials and methods
Animals

P. senegalus were acquired from the pet trade (AQUAl-
ity Tropical Fish Wholesale Inc., Mississauga, ON,
Canada). Fish were kept in individual recirculating
(10% water change each week) flow-through tanks on
a 12/12 light cycle at 25–26°C. Six fish (total length:
136.33 ± 1.32 mm; mass: 14.55 ± 0.54 g) were used for
kinematic and EMG experiments. All fish swam in 1 cP
(normal water viscosity) and 40 cPwater. Three of these
fish also swam in 5 cP and 10 cP water. Fish numbers
were chosen based on variation seen in previous exper-
iments. All experiments were performed according to
University of Ottawa Animal Care Protocol BL-2069.

High-speed videography

Water viscosity was altered by the addition of methyl
cellulose (400 cP; M0262, Sigma-Aldrich) and mea-
sured before each experiment using either a S1 or S2
Shell Cup® (Norcross Corporation, Newton, MA). Note
that at the concentration necessary to achieve a viscos-
ity of 40 cP (<1%w/w), we would expect the solution to
exhibit Newtonian behavior (Herráez-Domínguez et al.
2005). Fish swam in a standing water tank (5.4 cm ×
80 cm) and were filmed from below by a Photron Fast-
camMiniUX (PhotronUSA Inc., SanDiego, CA) at 250
frames per second. The height of the water for all trials
was 5 cm. All experiments were run with room temper-
ature water (23–24°C). Fish were in each condition for
nomore than 10min tominimize stress and were given
free access to the surface to breathe using their lungs,
as desired. The order that the fish were exposed to each
viscosity was randomized to minimize any order effects
of the different conditions. Videos were analyzed only if
the fish completed three or more steady locomotor cy-
cles (tail fin beats) in a row (Movies S1 and S2). A total
of 5–10 cycles were analyzed for each fish in each condi-
tion. The nose and tip of the caudal fin was digitized us-
ing DLTData Viewer 6 (Hedrick 2008). Videos were bi-
narized andfishmidlines (fromnose to tip of caudal fin)
were automatically tracked using custom Matlab code.
Frame numbers and x–y coordinates of the pectoral fin
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Fig. 1 Representative traces of muscle activity, electrode position and pectoral fin angle. Muscle activity in 1 cP water (A) and 40 cP (B) for the
pectoral fin and left-side body electrodes. Electrode position and pectoral fin angle calculation for all fish (C). Five electrodes were implanted on
the left side of the body spaced equally between the posterior edge of the pectoral fin and the anterior edge of the anal fin. Two electrodes
were implanted on the right side to match body positions 2 and 4 on the left side. One electrode was implanted in the adductor muscle
of the right fin. Fin angle was calculated as the supplementary angle to that made by the head, 20% body length (BL; approximate position
of the pectoral girdle) and the middle of the tip of the pectoral fin lobe (denoted θ in panel C). Pectoral fin adductor (black), electrode 1 on
the left side (20.5 ± 0.008% BL; orange), electrode 2 on the left side (33.8 ± 0.015% BL; green), electrode 3 on the left side (47.6 ± 0.013%
BL; cyan), electrode 4 on the left side (59.4 ± 0.012% BL; light blue), and electrode 5 on the left side (69.2 ± 0.013% BL; dark blue). Traces
for electrodes on the right side are shown directly under the matching left-side trace at 50% transparency as indicated by the color matching
positions in panel C.

lobes when the fin began adduction and abductionwere
identified in FIJI (Schindelin et al. 2012).

Kinematics analysis

The following variables were calculated for each video
sequence: swim speed (BL s–1; BL, body length), maxi-
mum body curvature (calculated over 100 equal length
segments along the entire length of the fish; BL–1), body
wave speed (traveling wave of maximum body curva-
ture passing along three sections of the fish: 35–55%BL,
55–75% BL, and 75–95% BL; BL s–1), body wave fre-
quency (cycles s–1), fin frequency (defined by the start
of pectoral fin adduction; cycles s–1), fin angle at start of
adduction (supplementary angle to the angle between
the tip of the nose, back of skull and tip of the pectoral
fin lobe; radians; Fig. 1), fin angle at the start of abduc-
tion (radians; Fig. 1), and Re. Values for body curva-
ture and body frequency were calculated at each posi-
tion where they could be reliably detected. Therefore,
body curvature was not calculated for the head or tail,

and body frequency was not calculated for the head or
the two most anterior electrode positions. All variables
were calculated using custom code in Matlab (version
R2018/2019, The MathWorks, Natick, MA).

Electromyography

Prior to surgery, fishwere lightly anesthetized in 200mg
L–1 buffered tricaine methanesulfonate (MS222, Syn-
del Laboratories Ltd., BC, Canada). During surgery,
fish were kept moist and anesthetized with holding
tank water and anesthetic. Two-pronged electrodes
were fashioned out of 0.051 mm insulated bi-filament
stainless steel wire (California Fine Wire Company,
Grover Beach, CA, USA) and implanted in the fish
with 27 gauge needles (Sigma-Aldrich). Electrodeswere
implanted in the red muscle zone <1 mm deep at
five locations just above the lateral line down the
left side of the body (just behind the pectoral fin
base, 20.5 ± 0.008% BL; just anterior to the anal fin,
69.2 ± 0.013% BL; and three locations evenly spaced
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in between: 33.8 ± 0.015% BL, 47.6 ± 0.013% BL, and
59.4 ± 0.012% BL) (Fig. 1). To compare left- and right-
side body muscle timing, two electrodes were placed
on the body’s right side at the second and fourth po-
sitions (34.6 ± 0.013% BL and 61.2 ± 0.012% BL, re-
spectively) (Fig. 1). Finally, one electrode was placed
in the right pectoral fin adductor muscle (Fig. 1). Elec-
trode wires were secured to the dorsal finlets with su-
ture to reduce strain and the fish was allowed to re-
cover in tank water. EMG signals were recorded using a
Grass P511 AC Amplifier (Grass Instrument Company,
WestWarwick, RI, USA), fed through a Powerlab 16/35
digital-to-analog converter (AD Instruments, Colorado
Springs, CO, USA) and recorded in Lab Chart 8 (AD
Instruments). Signals were recorded at 10 kHz with a
60 Hz notch filter to eliminate ambient electrical noise
and a 40–4000 Hz band pass filter to eliminate move-
ment artifacts, and analyzed with custom Matlab code.
Video and EMG recordings were synchronized using an
external trigger. Following euthanasia (MS222 417 mg
L–1 in housing water), mass and length were recorded
and electrode locations were confirmed by dissection.

To facilitate comparison of muscle intensity across
individuals, we found the maximum value EMG
recorded over all trials, for each electrode (EMGExpMax).
Rectified integrated area under the EMG curve (RIA)
is reported as a percentage of theoretical maximum
RIA for each muscle burst (theoretical maximum
RIA=EMGExpMax × burst duration).Muscle burst start
and stop times were manually identified from the EMG
trace and used to calculate burst duration in % tail beat
cycle duration (EMGduty factor) andRIA (ameasure of
how hard a muscle is working, described above). Tim-
ing of body muscle onset relative to the timing of max-
imum body curvature was calculated as a percentage
of the tail beat cycle duration (EMG onset-curvature
phase lag). Note that most EMG variables are presented
only for the left-side electrodes. EMGdata for right-side
electrodes are used only to test for differences in timing
of contralateral muscle contraction.

Statistical analysis

Linear statistics and graphing were carried out in R
3.3.1 (R Team Core 2018) using the tidyverse package
(Wickham et al. 2019). We calculated trial averages and
used these as our observations for all models (each fish
performed two to three trials in each condition). Linear
mixed-effects models were created in nlme (Pinheiro
et al. 2018) with viscosity, position, and the interaction
of these two variables (when applicable, based on AIC
model comparisons) as fixed effects and individual as a
random effect. For those variables that were measured
at multiple body positions, the random effects were
modeled as body point nested in individual to account

for potential differences in variation across body posi-
tions. Given the number of individuals in our dataset,
we have chosen the most conservative estimation of
degrees of freedom for this type of model as defined
by Pinheiro and Bates (2000). Results for all linear
mixed-effects models are reported as ANOVA-type
tables. When necessary, corrections were made for
unequal variance of the residuals across body positions
using the constant variance function (varIdent) in nlme
(Pinheiro et al. 2018). Pseudo-R-squared values were
calculated for each model usingMuMIn (Barton 2018).
When necessary, post-hoc multiple comparisons were
performed across treatments within a position and
across positions within a treatment using the estimated
marginal means of each model (Lenth 2019). P-values
were Bonferroni-corrected based upon the total num-
ber of pairwise comparisons performed for each depen-
dent variable. Graphs for linear variables were created
using ggplot2 (Wickam 2016). Note that Re values
and their estimated marginal means are reported non-
transformed for clarity but, to account for non-normal
residuals, were log-transformed for statistical analysis.

Results
Electrode effects

A paired comparison of swimming in each treatment
before and after electrode placement was conducted
to quantify the effect of EMG electrodes on kinematic
behavior. Following electrode implantation (and ac-
counting for speed as a covariate in themodel), pectoral
fin range of motion remained constant; however, fin
angles at the start of both adduction and abduction
were 20° larger and pectoral fin frequency was 0.7
cycle s–1 faster. All other kinematic variables collected
showed no difference following electrode implantation.
Due to the lack of differences across most variables and
to pair kinematics with muscle data, we have included
only post-EMG surgery trials in this analysis. Individ-
uals were swum across all viscosity treatments to allow
paired comparisons.

Kinematic and muscle activity changes along the
body

In order to understand the anterior–posterior changes
in swimming kinematics and motor control, we exam-
ined the trends in our variables along the body of the
fish. Body curvature increased toward the fish’s tail in
all treatments (Tables 1 and 2; Fig. 2A). This increase
is statistically significant at position 5 in all treatments,
and also significant at position 4 in 40 cP. In each treat-
ment, body frequencywas consistent across body points
(Tables 1 and 2; Fig. 2B). The posterior body (75–95%
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Table 1 Summary of F values for linear mixed-effects models fitted to kinematic variables

Variable R2m [R2c] Viscosity Position Viscosity × position

Speed (BL s–1) 0.181 [0.244] 2.74 (3, 29) n/a n/a

Re 0.960 [0.962] 305.24* (3, 29) n/a n/a

Body curvature (BL–1) 0.530 [0.770] 0.84 (3, 143) 9.52* (4,20) 2.57* (12, 143)

Wave speed (BL s–1) 0.837 [0.885] 5.87* (3, 81) 30.87* (2, 10) 4.14* (6, 81)

Body frequency (cycles s–1) 0.435 [0.634] 70.54* (3, 157) 0.24 (4, 20) —

Fin frequency (cycles s–1) 0.416 [0.605] 12.35* (3, 29) n/a n/a

Fin angle—start adduction (rad) 0.161 [0.275] 2.72 (3, 29) n/a n/a

Fin angle—start abduction (rad) 0.043 [0.710] 1.47 (3,29) n/a n/a

Body EMG duty factor (%) 0.054 [0.516] 0.97 (3, 74) 0.82 (2, 10) —

Body EMG RIA (%) 0.647 [0.857] 30.34* (3, 74) 1.56 (2, 10) —

Pectoral fin EMG duty factor (%) 0.011 [0.667] 0.34 (3, 28) n/a n/a

Pectoral fin EMG RIA (%) 0.217 [0.357] 3.99* (3, 28) n/a n/a

EMG onset-curvature phase lag (%) 0.175 [0.380] 3.17* (3, 73) 7.31* (2,10) —

R2m is for the fixed effects in the model. R2c is for the whole model. The F-value and degrees of freedom (numerator, denominator; in parentheses
after each F-value) are presented for the fixed effects viscosity, position, and the interaction of viscosity and position. Asterisk denotes P < 0.05. Dash
indicates a term not included in the model (either due to being used to calculate the dependent variable or based on AIC criterion best fit model).
“n/a” is placed in cells where there is only one position possible. Position is the position on the body of the fish and was included in models only for
those variables where data were quantified at multiple positions.

Table 2 Connecting letter reports based on Bonferroni-corrected P-values for kinematic variables across body position, within a given condition

Variable Viscosity Position

H 1 2 3 4 5 T

Body curvature (BL–1) 1 cP — a a a ab b —

5 cP — a ab ab ab b —

10 cP — a ab abc bc c —

40 cP — a a ab bc c —

EMG onset-curvature phase lag (%) 1 cP — — — a a a —

5 cP — — — a a a —

10 cP — — — a a a —

40 cP — — — a a a —

35–55 55–75 75–95

Wave speed (BL s–1) 1 cP a a b

5 cP ab a b

10 cP a a b

40 cP a a b

Report is given only for the left-side electrode positions; values for right-side electrode positions 2 and 4 are comparable to left-side electrodes 2 and 4.
Estimated marginal means and their standard error can be found in Table 3. Position is the position on the body of the fish and was included in models
only for those variables where data were quantified at multiple positions.

BL) had a significantly higher wave speed than more
anterior body positions (35–55% and 55–75% BL) (ex-
cept in 5 cP at 35–55% BL; Tables 1 and 2; Fig. 2C).
Body EMG duty factor and body muscle RIA did not
vary across electrode positions 3–5 in any treatment

(Table 1; Fig. 3). EMG onset-curvature phase lag was
significantly affected by position according to ANOVA-
type results (Table 1), but this difference was not large
enough to remain following correction for multiple
comparisons (Table 2; Fig. 4).
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Fig. 2 Kinematics of P. senegalus swimming in viscous water. Data
from the five electrode positions on the left side of the body (as in
Fig. 1C) and the tail are shown along the x-axis in panels A and B. In
panel C, wave speed is shown across three portions of the body of
the fish. Curvature, wave speed, and wave frequency increase signif-
icantly as viscosity increases at all positions measured (P < 0.05).

Kinematic changes across viscosities

Since the outward kinematics are a combination of mo-
tor control and environmental constraint, we report
changes in kinematics to understand how successful lo-
comotion in each viscosity was achieved. There was no
significant change in swimming speed across all viscosi-
ties (Tables 1 and 3), despite a significant decrease in
Re (Tables 1 and 3). Fish displayed significantly larger
body curvature in 40 cP than in 1 cP for positions 3–
5 (Tables 1 and 3; Fig. 2A). There was a significant
positive relationship between body frequency and vis-
cosity at all body points at or posterior to position 2
(Tables 1 and 3; Fig. 2B). Wave speed was significantly
higher in 40 cP than in 1 cP along the posterior of
the fish (Tables 1 and 3; Fig. 2C). Increased viscosity
resulted in a higher pectoral fin frequency (Tables 1
and 3). There was no change in fin adduction or abduc-
tion angle across viscosities (Tables 1 and 3).

Fig. 3 Muscle activity of P. senegalus swimming in viscous water. Data
from the three most posterior electrode positions (3–5; as in Fig. 1C)
on the left side of the body are shown along the x-axis. Burst du-
ration (presented in % cycle duration) remains constant as viscosity
increases, whereas RIA (presented in % theoretical maximum RIA)
increases significantly (P < 0.05).

Fig. 4 Timing of EMG onset relative to maximum curvature for 1 cP
and 40 cP. Mean EMG onset timing is the start of the horizontal bar;
mean EMG offset timing is the end of the horizontal bar (standard
error is the black line at each end of the muscle activity). Triangle un-
derneath each bar indicates the mean timing of maximum curvature
(mean = triangle apex; standard error = horizontal bar on triangle).
Start of cycle (0%) is the tail starting to move to the right. Middle of
the cycle (50%) is the tail starting to move to the left. Note that phase
lag increases toward the posterior of the fish.

Electromyography changes across viscosities

EMG magnitude and timing were quantified to deter-
mine whether the motor pattern changed due to in-
creased viscosity. Quantitative data are only presented
for those electrode positions where there was enough
data in all viscosities for complete linear models, as
described above. Since burst presence at positions 1
and 2 during swimming in 1 cP and 5 cP is incon-
sistent (present in <10% of the tail beat cycles ana-
lyzed in each condition), EMG data were analyzed for
only positions 3 through 5 (Fig. 1). Body EMG duty



Viscous water swimming in Polypterus senegalus 7

Table 3 Connecting letter reports for kinematic and EMG variables across viscosity, within a given condition

Viscosity

Variable Position 1 cP 5 cP 10 cP 40 cP

Speed (BL s–1) — 0.65[0.05]a 0.42[0.07]a 0.51[0.07]a 0.59[0.05]a

Re — 11384[1.10]a 1620[1.09]b 953[1.10]c 257[1.10]d

Body curvature (BL–1) 1 0.100[0.068]a 0.092[0.081]a 0.005[0.081]a 0.111[0.067]a

2 0.129[0.068]a 0.225[0.081]a 0.128[0.081]a 0.259[0.067]a

3 0.151[0.067]a 0.327[0.081]ab 0.254[0.081]ab 0.363[0.067]b

4 0.244[0.067]a 0.380[0.081]ab 0.397[0.081]ab 0.537[0.067]b

5 0.464[0.067]a 0.491[0.081]a 0.590[0.081]ab 0.790[0.067]b

Wave speed (BL s–1) 35–55% 2.63[0.20]ab 2.19[0.25]a 2.63[0.25]ab 3.19[0.19]b

55–75% 1.86[0.17]a 1.82[0.20]a 2.27[0.20]a 3.15[0.16]b

75–95% 3.93[0.29]a 3.61[0.41]a 4.51[0.41]a 6.35[0.29]b

Frequency (cycles s–1) 2 3.77[0.26]ab 3.53[0.28]a 4.33[0.28]b 5.43[0.26]c

3 3.74[0.26]ab 3.51[0.28]a 4.30[0.28]b 5.40[0.26]c

4 3.65[0.26]ab 3.42[0.28]a 4.21[0.28]b 5.32[0.26]c

5 3.69[0.26]ab 3.46[0.28]a 4.25[0.28]b 5.36[0.26]c

T 3.63[0.26]ab 3.40[0.28]a 4.19[0.28]b 5.30[0.26]c

F 5.71[0.26]a 5.46[0.34]a 6.11[0.34]a 7.07[0.26]b

Fin angle—start adduction (rad) — 1.48[0.01] 1.48[0.02] 1.45[0.02] 1.44[0.01]

Fin angle—start abduction (rad) — 1.25[0.04] 1.27[0.04] 1.30[0.04] 1.24[0.04]

EMG duty factor (%) 3 32.1[3.7] 29.9[3.81] 31.8[3.9] 33.9[3.5]

4 33.8[3.6] 31.6[3.7] 33.5[3.7] 35.5[3.4]

5 36.8[3.4] 34.6[3.7] 36.5[3.7] 38.5[3.4]

F 42.1[4.2] 41.1[4.7] 39.1[4.7] 42.5[4.1]

RIA (%) 3 0.84[0.52]a 0.49[0.51]a 2.83[0.73]b 4.24[0.60]b

4 1.66[0.50]a 1.31[0.49]a 3.65[0.72]b 5.06[0.58]b

5 1.88[0.46]a 1.52[0.47]a 3.86[0.70]b 5.27[0.57]b

F 3.52[0.65]a 3.92[0.87]ab 4.79[0.87]ab 5.98[0.63]b

EMG onset-curvature phase lag (%) 3 1.60[2.49]a 0.61[2.88]a −0.47[2.20]a −2.80[2.02]a

4 −6.72[2.45]a −7.71[2.84]a −8.79[2.13]a −11.12[1.96]a

5 −4.70[2.40]a −5.69[2.84]a −6.77[2.12]a −9.10[1.95]a

Report is given only for the left-side electrode positions; values for right-side electrodes at positions 2 and 4 are comparable to left-side electrodes 2
and 4. H, head; T, tail; F, right pectoral fin. Estimated marginal means are presented with their standard error (calculated based on the number of trials
in each viscosity) in square brackets. Connecting letters are in superscript following the standard error. Position is the position on the body of the fish
and was included in models only for those variables where data were quantified at multiple positions.

factor did not change across viscosities (Tables 1 and 3;
Fig. 3A). Body RIA increased significantly in 10 and
40 cP for all applicable body electrode positions, while
pectoral fin RIA increased significantly in 40 cP (Tables
1 and 3; Fig. 3B). EMG onset-curvature phase lag was
significantly affected by viscosity in the ANOVA-type
results (Table 1), but all differences became nonsignifi-
cant after correction for multiple comparisons (Table 3;
Fig. 4).Note that in support of a unilateral, alternate pat-
tern of body muscle activity that typifies swimming (in
other words no presence of co-contraction in a more

viscous system), neither left- nor right-side electrodes
show any indication of a change in body EMG duty
factor (consistently<50% cycle duration; linear mixed-
effects model, P> 0.05) or EMG onset timing (as a per-
centage of tail beat cycle duration; linear mixed-effects
model, P > 0.05) across viscosities.

Discussion
Computer simulations of swimming that maintain
motor control patterns but increase water viscosity
show that swimming speed, body amplitude, and body
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frequency decrease in the absence of sensory feedback
(Tytell et al. 2010). In short, an increase in viscosity
dampens the system. If living systems were without
sensory feedback, we would expect to see the same
dampening of swimming kinematics. In contrast, P.
senegalus maintain their swimming speed even when
water is 40× more viscous than normal and do so by
increasing their body and pectoral fin muscle effort
(RIA). Our results are in line with the few previous
studies that have shown adult fish maintain swimming
speed in viscous water (Johnson et al. 1998; Horner and
Jayne 2008; Danos and Lauder 2012), and accord with
clear evidence that some fishes have a preferred swim-
ming speed related to energy consumption (Beamish
1978). The changes in muscle activity we report for P.
senegalus are similar to those in lungfish (the only other
investigation of fish muscle activity in viscous water),
suggesting that these two phylogenetically distinct ani-
mals respond to this novel environment in similar ways.
The maintenance of swimming speed in living fish sug-
gests sensory feedback systems fine-tune motor control
to address the constraints of this novel environment.

Vision

Fish use vision to facilitate steady swimming in both
flowing and still water (reviewed in Liao 2007). Vi-
sual flow allows fish to perceive swim speed relative
to their surroundings and thus helps tune kinematics
and muscle activity to achieve a preferred swimming
speed (Ahrens et al. 2012). Indeed,migrating salmonids
appear to maintain their ground speed at roughly 0.5
BL s–1 regardless of the river flow velocity they en-
counter (Beauchamp et al. 1989). Increasing viscosity
does not remove visual cues andP. senegalusmaintained
voluntary swimming speed despite the increase in me-
chanical constraint, suggesting that despite poor visual
acuity (Znotinas and Standen 2019), visual feedback
could be used by P. senegalus to determine preferred
swim speed.

Lateral line

How other sensory feedback systems modify swim-
ming performance in high viscosity requires closer
examination of the body kinematics and muscle tim-
ing. In high viscosity, P. senegalus increase their body
curvature, the frequency of their pectoral fin and body
motions, and the speed of the body wave as it travels
posteriorly. Each of these kinematic variables has the
capacity to impact the environmental signals received
by mechanical sensory feedback systems. For example,
lateral line cells detect flow velocity and acceleration
along the fish’s length that can be used to tune swim-
ming movements (Engelmann et al. 2000; Coombs
et al. 2001; McHenry et al. 2008; Bleckmann and Zelick

2009). The velocity and thickness of the boundary layer
around the fish directly affect the signal received by
superficial neuromasts (i.e., they are speed sensitive),
and indirectly affect canal neuromasts (i.e., they are ac-
celeration sensitive) (van Netten 2006; McHenry et al.
2008; Rapo et al. 2009;Windsor andMcHenry 2009). In
a more viscous (lower Re) environment, the boundary
layer is expected to be larger and thus more similar to
that of a slowly swimming fish (Windsor andMcHenry
2009). An increase in bodymotion (both increased cur-
vature and wave speed) in high viscosity would cause
an increase in local flow speed along the body, and
should decrease the boundary layer surrounding the
fish, increasing feedback to the lateral line cells. High-
frequency body undulations may have the same effect,
increasing the response of lateral line cells (van Net-
ten 2006; McHenry et al. 2008). While there are mixed
reports about the role of efferent neurons working to fil-
ter self-generated hydrodynamic signals during steady
swimming (e.g., evidence for such activity [Roberts and
Russell 1972] and against [Mensinger et al. 2019]), it
does appear that the lateral line of fish is responsive to
normal swimming bodymovements. These signalsmay
either be interpreted as a source of information (e.g.,
when body movements are unexpected) or as a source
of noise (e.g., when body movements are expected),
depending on the situation (Montgomery et al. 2009).
Both afferent and efferent lateral line signaling evidently
require further investigation, but they present poten-
tially important sources of information for fish swim-
ming in an increased viscosity environment. The role of
lateral line feedback in the observed responses could be
tested by swimmingP. senegalus in viscouswater follow-
ing a block of their lateral line cells. If lateral line sensory
feedback is important, as we propose here, we would
expect fish with a blocked lateral line in a high viscosity
environment to have no change in muscle activity, and
therefore demonstrate a dampened kinematic output.

Mechanical constraint

Independent of sensory feedback, mechanical con-
straint most likely contributes to kinematic differences
between water and high viscosity and is best repre-
sented by the phase lag between muscle activation (i.e.,
EMG onset) and resultant body motion. Based on a
model of undulatory swimming, an increase in this
phase lag can be a direct consequence of interactions
between relatively high fluid forces and relatively weak
body forces (e.g., muscle force, spring forces), as is the
case in high viscosity environments (Tytell et al. 2010).
Presumably, the increased phase lag results because
(for a given muscle force) the time interval between
initiating muscle activity and resultant kinematic out-
put should be inversely related with the resistive forces
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caused by the viscosity of the environment. Thus, the
environment constrains the timing of kinematic output.
Although not statistically significant (Table 1; Fig. 4),
this constraining effect is present, as despite increases in
muscle effort (which might balance environmental re-
sistance), EMG onset-curvature phase lag tends to in-
crease in P. senegalus as viscosity increases. A signifi-
cant increase in phase lag is achieved in lungfish when
viscosity reaches 100 times that of water (Horner and
Jayne 2008). Since our highest viscosity is only 40 times
more viscous than normal water, it is possible that we
would see a statistically significant magnitude shift in
P. senegalus at higher viscosities. Interestingly, our fish
were swimming at similar Re in 40 cP water to lung-
fish moving in ∼100 cP water. Thus, the dynamics of
these systems are similar, suggesting that something
other than simply mechanical constraint is influencing
the observed phase lag.

Whether the change in EMG onset-curvature phase
lag observed in both lungfish and P. senegalus is solely
due to passive mechanical constraint, is unclear from
intact animal data; the observed lag could be con-
tributed to active shifts in body stiffness as well. Re-
gardless, the functional consequences of this shift re-
main the same. Shifting EMG onset earlier in the cur-
vature cycle (assuming consistent EMGduty factor as in
our dataset) changes the amount of positive work done
by the muscles. While body curvature is not a perfect
proxy for muscle length change timing, shifting EMG
onset earlier relative to maximum curvature makes it
more likely that muscles are active during lengthening.
If present, negative work would help stiffen the body
of the fish and facilitate power transfer to the poste-
rior of the body while swimming through a high resis-
tance fluid. The larger lag in lungfish than inP. senegalus
in similar Re environments may be due to the dermis
and scales of P. senegalus stiffening the fish more than
the skin of lungfish (Long et al. 1996). If so, P. sene-
galus would have less need to actively stiffen the body
to permit effective transfer of power to the caudal fin
for swimming and so would show a smaller increase in
phase lag between EMGonset andmax body curvature.

Similarities between high viscosity and high-speed
swimming

A lag between EMG onset and max curvature is also
observed during high-speed swimming in a variety of
fishes (e.g., Jayne and Lauder 1995a; Coughlin 2000),
suggesting high viscosity swimming is coopting a nat-
ural swimming control pattern. Generally, when fish
swim faster, wave speed, tail beat frequency, pectoral
fin beat frequency (when present), and muscle activ-
ity increase (to facilitate themore powerfulmovements)
whilemaintaining a unilateral, alternate pattern ofmus-

cle activity along the body (e.g., Jayne and Lauder
1995a, 1995b; Coughlin 2000). As speed increases, ab-
solute body EMG burst duration decreases to main-
tain duty factor with an increased tailbeat frequency
(Shadwick et al. 1998). Interestingly, as water viscos-
ity increased, P. senegalus showed these same changes
in kinematics and muscle activity but without an ac-
companying change in speed (Tables 1 and 3; Figs. 1–
3). Note that because the observed increase in wave
speed occurs without a concurrent increase in swim-
ming speed (i.e., slip or propeller efficiency decreases),
it suggests that swimming in viscous water is less effi-
cient than swimming in normal water.

Elongate fish including eels, needlefish, and gar
(Long et al. 1996; Liao 2002; Tytell 2004) have shown
a positive relationship between swim speed and body
amplitude. Since P. senegalus are also elongate and
increase body curvature (and amplitude) at increased
viscosities, this may also suggest P. senegalus coopt
changes in motor control typically used to increase
swim speed. However, whether a positive relationship
between body amplitude and swim speed is observed in
P. senegalus remains to be determined. Polypterus sene-
galus also increase the frequency of pectoral fin cycles
in high viscosity, but keep angle at the start of adduction
and abduction constant, a change typical of Labriform
propulsion as speed increases (e.g., Drucker and Jensen
1996; Walker and Westneat 1997). Polypterus senegalus
may move the pectoral fin in the same arc because at
these muscle lengths, despite changes in fin cycle fre-
quency, both work and power output are maximal (e.g.,
seahorse dorsal fin muscle; Ashley-Ross 2002). Deviat-
ing from this range of motion would therefore diminish
the ability to overcome the increased resistance of a high
viscosity environment or to increase swimming speed.
Thus, the changes in kinematics and muscle activity of
P. senegalus while swimming in viscous water mirror
changes observed when fish increase swimming speed.

Possible local sensory feedback mechanisms

Increasing viscosity increases the mechanical dampen-
ing of the environment acting on sensory systems.Most
likely, sensory information from local (proprioception)
and higher order (vision and lateral line) systems work
in concert to achieve the exaggeration of body and
fin swimming motions we see in P. senegalus experi-
encing higher viscosity. While there is still little direct
evidence for proprioceptive senses in bony fish (but
see Henderson et al. 2019; Aiello et al. 2020), several
studies have demonstrated stretch-receptive cells in the
spinal cord of lamprey anddogfish (Grillner et al. 1981a,
1981b, 1984; Grillner and Wallén 1982). These cells
change firing frequency in response to local bending
angle and velocity (Massarelli et al. 2017). Both stretch
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receptors and proprioceptors input directly into local
circuits (and stretch receptors also provide feedback di-
rectly to the reticulospinal neurons), facilitating rapid
adjustment of locomotor movements to changes in en-
vironment (Hsu et al. 2016). In an environment with
increased mechanical resistance, like that caused by an
increase in viscosity, a given intensity of muscle activ-
ity would result in less local bending (Tytell et al. 2010).
The observed increased muscle activity in P. senegalus
swimming in high viscosity water may have been the
result of feedback from stretch receptors or proprio-
ceptors signaling the need for increased local bending.
The fact that increased muscle activity resulted in an
increase and not just the maintenance of local bend-
ing suggests that if such local sensory feedback exists in
P. senegalus it was either overcompensating or working
in combination with other sensory feedback systems to
augment movement. Indeed, whether stretch-receptive
or bending-sensitive proprioceptive cells are present in
P. senegalus remains to be seen and confirmation would
require direct cell recordings at different levels of bend-
ing, as has been done in dogfish and lamprey (Grillner
et al., 1981a, 1981b, 1984; Grillner and Wallén 1982).

Conclusion

Mathematical models suggest that without sensory
feedback, increased mechanical constraint at high vis-
cosity will result in dampened swimming kinematics.
The results we present here suggest that in living an-
imals, sensory-driven changes actually increase swim-
ming kinematics in a high viscosity environment. These
results suggest that manipulating viscosity in combina-
tion with alteration to different sensory feedback sys-
tems could shed light on key sensory inputs that impact
motor control in novel environments.

Acknowledgments
We thank John Lewis and Jeffrey Hainer, and sev-
eral anonymous reviewers of various drafts of this
manuscript for their helpful comments. Additionally,
we thank all members of our Human Frontiers Science
Program Grant team.

Funding
This work was supported by The Natural Sciences and
Engineering Research Council of Canada [NSERCDis-
covery Grant to E.M.S.]; and the Human Frontiers Sci-
ence Program [RGP0027/2017 to E.M.S.].

Supplementary data
Supplementary data available at IOB online.

Data availability
Dataset and R code used for statistical analysis are in-
cluded as supplementary files. Additional data are avail-
able upon request.

Declaration of competing interest
The authors declare no competing interests.

Author contributions
K.L. and E.M.S. shared project conceptualization, ex-
perimental and methods design, code development,
and writing of the manuscript. K.L. collected and an-
alyzed the data.

References
Ahrens MB, Li JM, Orger MB, Robson DN, Schier AF, Engert
F, Portugues R. 2012. Brain-wide neuronal dynamics during
motor adaptation in zebrafish. Nature 485:471–7.

Aiello BR, Olsen AM, Mathis CE, Westneat MW, Hale ME.
2020. Pectoral fin kinematics andmotor patterns are shaped by
fin ray mechanosensation during steady swimming in Scarus
quoyi. J Exp Biol 223:jeb211466.

Ashley-Ross MA. 2002. Mechanical properties of the dorsal fin
muscle of seahorse (Hippocampus) and Pipefish (Syngnathus).
J Exp Zool 293:561–77.

Barton K. 2018. MuMIn: Multi-Model Inference. R package ver-
sion 1.42.1. https://CRAN.R-project.org/package=MuMIn.

Beamish FWH. 1978. Swimming capacity. In:Hoar WS, Randall
DJ, editors. Fish physiology. New York (NY): Academic Press.
p. 101–87.

BeauchampDA, Stewart DJ, ThomasGL. 1989. Corroboration of
a bioenergetics model for sockeye salmon. Trans Am Fish Soc
118:597–607.

Bleckmann H, Zelick R. 2009. Lateral line system of fish. Integr
Zool 4:13–25.

Bollmann JH. 2019. The zebrafish visual system: from circuits to
behavior. Annu Rev Vis Sci 5:269–93.

Coombs S, Braun CB, Donovan B. 2001. The orienting response
of lake Michigan mottled sculpin is mediated by canal neuro-
masts. J Exp Biol 204:337–48.

Coughlin DJ. 2000. Power production during steady swimming
in largemouth bass and rainbow trout. J Exp Biol 203:617–29.

Danos N. 2012. Locomotor development of zebrafish (Danio
rerio) under novel hydrodynamic conditions. J Exp Zool
317:117–26.

Danos N, Lauder GV. 2012. Challenging zebrafish escape re-
sponses by increasing water viscosity. J Exp Biol 215:1854–62.

Drucker EG, Jensen JS. 1996. Pectoral fin locomotion in the
striped surfperch. II. Scaling swimming kinematics and per-
formance at a gait transition. J Exp Biol 199:2243–52.

Engelmann J, HankeW,Mogdans J, BleckmannH. 2000. Hydro-
dynamic stimuli and the fish lateral line. Nature 408:51–2.

Fuiman L, Batty RS. 1997. What a drag it is getting cold: parti-
tioning the physical and physiological effects of temperature
on fish swimming. J Exp Biol 200:1745–55.

Garcia-Campmany L, Stam FJ, Goulding M. 2010. From circuits
to behaviour: motor networks in vertebrates. Curr Opin Neu-
robiol 20:116–25.

Goulding M. 2009. Circuits controlling vertebrate locomotion:
moving in a new direction. Nat Rev Neurosci 10:507–18.

https://academic.oup.com/iob/article-lookup/doi/10.1093/iob/obab024#supplementary-data


Viscous water swimming in Polypterus senegalus 11

Grillner S, McClellan A, Perret C. 1981a. Entrainment of the
spinal pattern generators for swimming by mechano-sensitive
elements in the lamprey spinal cord in vitro. Brain Res
217:380–6.

Grillner S, McClellan AD, Sigvardt KA, Wallén P, Wilén M.
1981b. Activation of NMDA-receptors elicits “fictive loco-
motion” in lamprey spinal cord in vitro. Acta Physiol Scand
113:549–51.

Grillner S, Wallén P. 1982. On peripheral control mechanisms
acting on the central pattern generators for swimming in the
dogfish. J Exp Biol 98:1–22.

Grillner S, Williams TL, Lagerbäck P-Å. 1984. The edge cell, a
possible intraspinal mechanoreceptor. Science. 223:500–3.

Hedrick TL. 2008. Software techniques for two- and three-
dimensional kinematic measurements of biological and
biomimetic systems. Bioinspir Biomim 3:034001.

HendersonKW,Menelaou E,HaleME. 2019. Sensory neurons in
the spinal cord of zebrafish and their local connectivity. Curr
Opin Physiol 8:136–40.

Herráez-Domínguez JV, de León FGG, Díez-Sales O, Herráez-
Domínguez M. 2005. Rheological characterization of two vis-
cosity grades of methylcellulose: an approach to the modeling
of the thixotropic behaviour. Colloid Polym Sci 284:86–91.

Horner AM, Jayne BC. 2008. The effects of viscosity on the ax-
ial motor pattern and kinematics of the African lungfish (Pro-
topterus annectens) during lateral undulatory swimming. J Exp
Biol 211:1612–22.

Hsu LJ, Zelenin PV, Orlovsky GN, Deliagina TG. 2016.
Supraspinal control of spinal reflex responses to body bend-
ing during different behaviours in lampreys. J Physiol 595:883–
900.

Hunt von Herbing I, Keating K. 2003. Temperature-induced
changes in viscosity and its effects on swimming speed in lar-
val haddock. In: Proceedings of the 26th Annual Larval Fish
Conference. p. 24–34.

Jayne BC, Lauder GV. 1995a. Red muscle motor patterns dur-
ing steady swimming in largemouth bass: effects of speed and
correlations with axial kinematics. J Exp Biol 198:1575–87.

Jayne BC, Lauder GV. 1995b. Speed effects on midline kinemat-
ics during steady undulatory swimming of largemouth bass,
Micropterus salmoides. J Exp Biol 198:585–602.

Johnson T, Cullum A, Bennett A. 1998. Partitioning the effects
of temperature and kinematic viscosity on the C-start perfor-
mance of adult fishes. J Exp Biol 201:2045–51.

Kiehn O. 2016. Decoding the organization of spinal circuits that
control locomotion. Nat Rev Neurosci 17:224–38.

Lenth R. 2019. emmeans: Estimated Marginal Means, aka Least-
Squares Means. R package version 1.3.2.

Liao JC. 2002. Swimming in needlefish (Belonidae): anguilliform
locomotion with fins. J Exp Biol 205:2875–84.

Liao JC. 2007. A review of fish swimming mechanics and be-
haviour in altered flows. Philos Trans R Soc B Biol Sci
362:1973–93.

Long JH,HaleME,MchenryMJ,WestneatMW. 1996. Functions
of fish skin: flexural stiffness and steady swimming of longnose
gar Lepisosteus osseus. J Exp Biol 199:2139–51.

Massarelli N, Yau AL, Hoffman KA, Kiemel T, Tytell ED. 2017.
Characterization of the encoding properties of intraspinal
mechanosensory neurons in the lamprey. J Comp Physiol A
203:831–41.

McHenryMJ, LauderGV. 2005. Themechanical scaling of coast-
ing in zebrafish (Danio rerio). J Exp Biol 208:2289–301.

McHenry MJ, Strother JA, Van Netten SM. 2008. Mechanical fil-
tering by the boundary layer and fluid-structure interaction in
the superficial neuromast of the fish lateral line system. J Comp
Physiol A 194:795–810.

Mensinger AF, Van Wert JC, Rogers LS. 2019. Lateral line sen-
sitivity in free-swimming toadfish Opsanus tau. J Exp Biol
222:jeb190587.

Montgomery JC,Windsor S, Bassett D. 2009. Behavior and phys-
iology of mechanoreception: separating signal and noise. In-
tegr Zool 4:3–12.

Pinheiro J, Bates D. 2000. Mixed-effects models in S and S-plus.
New York (NY): Springer-Verlag New York Inc.

Pinheiro J, Bates D, DebRoy S, Sarkar D, R Core Team. 2018.
nlme: linear and nonlinear mixed effects models. R package
version 3.1-137.

R Team Core. 2018. R: a language and environment for statistical
computing. Vienna, Austria.

Rapo MA, Jiang H, Grosenbaugh MA, Coombs S. 2009. Using
computational fluid dynamics to calculate the stimulus to the
lateral line of a fish in still water. J Exp Biol 212:1494–505.

Roberts BL, Russell IJ. 1972. The activity of lateral-line effer-
ent neurones in stationary and swimming dogfish. J Exp Biol
57:435–48.

Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M,
Pietzsch T, Preibisch S, Rueden C, Saalfeld S, Schmid B et al.
2012. Fiji: an open-source platform for biological-image anal-
ysis. Nat Methods 9:676.

Severi KE, Portugues R, Marques JC, O’Malley DM, Orger MB,
Engert F. 2014. Neural control and modulation of swimming
speed in the larval zebrafish. Neuron 83:692–707.

Shadwick RE, Steffensen JF, Katz SL, Knower T. 1998. Muscle
dynamics in fish during steady swimming. Am Zool 38:755–
70.

Tytell ED. 2004. The hydrodynamics of eel swimming. II. Effect
of swimming speed. J Exp Biol 207:3265–79.

Tytell ED, Hsu C-YC, Williams TL, Cohen AH, Fauci LJ. 2010.
Interactions between internal forces, body stiffness, and fluid
environment in a neuromechanical model of lamprey swim-
ming. Proc Natl Acad Sci USA 107:19832–7.

van Netten SM. 2006. Hydrodynamic detection by cupulae in
a lateral line canal: functional relations between physics and
physiology. Biol Cybern 94:67–85.

Viana di Prisco G, Wallén P, Grillner S. 1990. Synaptic effects
of intraspinal stretch receptor neurons mediating movement-
related feedback during locomotion. Brain Res 530:161–6.

Vinay L, Barthe JY, Grillner S. 1996. Central modulation of
stretch receptor neurons during fictive locomotion in lamprey.
J Neurophysiol 76:1224–35.

Walker JA, Westneat MW. 1997. Labriform propulsion in fishes:
kinematics of flapping aquatic flight in the bird wrasse Gom-
phosus varius (Labridae). J Exp Biol 200:1549–69.

WickamH. 2016. ggplot2: elegant graphics for data analysis. New
York (NY): Springer-Verlag.

Wickham H, Averick M, Bryan J, Chang W, McGowan L,
François R, Grolemund G, Hayes A, Henry L, Hester J et al.
2019. Welcome to the Tidyverse. J Open Source Softw 4:1686.

Windsor SP, McHenry MJ. 2009. The influence of viscous hy-
drodynamics on the fish lateral-line system. Integr Comp Biol
49:691–701.

Znotinas KR, Standen EM. 2019. Aerial and aquatic visual acuity
of the grey bichir Polypterus senegalus, as estimated by optoki-
netic response. J Fish Biol 95:263–73.


