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Fishes exhibit an astounding diversity of locomotor behaviors
from classic swimming with their body and fins to jumping, flying,
walking, and burrowing. Fishes that use their body and caudal fin
(BCF) during undulatory swimming have been traditionally divided
into modes based on the length of the propulsive body wave and
the ratio of head:tail oscillation amplitude: anguilliform, subcaran-
giform, carangiform, and thunniform. This classification was first
proposed based on key morphological traits, such as body stiffness
and elongation, to group fishes based on their expected swim-
ming mechanics. Here, we present a comparative study of 44
diverse species quantifying the kinematics and morphology of
BCF-swimming fishes. Our results reveal that most species we
studied share similar oscillation amplitude during steady locomo-
tion that can be modeled using a second-degree order polynomial.
The length of the propulsive body wave was shorter for species
classified as anguilliform and longer for those classified as thunni-
form, although substantial variability existed both within and among
species. Moreover, there was no decrease in head:tail amplitude
from the anguilliform to thunniform mode of locomotion as we
expected from the traditional classification. While the expected
swimming modes correlated with morphological traits, they did
not accurately represent the kinematics of BCF locomotion. These
results indicate that even fish species differing as substantially in
morphology as tuna and eel exhibit statistically similar two-
dimensional midline kinematics and point toward unifying loco-
motor hydrodynamic mechanisms that can serve as the basis for
understanding aquatic locomotion and controlling biomimetic
aquatic robots.

fish locomotion j biomechanics j BCF j swimming modes j undulatory
swimming

D uring steady aquatic locomotion, animals exert force
gainst the surrounding water to support and move their
body (1, 2). Energy transfer from body to medium is achieved
through reaction forces (e.g., viscous, form, and induced drag),
which are all contingent on the shape, size, and motion of the
body and propulsors (e.g., fins, in the case of fishes) (3-8).
Many fish species primarily use their body and caudal fin
(BCF) for undulatory propulsion and are grouped into four
major modes depending on head amplitude and the length of
the propulsive wave during body undulation (8, 9). These
modes are classically characterized by an expected decreasing

gradient in head:tail oscillation during undulation from anguil-
liform (“eel-like”) locomotion, supposedly showing the largest

relative side-to-side amplitude of the head (yaw), to thunniform
(“tuna-like”) locomotion, showing the least amount of yaw,
with two intermediate modes: subcarangiform (“trout-like”)
and carangiform (“mackerel-like”). According to this classifica-
tion, fish species are also expected to undulate different
portions of their body at different amplitudes: anguilliform
swimmers have an elongated body and are expected to
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undulate the majority of their body (10); subcarangiform
swimmers are expected to move both their trunk and tail; car-
angiform swimmers may move only the posterior third portion
of their body; and, finally, thunniform swimmers may hold most
of their body relatively straight and only use their narrow cau-
dal peduncle and tail for forward propulsion (9). Based on this
classification, the expectation is to find a decrease in amplitude
and an increase in wavelength from anguilliform to thunniform
modes. Even though Breder (7) and others (9-12) recognized
that these categories represent “average types within an essen-
tially continuous range of swimming modes” and thus should
not be applied strictly, fishes have frequently been placed into
one of these categories based on general morphological fea-
tures of body elongation and stiffness (13). In fact, many recent
studies continue to work under this framework to investigate an
array of fish BCF swimming (13-19). The systematic assign-
ment of fishes into one of these categories becomes problem-
atic when the use of incorrect a priori assumptions about loco-
motor patterns leads to biased interpretation of correlations
between swimming kinematics and ecology. This may limit our
ability to understand the diversity of fish locomotion and to cor-
rectly program fish-like robotic platforms (18, 20-22) or to
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integrate fish biomechanics data into ecological studies and
conservation programs (19, 21).

Here, we present a quantitative and comparative empirical
study of fish swimming kinematics with the fundamental goal of
testing the hypothesis that the classically defined fish BCF
swimming modes indeed represent distinct kinematic patterns
which also correlate with morphological differences in fishes
(such as body elongation and depth) along a gradient from
anguilliform to thunniform. We analyzed steady swimming
kinematics of 44 species (n = 1 to 6 individuals per species)
during steady swimming in sustained, prolonged, or sprint
modes at four research facilities (SI Appendix, Fig. S1). These
included jawless fishes (three species), cartilaginous (three spe-
cies), and bony fishes (37 species) and, in addition, one species
of “fish-like” chordate, the Mediterranean amphioxus Bran-
chiostoma lanceolatum (Dataset S1). Sequences of complete
tail beat cycles were extracted for each individual, and midlines
of the fish were digitized throughout the tail beat and divided
into 200 points along the body. Kinematic parameters such as
amplitude and phase of lateral oscillation along the body, tail-
beat frequency, wavelength, and curvature were quantified and
expressed as a proportion of body length (BL). External mor-
phological traits including width and depth at various locations
along the body as well as the fineness ratio were calculated on
museum specimens (n = 1 to 3) for each of the tested species.
Our study shows that, in contrast to the widespread assumption
that BCF locomotion can be divided into discrete modes, many
fish species are located on a continuum and exhibit a generally
statistically similar suite of undulatory kinematic parameters
during steady locomotion, with oscillation amplitude accurately
described using a unifying second-order polynomial equation.
Therefore, we conclude that the classical fish swimming modes
are poor descriptors of the diversity of fish BCF locomotor
kinematics.

Results

We analyzed 151 video sequences across all the species used in
this study. Seven species (16%) had a sample size of one indi-
vidual, while 33 (75%) had sample sizes between two and six.
We analyzed 10 sequences for each of the four canonical spe-
cies traditionally used to define fish BCF swimming modes
(American eel Anguilla rostrata, brook trout Salvelinus fontina-
lis, mackerel Scomber scombrus, and tuna Thunnus albacares)

to identify intraspecific variation in kinematic features (n = 5
for each species swimming at about 1 BL X s-1). Reynolds
numbers (Re) were > 1,000 (median = 110,288, interquartile
range [IQR] = 60,370 to 753,319, except for amphioxus moving

in still water [mean Re = 568]). Strouhal numbers (STs) ranged
from 0.15 to 0.82, with a median of 0.29 and an IQR of 0.24 to

0.35 (SI Appendix, Fig. S2). Swimming speeds varied greatly
across testing conditions and apparatus: fish tested in small
flow tanks and tunas tested in a large circular tank exhibited
swim speeds ranging from 0.2 to 13 BL x s~1, while fish tested
in the large outdoor experimental flume had swim speeds rang-
ing from 1 to 25 BL x s-1. Except for a strong correlation with
tail-beat frequency (r = 0.95), swim speed had little effect on

kinematic parameters, showing no significant correlation with
head amplitude (r = 0.08), maximum amplitude (r = 0.18),
wavelength (r = -0.03), or curvature (r = 0.02) (SI Appendix,
Figs. S3 and S4). Therefore, we compared kinematics across all
species regardless of swimming speed.

Kinematics of the Four Canonical Species. During steady locomo-
tion, thrust is generated by an axial undulating wave passing
down the body of fishes. When we compared steady swim-

ming kinematics of the four representative species at ~1
BL x s-1 (n = 5 each), wavelength was significantly different
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(one-way ANOVA, F = 7.70, P = 0.0024), with the mean wave-
length of the eel being statistically shorter (0.58 BL) than that of
the trout, mackerel, or tuna (1.00, 0.96, and 1.17 BL, respec-
tively; Tukey-Kramer multiple comparison test, a = 0.05). Head
amplitude was also significantly different (one-way ANOVA, F =
10.56, P = 0.0005), with the mean head amplitude of the tuna
greater than that of the eel, trout, or mackerel (Tukey—Kramer
multiple comparison test, a = 0.05). We also found an overall
difference among the four swimming modes in tail amplitude
(one-way ANOVA, F = 3.37, P=0.047), but none of the post
hoc comparisons among modes were statistically different
(Tukey—Kramer multiple comparison test, a = 0.05). The ratio of
head:tail amplitude was only statistically higher in the tuna (one-
way ANOVA, F = 18.64, P < 0.001). Finally, we found that maxi-
mum curvature was not statistically different among the four
model species (one-way ANOVA, F = 3.16, P=0.05). A post
hoc power analysis indicated that sample size was adequate to
detect differences between modes for wavelength (power = 0.96)
head and head:tail amplitude (power = 0.99 for both) but
not for tail amplitude (power = 0.62) or maximum curvature
(power = 0.64).

When analyzing sequences (n = 10 for each species) across
all speeds tested, wavelength was statistically different (one-way
ANOVA, F = 12.96, P< 0.0001), with the tuna’s wavelength
significantly longer than those of the mackerel and eel but not
significantly different from the trout’s (Tukey-Kramer multiple
comparison test, a = 0.05, Fig. 1). Head amplitude was also dif-
ferent across species (one-way ANOVA, F = 4.95, P = 0.005),
with eels and tunas having the highest head amplitude (Fig. 1).
However, we observed no significant difference in tail and
head:tail amplitude (one-way ANOVA, F = 2.31, P =0.09, and
F =2.48, P=0.07, respectively, Fig. 1). We observed no differ-
ences in maximum curvature among the four model species
(one-way ANOVA, F = 1.40, P = 0.1). The post hoc power
analysis showed that the sample size was adequate to detect dif-
ferences in head amplitude (power = 0.87) and wavelength
(power = 0.99), but there was high variation for the same sam-
ple size in maximum curvature, tail amplitude, and head:tail
amplitude (power = 0.5 for all three).

Kinematics across All Species. The wavelength decreased signifi-
cantly from thunniform (median = 1.14) to subcarangiform
(median = 0.93) and anguilliform species (median = 0.75)
(one-way ANOVA, F = 8.26, P < 0.001, power = 0.99; Fig. 2A
and SI Appendix, Fig. S6). Overall, species classified as anguilli-
form had more than one wave passing down their body during
the tailbeat, while thunniform species had less than one (SI
Appendix, Fig. S6). However, we observed subcarangiform spe-
cies such as the Atlantic salmon Salmo salar exhibiting shorter
wavelengths (0.74 BL) than most other species and amphioxus
having long wavelengths of 1.04 to 1.49 BL. Some species (rain-
bow trout Oncorhynchus mykiss, brook trout, yellowfin tuna,
crevalle jack Caranx hippos, and short-nose sturgeon Acipenser
brevirostrum) also showed high variability in wavelength, with
an SD around 20% of BL.

Overall, amplitude increased nonlinearly from head (median =
0.03, IQR = 0.02 to 0.05) to tail (median = 0.18, IQR = 0.15 to
0.21), with the rate of increase being much lower in the anterior
third of the body and a rapid increase posterior to the midbody
location (Fig. 2B and SI Appendix, Fig. S5). Maximum amplitude
always occurred at the tail (starting at 90% down the BL). We
found high inter- and intraspecific variation in amplitude along
the body within each a priori group. Variability was larger for
species classified as anguilliform and subcarangiform. When con-
sidering all swimming speeds tested, mean head amplitude was
highest in anguilliforms and lowest in carangiforms (one-way
ANOVA, F = 6.45, P< 0.001, power = 0.96; Fig. 3B). The mean
tail amplitude was also highest in anguilliforms than in the other
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Fig. 1. Rethinking swimming modes in fishes. (A) New view based on

high-speed video analysis of steady swimming kinematics to illustrate the
considerable similarity among the four classic fish swimming modes. Head
and tail amplitude variables do not distinguish the four classic categories
of BCF swimmers: eel (Anguilla rostrata), trout (Salvelinus fontinalis),
mackerel (Scomber scombrus), and tuna (Thunnus albacares). (B) Represen-
tative midlines (average of n = 10 each) of complete tail beat cycles of eel,
trout, mackerel, and tuna during steady swimming. (C) Distribution of
head, tail, and head:tail amplitude reported as a proportion of BL in four
representative species (n = 10 clips per species). The boxes show the
median as well as the 25th and 75th, while whiskers show the 10th and
90th. (Top Left Insets) Expected pattern based on the canonical classifica-
tion of swimming modes.
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groups (one-way ANOVA, F = 5.63, P=0.001, Tukey-Kramer
multiple comparison test, a = 0.05, power = 0.94). Some species
in the anguilliform group exhibited high values of head:tail ampli-
tude such as amphioxus (0.74) and hagfishes (0.38 and 0.47). As
a consequence, species classified a priori as anguilliform had
statistically higher head:tail amplitude, especially when compared
to carangiform species (one-way ANOVA, F = 3.19, P=0.02,
Tukey-Kramer multiple comparison test, a = 0.05, power = 0.73).
We found that the amplitude envelope of 90% of the tested indi-
viduals can be described adequately (R? > 0.9) using a second-
degree polynomial (Fig. 3). An analysis of polynomial coefficients
shows that individual datasets are not separated by the swimming
modes and instead represent a continuum in the parameter space.
We also found that these coefficients covary, suggesting that they
are not independent from each other. In particular, there is a
strong negative correlation between the linear and quadratic
terms (r = -0.89, P < 0.001). A global model was then fitted
using these individual midlines, allowing us to describe 60% of
the variability in the amplitude envelope of all studied species
with a single equation:

y¥ 0:05-0:13xp 0:28x2

Phase, representing the timing of the undulatory movement
along the body, increases linearly from head to tail and shows a
similar pattern among species, except for tunas that exhibit
lower values posteriorly, which reflects a change in the wave
speed at the tail (Fig. 2C). Curvature increases gradually as
the propulsive wave travels down the body, except for a local
minimum at ~20 to 25% of the body length, with a median cur-
vature of 0.88 and an IQR of 0.34 to 2.09 (Fig. 2D). Species
classified as anguilliform show an increased curvature in the
first half of their body by comparison to those classified in the
other modes. Maximum values of curvature then always occur
posteriorly, beyond the caudal peduncle (median across species
= 3.53 BL1, IQR = 2.22 to 5.12 BL"!). Anguilliform and sub-
carangiform swimmers, however, exhibited overall higher vari-
ability in curvature along their bodies than fish classified in the
other modes. Maximum curvature was significantly different
across modes (one-way ANOVA, F = 4.46, P = 0.005, power =
0.87), with anguilliform and subcarangiform statistically similar
to thunniform but not to carangiform (Tukey-Kramer multiple
comparison test, a = 0.05), which had lower maximum
curvature.

We used a multivariate analysis to identify patterns in the
multidimensional fish kinematic and morphological space. We
selected the first three components from a principal component
analysis (PCA), which had eigenvalues equal to or greater than
one and accounted for 72% of the variability in the data. The
first two components accounted for 62% of the variability
(Fig. 4A). The first component was mainly composed of mor-
phometric variables, while kinematics contributed primarily to
the second component. There was a substantial overlap among
swimming modes with regards to kinematics and morphomet-
rics. However, a large proportion of the anguilliform swimmers,
characterized by a high fineness ratio, distinctively groups on
the morphology axis (Fig. 44). The density-based clustering
approach conducted on morphometrics identified one large
cluster regrouping 36 species (Fig. 4B) sharing similar morpho-
metrics. Seven points, however, remained unassigned: five spe-
cies closely located in the multivariate space and characterized
by a high fineness ratio (>1.5) and low body and peduncle width
and depth (amphioxus, American eel, Pacific hagfish Eptatretus
stoutii, Atlantic hagfish Myxine glutinosa, and sea lamprey Petro-
myzon marinus) as well as two species characterized by deeper
bodies (Atlantic spadefish Chaetodipterus faber and bluegill Lep-
omis macrochirus). When conducted on undulatory kinematics,
this approach identified one cluster regrouping all species
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Fig. 2. Two-dimensional kinematics do not support the classical view of fish swimming modes. Representative kinematics (A) wavelength, (B) amplitude, (O
phase, and (D) curvature along the body reported as a proportion of BL (A, B, and D) and radians (C) across 43 different species of fish and a species of chor-
date, the Mediterranean amphioxus (Branchiostoma lanceolatum). Each data point represents one individual, and species are divided according to the classic
swimming modes: “anguilliform,”red (n = 12), “subcarangiform,” dark blue (n = 27), “carangiform,” orange (n = 4), and ‘thunniform,” light blue (n = 1). The
solid line and colored area represent the median and the IQR, respectively. The gray dots (A) and area (B-D) represent the total variability. The length of the
propulsive wave shows high variability within modes but generally increases from eel to tuna with similar values for subcarangiform and carangiform modes.
Amplitude increases nonlinearly in a rostro-caudal axis for all tested species with very similar median and IQR values. A specific pattern is visible for tunas in
whom the increase in amplitude reaches a plateau near the caudal peduncle. Phase increases linearly from head to tail and is similar among species except for
tunas in whom phase values in the posterior body are lower, reflecting a change in the wave speed at the tail. Curvature patterns along the body are similar
among swimming modes, reaching maximal values in the anterior part of the tail. Anguilliform swimmers, however, show an overall higher curvature anteri-
orly (first 2/3 of their body). Variability is greater among the anguilliform and subcarangiform modes for all kinematic parameters; however, this increased vari-
ability may partly reflect that these modes represent most of the tested species, while the carangiform and thunniform modes only comprised four and one
species, respectively. Thus, the potential for an increased diversity in kinematics patterns is higher for the anguilliform and subcarangiform modes.

except for two unassigned points, the largemouth bass Micropte-
rus salmoides and the rainbow trout, both characterized by a
large curvature (Fig. 4C). This indicates that, despite some dif-
ferences, there was substantial overlap in the BCF swimming
kinematics of the studied species, making it difficult to distin-
guish groups of species sharing a distinct suite or mode of
steady swimming kinematics.

40f9 j PNAS
https://doi.org/10.1073/pnas.2113206118

Discussion

Since their first mention by Breder in 1926 (7), the canonical view
of BCF modes has been repeated in virtually all reviews of fish
locomotion (11, 12, 17), in numerous recent research papers
(14-16, 19, 23), and used to categorize fishes based on their pre-
sumed kinematic groups. This view has important implications for
fisheries conservation and management outcomes because fishing
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toma lanceolatum (R? < 0.7). (B) Fish amplitude envelopes with R > 0.9 (gra
Cls (magenta solid and dashed lines) is also shown (y % 0:05-0:13xp 0:28x%,

(O Polynomial coefficients; B, versus B, (Left, r = -0.27, P < 0.001), B, versus B,
Each data point (filled circles) represents one individual, and species are

y). One representative polynomial model fitted to all fish datasets with 95%
r-squared = 0.59, P < 0.001). (Top Left Inset) Outlier datasets with R? < 0.9.
(middle, ¥ = 0.31, P < 0.001), and B, versus B, (Right, r = -0.89, P < 0.001).
divided according to the classic swimming modes: “anguilliform,” red,

“subcarangiform,” dark blue, “carangiform,” orange, and ‘thunniform,” light blue. The global polynomial model from B (magenta cross) is also shown.

gear, habitat restoration, and fish passage devices or exclusion
barriers are often designed for species placed in different swim-
ming modes (11, 19). Additionally, BCF modes have served as a
touchstone for fish-inspired robotic platforms (17, 20, 22, 24).
Although swimming kinematics have been studied in detail for
several species over many years, only a few studies have used a
quantitative comparative approach and obtained high-resolution
kinematic data from species such as tuna, which classically define
one extreme of the fish swimming modes continuum (22, 23, 25).
Expected BCF kinematic patterns based on the classic swim-
ming modes, such as a decreasing ratio of head:tail amplitude
coupled with an increasing length of the propulsive wave from
anguilliform to thunniform swimmers, were not observed in our
comparative study. Instead, midline kinematics during steady
swimming represent a continuum across different morphologi-
cal characteristics, life stages, and native environments. Even
when only selecting the four species that the traditional canoni-
cal classification is based on, we observed a significant overlap:
most of the kinematic parameters were not significantly differ-
ent across each category, and we even noted a kinematic pat-
tern opposite to the classically expected one, with tuna having a
significantly higher, rather than lower, head:tail oscillation
amplitude (Fig. 1). Significant overlaps in BCF fish swimming
kinematics may be the product of evolutionary constraints on
fish propulsion resulting from hydrodynamic demands of mov-
ing through the dense and viscous aquatic medium. Head oscil-
lation during swimming may be linked to locomotor efficiency
by generating leading-edge suction and thus contributing to
thrust (26). We expect fish with narrow tails and no caudal
peduncle, such as eels, to have greater head and body ampli-
tude. As their tail span is small with regards to their length,
they are assumed to recruit more of their body to generate
thrust (27). While this assumption may be valid, head
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oscillation may also be regulated in some species to enhance
respiration and flow sensing (28). This may explain the pattern
of species with stiffer bodies, such as those classified as carangi-
form and thunniform, to oscillate their head during swimming
to an extent similar to other fish species and why a quantitative
analysis of locomotor kinematics contradicts the long-held
assumption that body stiffness and shape alone could inform
swimming behavior.

The amplitude of the undulating wave along the body was
also observed to be consistent across species, with median val-
ues ranging from 0.03 at the head to a maximum of 0.3 BL at
the tail. This agrees with previous studies on a variety of spe-
cies: dace Leuciscus leuciscus (29), trout (10), bluegill sunfish
(30), goldfish Carassius auratus (29), eels (31), largemouth bass
(32), saithe Pollachius virens (33), mackerel (33), and yellowfin
tuna (34, 35) in which amplitude along the body increased in a
rostro-caudal axis from O to 0.03 to a maximum of 0.2 to 0.3
BL. The amplitude envelope during BCF locomotion was well
described by second-degree polynomial equations for 92% of
the tested individuals. A unifying model, fitted using these indi-
viduals, was able to describe 60% of the variability in amplitude
along the body across all tested species. The midlines that could
not be correctly modeled with this equation belonged to species
such as amphioxus, kingfish Menticirrhus americanus, flathead
mullet Mugil cephalus, spadefish, rainbow trout, and large-
mouth bass, some of them being already identified as “noise”
points in the multivariate clustering analysis. The coefficients of
the equation covary, and their variance captures the diversity in
BCF locomotion patterns (Fig. 3C). Engineers often base their
robotic platforms on fish midline kinematics while deciding on
segment formation (e.g., number of segments and position of
joints) and control parameters (36). Polynomial coefficients
presented in Fig. 3 provide a comprehensive picture of the
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Fig. 4. Morphology is the principal axis of variation among species, not kinematics. (A) A PCA shows that most variation is expressed on the horizontal
axis (first component; “morphology”) with species classified as “anguilliform”being defined by a high body fineness ratio. The histograms show the rela-
tive contribution of each variable to the principal components retained with a red dashed line showing individual contributions below 10% as negligible
for the component. (B and C) A density-based clustering analysis showing that analysis conducted on morphometric parameters identified one large clus-
ter comprising most of the species (cluster 1; blue dots) and a few noise points consisting of species characterized by a high fineness ratio or a deeper
body (cluster O; red dots). The analysis conducted on kinematic parameters identified only one significant cluster (blue dots), meaning that all tested spe-

cies exhibited a similar suite of two-dimensional midline kinematics.

biological design space and may correlate with high swimming
efficiency and, hence, point to energetically efficient robotic
designs.

Despite this broad similarity in amplitude patterns, we also
observed both intra- and interspecific variability in body oscilla-
tion amplitude, especially in species traditionally classified as
anguilliform swimmers. While eels and adult sea lampreys dis-
played amplitude patterns similar to those of salmonids, mack-
erel, and tuna, amphioxus and hagfishes exhibited a higher
ratio of head to tail amplitude as well as higher values for
amplitude along the body (Fig. 2 and SI Appendix, Figs. S6 and
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S7). There may be an evolutionary explanation for these differ-
ences. Amphioxus is a basal benthic chordate, and hagfishes
are included in agnathan fishes, and both possess a continuous
flexible notochord instead of a true backbone (37). Their ability
to actively modulate body stiffness may thus be reduced com-
pared to sharks or ray-finned species, which would explain their
increased body oscillation amplitude. The sea lamprey, another
jawless species which possesses a notochord, however, exhibits
a median amplitude near 0.03 BL.

Previous studies (25) have also related the propulsive wave-
length in swimming fishes to the number of vertebrae, suggesting
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that a larger number of vertebrae or a continuous notochord
would allow for an increased flexibility of the body and, hence,
shorter propulsive wavelengths: body stiffness should be inversely
proportional to wavelength. In the current study, the median
length of the propulsive wave increased from anguilliform to
thunniform swimmers, although not for all species. Species that
would traditionally be classified in the anguilliform mode and
expected to have a wavelength <1, such as amphioxus, showed a
median wavelength of 1.14 BL. Atlantic salmon, which are
expected to swim in the classical subcarangiform mode, exhibited
a shorter median wavelength of 0.74 BL. Moreover, we observed
high intra- and interspecific variability in wavelength, a pattern
also shown by Long and Nipper (25). This variability suggests
that the propulsive wave alone may not be a meaningful parame-
ter to differentiate locomotor patterns among species and that
intraspecific variability in swimming kinematics may be more sub-
stantial than previously appreciated. Curvature, or bending, along
the body showed a consistent pattern across tested species, with a
local minimum at ~20 to 25% of body length and then increasing
toward the tail. Species classified as anguilliform swimmers, how-
ever, showed higher variability as well as overall higher bending
in the anterior part of their bodies. These species may exhibit a
higher diversity in kinematics than species such as mackerel or
tuna, which are more specialized for sustained higher-speed
locomotion.

A combined multivariate analysis of morphometric and kine-
matic features did not identify groups of species with both simi-
lar morphology and kinematics, in contrast to a previous study
that detected a correlation between body depth and locomotion
style (23). One group of species characterized by a high fine-
ness ratio of the body was identified (Fig. 4 A and B). However,
these species did not exhibit a distinct suite of kinematics: some
species in this group moved with greater amplitude (amphioxus
and hagfishes) or shorter wavelength (eel and lamprey), but
other kinematic parameters were statistically similar to those of
other species in this region of the multivariate space. As a con-
sequence, these species did not form a distinct group in the
density-based clustering analysis (Fig. 4 Band C).

There are some limitations pertaining to our results. First,
we classified each species into one of the four canonical modes
based on common use in the existing literature, which involves
some inherent subjectivity. Second, we focus on steady undula-
tory locomotion, which represents only a portion of the diver-
sity inherent to fish locomotion: for example, we did not study
paired-fin propulsion and unsteady behaviors such as maneu-
vering or acceleration. Nevertheless, the canonical swimming
modes were initially proposed in the context of steady undula-
tory locomotion, which is important for pelagic and upriver
migrations as well as for high-speed swimming through linear
river systems and obstacles. Finally, we did not consider the
specific shape and location of paired and median fins in our
morphometric and kinematic analyses. The location and shape
of the fins are challenging to describe accurately both in live
and museum specimens. Instead, we choose to focus on build-
ing a diverse dataset in terms of species and swim speeds
during BCF swimming and to analyze body deformations in a
standardized and comparative manner.

Our comparative kinematic study of a wide diversity of fishes
provides species-specific kinematic parameters (Dataset S2)
and demonstrated that 1) there was no progressive trend in
head:tail oscillation amplitude along the classical eel-to-tuna
continuum; 2) body morphology rather than kinematic varia-
bles was the determining factor that produced grouping of fish
species into the canonical swimming modes, suggesting that the
classical separation of fish into swimming modes can in fact
only accurately describe external body shape; 3) the propulsive
wavelength increased from species classified as anguilliform to
those classified as thunniform but with a large variability within
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and among species; 4) with the exception of tail beat frequency,
two-dimensional kinematics during steady locomotion did not
correlate significantly with swimming speed; and 5) BCF
swimmers shared a broadly similar suite of two-dimensional
kinematics during steady locomotion, with oscillation amplitude
accurately modeled by a second-degree polynomial equation.
Based on these results, we encourage biologists and engineers
to rethink the use of the canonical categories of BCF locomo-
tion in fishes, which can lead to bias in data interpretation and
errors in computational studies that use incorrect kinematic
data as inputs. An improved understanding of swimming kine-
matics also has relevance to conservation. For example, by
applying the quadratic formula to model the amplitude enve-
lope of target species, it is possible to identify size limits for
slots and gaps in fishways and to design bycatch-reducing devi-
ces in fishing gear. While more work is needed to uncover the
anatomical and hydrodynamic constraints and mechanisms
underlying both the similarities and diversity in two-
dimensional kinematics among species, we suggest that the
explicit and widespread use of the four classic swimming modes
is no longer appropriate.

Materials and Methods

Animals. Adult individuals (n = 1 to 6) from 43 species of fish and one species
of basal chordate, the Mediterranean amphioxus, were filmed during steady
swimming experiments at four different facilities: Harvard University (Institu-
tional Animal Care and Use Committee, IACUC No. 20-03), the US Geological
Survey (USGS) S. O. Conte Anadromous Fish Research Center (IACUC No.
LBOOTGC), the Whitney Laboratory at the University of Florida (IACUC No.
201603267), and the Greenfins Facility at the University of Rhode Island
(IACUC No. 20-03). Most animals were of wild origin and were collected by
nets, traps, or electrofishing.

Data Collection. Swimming experiments were performed using four different
apparatuses: a 1 x 0.30 x 0.30 m flow tank at Harvard University, a recirculat-
ing flow tank respirometer (Loligo Systems, test section = 0.88 x 0.25 x
0.25 m, volume = 185 L) at the University of Florida, a circular tank (diameter =
12 m; volume = ~475 m?3) at the University of Rhode Island’s Greenfins tuna

facility, and a 35 x 0.63 x 0.63 m experimental flume with a large staging area

at the USGS S. O. Conte Anadromous Fish Research Center (SI Appendix, Fig.
ST). Fish were tested under flow velocities ranging from 0 to 4.5 m x s-', result-
ing in a range of swimming speeds from 0.2 to 25 BL x s-'. While the first three
setups aimed at measuring sustained swimming ability, the USGS’s experimen-

tal flume allowed us to measure volitional high-speed steady swimming as
well as sprinting ability. This large flume was instrumented with 16 synchro-
nous half-duplex Passive Integrated Tag (PIT) receivers recording the move-
ments of fish tagged with 12- or 23-mm PIT tags (Texas Instrument Registration
and Identification System instrument). This allowed for the unique identifica-
tion of all fish tested in this apparatus. Ventral or dorsal views of the fish were
recorded during steady swimming by high-speed video cameras (FASTCAM
1024 PCl, Photron; Hi-Spec1, Fastec Imaging; Phantom V1212) at 120 to 1,000
frames x s-'. Tunas swimming at the Greenfins facility were filmed from above
the tank at 120 frames x s-' using a GoPro Hero 3. Frames from video sequen-

ces were calibrated using direct linear transformation (pixels to centimeters) in
ImageJ (NIH). A sequence corresponding to one complete cycle of caudal fin
movement was extracted for each individual. Starting at the tip of the nose
and ending at the tip of the caudal fin, the midline of the fish was digitized at
least 10 times within each tailbeat cycle in MATLAB (MathWorks) using custom
code (“CurveMapper,” SI Appendix). A spline curve was fitted to the points
selected along the midline of the fish in order to generate 200 equally spaced
x,y coordinates for each midline (0 = tip of snout and 200 = tip of tail).

Kinematic Analyses. All kinematics data extractions were performed using
custom-written scripts in R and MATLAB. Midline x,y coordinates were
imported into R (38) and standardized to BL. The ground speed was calculated
based on the video recordings: the distance traversed by the tip of the tail
between the first and the last midline was divided by the time elapsed during
the movement. The swim speed was then calculated by adding the average
free-stream velocity to the groundspeed. To ease visualization, each clip was
rotated so that the mean direction of motion was parallel to the longitudinal
plane (x-axis). To account for any forward movement made by fish swimming
with a positive groundspeed, the most anterior point of each rotated midline
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was translated such that it was fixed at location x = 0. These transformations
had no effect on the inherent properties of the movement. Kinematic varia-
bles were calculated on the adjusted midline coordinates and expressed in
units of BL. The tailbeat frequency was calculated by dividing the frame rate
by the total number of frames in a single stride. Stride length was calculated
by dividing the fish swim speed by the tailbeat frequency.

During steady swimming, each point along the body midline oscillates
back and forth periodically. The amplitude of this undulatory movement was
determined as the maximal excursion on the y-axis for each of the 200 loca-
tions along the body of the fish. Head and tail amplitude were defined as
amplitude for locations 1 through 5 (head) and 195 through 200 (tail), respec-
tively. The location of minimal and maximal amplitude and the ratio of head:-
tail amplitude were also quantified. We measured the timing (phase) of these
oscillations to evaluate how midline points move with respect to each other
using a method described in Akanyeti and Liao (39). We used a second-order
polynomial to model the fish amplitude envelopes (i.e., how peak-to-peak
amplitude, y, varies along the body, x, over the course of a single tailbeat),

y Vabo pbyxpbyx:

The coefficients of the polynomial (B,-;) were estimated using the least-
squares method, and the goodness of the fit was evaluated using the
r-squared value. This model was estimated first for all individual fish datasets;
those with R? > 0.9 were then used to estimate the global model.

Curvature, defined as the reciprocal of the radius of curvature (K =1 x R-')
in two dimensions, was calculated across the tailbeat cycle for each location
along the body of the fish using three points equally distant on a distance of
0.05 (5%) of the body length: the location itself, the fifth location anteriorly,
and the fifth location posteriorly.

The speed and length of the propulsive wave were measured by identify-
ing bending moments along the fish’s body. The speed of the propulsive wave
was measured by sequentially identifying the peak of the wave as it moved
posteriorly along the body. Peaks were identified as locations of maximum
displacement on the y-axis (Y) at location (L); Y, was a local peak if

Yoo < YL> Y,

in which Y, is the lateral displacement at the next anterior location, and Y,
is the lateral displacement at the next posterior location. The first midline cor-
responds to the moment when the fish tail was at the top of its stride (i.e., the
tip of the tail was at its location of greatest lateral excursion on the y axis). On
each successive midline, the next posterior position of the peak was identified
until the body returned to the top of its stride, and the peak of the wave
passed the tip of the tail. The location of each wave peak was plotted against
its associated midline number and evaluated for collinearity. Any deviation
from collinearity (R? < 0.9) was considered potential evidence of error from
image distortion and/or digitizing, and clips showing this potential error were
further evaluated to ensure the accuracy of the position of the peak. The
speed of the wave was then quantified by fitting a linear regression through
the points following the standard formula

“LYiab bP,

in which L (the location of the wave peak along the body in BL) is described by
an intercept (a in BL) and a slope (b in BL x tailbeat-") x Py (the proportion of
a tailbeat covered in a single midline). The slope (b) represents the speed at
which the wave passes down the body in a single tailbeat. As there can only
be one tailbeat per wave, the slope is also the length of the propulsive wave
(in BL). To express it in units of BL x s-', the wave speed was multiplied by tail-
beat frequency.

Finally, Re was calculated on the basis of the swimming speed of the fish,
its body length, and kinematic viscosity of 1 mm? x s-'. The ST was calculated
by multiplying tailbeat frequency by tail amplitude and then dividing the
product by swim speed.
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FishMeasurements MATLAB code (https://gitlab.com/robintha/027-matlab-
fish-measurements). All measurements were reported as a proportion of stan-
dard BL. A dimensionless number, the fineness ratio, was calculated by divid-
ing the SL by the elliptical mean of body depth and width using an equation
adapted for BCF swimmers (40).

Statistical Analysis. Descriptive statistics were computed for kinematic varia-
bles, and mean values were compared across species classified into the a priori
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tiple comparison test (a = 0.05) with post hoc power analysis. A PCA was used
to assess how the species tested in this study may cluster in the multivariate
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maximum peduncle width, maximum body depth, and maximum body width.
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