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A tale of two fish tails: does a forked tail really perform better than a

truncate tail when cruising?
Nils B. Tack** and Brad J. Gemmell

ABSTRACT

Many fishes use their tail as the main thrust producer during
swimming. This fin’s diversity in shape and size influences its
physical interactions with water as well as its ecological functions.
Two distinct tail morphologies are common in bony fishes: flat,
truncate tails which are best suited for fast accelerations via drag
forces, and forked tails that promote economical, fast cruising by
generating lift-based thrust. This assumption is based primarily on
studies of the lunate caudal fin of Scombrids (i.e. tuna, mackerel),
which is comparatively stiff and exhibits an airfoil-type cross-section.
However, this is not representative of the more commonly observed
and taxonomically widespread flexible forked tail, yet similar
assumptions about economical cruising are widely accepted. Here,
we present the first comparative experimental study of forked versus
truncate tail shape and compare the fluid mechanical properties and
energetics of two common nearshore fish species. We examined the
hypothesis that forked tails provide a hydrodynamic advantage over
truncate tails at typical cruising speeds. Using experimentally derived
pressure fields, we show that the forked tail produces thrust via
acceleration reaction forces like the truncate tail during cruising but at
increased energetic costs. This reduced efficiency corresponds to
differences in the performance of the two tail geometries and body
kinematics to maintain similar overall thrust outputs. Our results offer
insights into the benefits and tradeoffs of two common fish tail
morphologies and shed light on the functional morphology of fish
swimming to guide the development of bio-inspired underwater
technologies.

KEY WORDS: Fish swimming, Caudal fin, Efficiency, Performance,
Cruising, PIV

INTRODUCTION

The caudal fin acts as the primary thrust producer in many fish
species and exhibits a range of morphologies. From early empirical
studies on form and function (Breder, 1926; Webb, 1978a) to more
recent mechanical and computational studies of the propulsive
properties of the tail (Borazjani and Sotiropoulos, 2009; Esposito
et al., 2012; Krishnadas et al., 2018; Lauder, 2014; Song et al.,
2021), morphology has pronounced effects on the nature and
magnitude of the forces produced during undulatory swimming.
These functional attributes play an integral role in the swimming
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performance of fishes (Blake, 2004; Fletcher et al., 2014; Helfman
et al., 2009; Lauder, 2000). During long-duration swimming and
cruising, they can regulate the overall energetic efficiency by
appreciable amounts (Blake, 2004; Weihs, 1973b). Early studies on
fish energetics indicate that some fishes can cruise at swimming
speeds over 4 body lengths per second (BL s~') (Blaxter, 1969;
Magnuson, 1970). Because the power required to overcome drag
increases with the cube of the swimming speed, the range at this
cruising speed is limited (Weihs, 1973b). Long-range cruising
speeds are generally lower, at about 1.3—1.7 BL s~!, to minimize the
net cost of transport and maximize the range (Blank et al., 2007,
Magnuson, 1966; Weihs, 1973b).

The basis of our knowledge about the propulsive properties of
body/caudal fin swimming comes in part from the study of two
typical fin morphologies: a generic triangular (truncate) caudal fin
and a forked caudal fin (Bainbridge, 1963; Blake, 2004; Gibb et al.,
1999; Lauder, 2000). Forked caudal fins have a high aspect ratio
given that they are tall with a proportionally small surface area. High
aspect ratio tails have evolved convergently in several fast-cruising
species, including tunas, mackerels, billfishes, some sharks, marine
mammals such as dolphins, and the extinct reptilian ichthyosaur
(Fletcher et al., 2014; Helfman et al., 2009). Conversely, many
species performing fast accelerations and turning maneuvers,
such as salmons, trouts, snappers, groupers and cods, exhibit low
aspect ratio truncate tails (Frith and Blake, 1995; Webb, 1978a).
Traditionally, fishes’ ecology and performance were associated with
their caudal fin morphology. The current paradigm found in
textbooks (e.g. Helfman et al., 2009) and reported in reviews of fish
locomotion (Blake, 2004; Fletcher et al., 2014; Lauder, 2000;
Stakiotakis et al., 1999) highlights how high aspect ratio forked tails
are ideal for economical sustained swimming while truncate tails
are best suited for rapid accelerations. Behind this fundamental
concept is the idea that by discarding the central portion of the
tail, the forked morphology reduces drag from the body wake,
thus limiting the energy demand during prolonged swimming
(Fletcher et al., 2014; Helfman et al., 2009; Lauder, 2000).
Functional and design constraints identified by Webb (1978a,b)
corroborate this interpretation that functional requirements for high
performance during cruising generally conflict with demands for
high accelerations in unsteady locomotion.

However, most of our current knowledge about forked tails
comes from the study of the stiff and sickle-shaped lunate tail, a
specialized form of the forked tail with a high aspect ratio that
experiences minimal drag (Borazjani and Daghooghi, 2013;
Briicker and Bleckmann, 2010; Song et al., 2021; White et al.,
2021). This forked morphology produces thrust through lift forces
similar to insect flight that maintains a low-pressure zone along the
propulsor (Borazjani and Daghooghi, 2013; Dickinson, 1996;
Dickinson et al., 1999). Conversely, low aspect ratio truncate tails
increase the pressure along the fin surface to produce thrust via
acceleration reaction forces (Frith and Blake, 1995; Webb, 1978a).
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Because the larger surface area of truncate tails induces more drag
relative to lunate tails, they are reported to perform weakly at
cruising speeds (Lauder, 2000). However, this generalized pattern
does not consider species with forked — but not lunate — caudal fins.
This contrast is important because numerically dominant species
of many fish genera and families such as Chromis, Carangidac
(e.g. pompano, trevally, jack), Clupeidae (e.g. herring, sardine) and
Engraulidae (e.g. anchovy) exhibit the forked, non-lunate fin type.

Many fishes move efficiently through water with a low cost of
transport (Breder, 1926; Graham and Dickson, 2004; van Ginneken
et al., 2005). As a result, there is a growing interest in the bioinspired
design of fish-based underwater machines (Lauder et al., 2012;
Wainwright and Lauder, 2020; Wang et al., 2019a; White et al.,
2021). This has led to several studies that employed both mechanical
and theoretical models that have advanced our understanding of how
contrasting tail morphologies may confer different functional
advantages (Feilich and Lauder, 2015; Krishnadas et al., 2018; Liu
and Dong, 2016). However, comparative investigations of forked
versus truncate tail shapes using live fish have not been conducted.
Live animal comparisons are essential given the complex mechanical
and morphological subtleties associated with a propulsive control
surface innervated with independently controlled fin rays. While in
some cases, elaborate tail fin morphologies can result from sexual
selection (Offen et al., 2008; Reznick et al., 2021), we are considering
only non-sexually dimorphic species from the perspective of
locomotor modalities.

In this study, we selected mojarras (Eucinostomus argenteus) and
pinfish (Lagodon rhomboides) because they are comparable in
several ways. They are cohabitating species found along sandy
beaches and shallow inshore habitats subject to tidal flows
(Eschmeyer and Herald, 1999; Hansen, 1969). Neither species is
known to school (Eschmeyer and Herald, 1999; Nelson, 2002) and
they display comparable body plans and sizes (see Supplementary
Materials and Methods, ‘Comparison of Mojarra and Pinfish’, and
Fig. S1). Both species feed on small invertebrates (Carr and Adams,
1973; Kerschner et al.,, 1985), but pinfish exhibit ontogenetic
changes in diet and demonstrate omnivory, carnivory (including
small fishes) and herbivory at different times, locations and stages of
development (Stoner, 1980). Mojarras and pinfish are characterized
by their distinct forked (non-lunate) and truncate caudal fins,
respectively (Fig. 1). Here, we sought to isolate the effects of
particular caudal fin shapes to address the question: does a forked
geometry convey a significant advantage at cruising speeds? In this
investigation, we compared the fluid flow patterns and pressure
fields on the surface of the fins to determine, experimentally, the
influence of tail shape on the overall performance and energetic cost
of cruising. Given our current knowledge about the functional
attributes of the caudal fins of fishes, we hypothesized that the
forked tail of mojarras would demonstrate lift-based propulsion with
lower energetics costs compared with the drag-based truncate tail of
pinfish. Here, we provide new evidence to explain the phenotypic
divergence of these two tail geometries and show potential
limitations of generalizing tail shape and function.

MATERIALS AND METHODS

Animals

We collected silver mojarras (Eucinostomus argenteus Baird &
Girard 1855) and pinfish [Lagodon rhomboides (Linnaeus 1766)]
from the Tampa Bay area (W. Courtney Campbell Causeway,
Tampa, FL, USA, and Weedon Island Preserve, St Petersburg, FL,
USA). The fish were housed singly in 38 1 aquariums maintained at
21°C, with a salinity of 30%o and 12 h:12 h light:dark photoperiod
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Fig. 1. Caudal fin and body aspect ratios of mojarras and pinfish.

(A) The aspect ratio of the two tail morphologies was statistically different
(mojarra: n=12 fish, pinfish: n=10 fish, U-test, P<0.001). (B) Mojarras and
pinfish have comparable body aspect ratios (U-test, P=0.531). Silhouettes of
all the specimens from the lateral view indicating body depth are shown. All
measurements are shown in gray. The mean silhouette for both species is
also shown. The gray dot in the violin plots indicates the mean, and the
horizontal line is the median. Shading represents the kernel density estimate
for the data.

to ensure individuals could be distinguished. The fish were fasted
for 24 h prior to any experiment. Once placed in the swim tunnel,
the animals were acclimated at a swimming speed <0.3 BL s~! for
4 h in fully aerated and thermoregulated water (21+1.0°C). All
experiments were conducted in accordance with the laws of the State
of Florida and under IACUC protocols (permit no. IS00005965)
approved by the University of South Florida (Tampa). Using ImageJ
software, we digitally measured standard BL along the midline of
each specimen from scaled dorsal view images. The aspect ratio of
the body of mojarras and pinfish — representative of the
cross-sectional area of the fish subject to the flow — was obtained
from scaled lateral and dorsal views of each specimen to confirm the
similarity in body shape (see Supplementary Materials and
Methods, ‘Comparison of Mojarra and Pinfish’, and Fig. S1). The
aspect ratio of the tail was calculated as the square of the span of the
fin (the distance between the superior and inferior tips of the caudal fin)
divided by the surface area of the fin (Fig. S1). The surface area of the
fin was measured digitally for both species from lateral view images of
the fish (see Supplementary Materials and Methods and Fig. S1).

Swim tunnel and respirometry
We used a modified acrylic 5 1 Brett-type swim tunnel respirometer

(Loligo Systems, Viborg, Denmark). Individual fish naturally swam
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steadily at the center of the test section during swim trials. The
working section of the swim tunnel was 30x7.5%7.5cm
(Iengthxwidthxdepth). The flume was submerged in an aerated
outer buffer tank maintained at ambient temperature (2141.0°C).
We assessed flow characteristics in the test section using particle
image velocimetry (PIV) to ensure a uniform velocity profile
throughout the cross-sectional area of the test section.

Relative oxygen consumption rates (Mp,) were measured for
swimming speeds ranging from 0.25 BLs™! to 2.5BLs™! for
mojarras and 0.5 BL s™! to 3.0 BL s™! for pinfish. We employed
intermittent flow respirometry derived from existing methods to
limit the risks of hypoxia and hypercapnia (Tack et al., 2021). In
summary, each measurement period consisted of two distinct
phases: (1) a measurement period of 10 min (for all swimming
speeds) during which the swim tunnel was sealed; and (2) a flush
period during which oxygen saturation was brought to 100% using
fully aerated, filtered and thermoregulated artificial seawater from
the external buffer tank. Temperature-corrected dissolved oxygen
concentration was measured in mg 17! using an optical oxygen
dipping probe (PreSens, DP-PSt3, Regensburg, Germany)
connected to a fiber-optic oxygen transmitter (PreSens, OXY-1
SMA) interfaced to a computer. The rate of oxygen consumption
(Mo,) was calculated as follows:

(A[OZ] - A[Oz]backgmund) xV

1\402 - ’
m

()

where oxygen consumption is measured in mg min~! kg™!, A[O,] is
the total decline in oxygen concentration in the swim tunnel
respirometer over a measurement period of 10 min, A[O;]ackground
is the change in oxygen concentration due to bacterial background
respiration, ¥ is the respirometer water volume (5.48x1072 m?), and
m is the mass of the fish in kg. Cost of transport (COT; J m~! kg™")
serves as a measure of swimming efficiency and was calculated
using Mo, and the resting oxygen consumption rate (Moz_resﬁng) as
follows:

MOZ - MOZ resting
a2 eyw s 2
s, )

where U is the swimming speed in m s~! at each velocity increment.
Conversion of metabolic respiration to energy expended (J) is
accomplished by using the oxy-calorific equivalent of
3.24 calmg™' of O, measured for carnivorous fish (Elliott and
Davison, 1975) and the standard thermochemical conversion factor
4.184 J cal™".

COT =

Flow visualization

We selected the cruising speed U=1.5 BL s~! as it corresponded to
the swimming speed at which the COT of both the mojarras and the
pinfish was near their respective minima (see Supplementary
Materials and Methods). We used high-speed 2D PIV to obtain
velocity fields around the fish’s body and caudal fin. Recordings
were acquired by a high-speed, high-resolution digital video camera
(Fastcam Mini WX 100, Photron, Tokyo, Japan) at 1000 frames s~
(2048%2048 pixels). For horizontal (frontal) planar transections,
10 pum hollow glass seeding particles (Potter Industries, Malvern,
PA, USA) were illuminated by two opposing overlapping horizontal
laser sheets produced by two continuous-wave 808 nm lasers
(MDL-H-808 3000-6000 mW, OptoEngine LLC, Midvale, UT,
USA) to eliminate shadows on either side of the fish. For vertical
planar transections of the tail (posterior view), a single vertical laser
sheet was produced by a continuous-wave 532 nm laser

(OptoEngine LLC). A narrow mirror was mounted downstream of
the swimming fish at a 45 deg angle to project the posterior view of
the tail to the camera mounted above (Fig. S2). Given the challenges
and uncertainty of multi-plane data using live fish (Lauder and
Madden, 2007) and the focus on the forked region of the tail, we
investigated a single plane located 2/3 of the tail length from the
caudal peduncle. The presence of the mirror downstream of the test
section lowered bulk flow velocity slightly compared with the
horizontal transection setup without the mirror. Thus, the calibration
of water flow velocity to the voltage output from the external motor
generating the flow in the respirometer was performed using PIV to
match the flow conditions obtained without the mirror.

Data processing

Kinematics measurements were performed from horizontal
transections (top-down view). A custom program in MATLAB
R2020a was used to automatically identify the outline of the fish
from the raw image sequences based on the difference in contrast at
the animal—fluid interface and to extract the body’s centerline. The
same method was used to extract the outlines of the cross-section of
the tail illuminated by the laser sheet in vertical planar transections.
Tail-beat amplitude (normalized to BL) and frequency (s~!) were
measured at the tail’s distal end and were averaged over three
complete beat cycles for each individual. The amplitude envelopes
of the fish were calculated from stacked centerlines over one
complete tail beat. Tail angle was measured in degrees as the angle
formed between the axis oriented in the swimming direction and the
line passing through the caudal fin tip and the tail section directly
posterior to the caudal peduncle. Measurements of the subtle axial
displacement of the fish during a complete tail beat (surge
displacement) were performed for each frame using a custom
program in MATLAB R2020a that automatically tracked surface
features of the fish at a location corresponding to the center of mass
(COM). The instantaneous velocity of the forward and backward
surges was subsequently calculated as the dividend of the linear
displacement of the COM and the time increment between frames.
Instantaneous acceleration was then computed as the derivative of
instantaneous velocity. Surge forces were calculated as the product
of the mass of the fish and instantaneous surge acceleration. Surge
forces were used to determine when the body and tail achieved peak
thrust throughout a complete tail beat. Note that because the fish
were swimming against a steady flow, net thrust averaged zero over
a complete cycle.

Fluid velocity vectors were calculated from sequential images
analyzed using the DaVis 8.3 software package (LaVision,
Gottingen, Germany). Only the sequences during which the fish
swam within the center of the flume were considered for analysis.
For horizontal and vertical planar transections, image pairs were
analyzed with three passes of overlapping interrogation windows
(75%) of decreasing size of 96x96 pixels to 64x64 pixels, yielding
128%128 vectors per frame. No smoothing of the velocity data was
performed, but denoising was carried out using an average vector
from NAN neighborhood in a 3x3 grid. Velocity data and outlines
of the fishes’ bodies (horizontal transection) or tail cross-section
(vertical transection) were input to the Queen 2.0 pressure package
for MATLAB to compute the corresponding pressure fields (code
availability: http:/dabirilab.com/software). Because this algorithm
is sensitive to integration domain size, we selected videos where the
fish maintained clearance between the walls of the flume and the tail
tips approximately equal to the height of the tail (the tail occupied
about 1/3 of the height of the field of view). 3D bodies inherently
create 3D flows. These flows include tip vortices and may not be
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captured with 2D quantification techniques. Nonetheless, the
evaluation and validation of this method against experimental and
computational data found that this 2D approach accurately estimates
the shape, timing and magnitude of pressure fields around fish-like
swimmers (Dabiri et al., 2014). As such, it is appropriate for
studying fish locomotion (Du Clos et al., 2019; Gemmell et al.,
2015; Gemmell et al., 2016; Lucas et al., 2017; Lucas et al., 2020).

For vertical transections of the tail, pressure gradients were
calculated as the pressure difference between the floward (facing
lateral flow) and lee (opposite to lateral flow) surfaces of the tail.
Pressures were measured along the boundary drawn around the tail
cross-section illuminated by the laser sheet. The superior and
inferior extremities of the profile marked the limit between the left
and right sides of the tail. Although pressures differed on the
floward and lee sides of the tail, the magnitude of the spanwise
pressure difference was relatively uniform, similar to simulations of
pressure fields along various fish tails (Song et al., 2021). Pressure
fields were relative to ambient pressure, with sub-ambient and
above-ambient pressures being negative and positive, respectively.
The resulting force was calculated for both tail geometries by
multiplying the surface area of the fins with the magnitude of the
pressure gradient and the unit vector normal to the tail. The peak net
thrust was calculated during maximum surge as the axial component
of the normal force generated by the pressure gradient across the tail.
The pressure and thrust coefficients were calculated following the
methods of Lucas et al. (2020) (see Supplementary Materials and
Methods, ‘Calculation of the coefficient of pressure and thrust’).

We estimated the forces acting on the fish’s body for horizontal
transections using the procedure detailed in Lucas et al. (2017). In
brief, force magnitude was calculated per unit depth (because PIV
data were 2D) as the product of pressure, the length of each segment
between points in a calculation boundary drawn around the fish, the
unit vector normal to each segment, and the corresponding body
depth, giving units of Newtons (see Supplementary Materials and
Methods). The vector assigned to an individual segment indicates
gross thrust or drag depending on whether it is oriented in the
swimming direction or posteriorly (see Supplementary Materials
and Methods). Previous work indicates that when pressure effects
dominate shear effects, such as in fish-like swimmers, this approach
is robust to out-of-plane flows and allows for accurate estimation of
forces (Lucas et al., 2017, 2020). Because the lateral component of
these forces is normal to the direction of swimming and does not
contribute to either thrust or drag, we only computed the axial (in the
swimming direction) component to estimate thrust and drag
(Du Clos et al., 2019; Gemmell et al., 2016). Here, thrust forces
are positive, and drag forces are negative. The net thrust produced by
the body of both species was computed for a full tail beat as the total
sum of the force vectors assigned to body segments between 0.5 BL
(midbody) and 0.8 BL (caudal peduncle), where most of the
difference in body wave amplitude between mojarras and pinfish
was observed.

Statistics

All statistical tests were performed using MATLAB R2020a.
Because in most cases normality was not achieved (tested using the
Kolmogorov—Smirnov test), the non-parametric Mann—Whitney
U-test was used to compare means between the two fish species
for fin and body geometry properties and kinematics parameters.
U-Tests were also performed to compare peak pressure gradients
and forces at the tail between the two fish species and to compare the
net thrust produced by their body. Differences were considered
significant at P<0.05. Parameters are reported as means=s.d.

RESULTS

Geometry of the tails

Mojarras and pinfish are two carangiform fish species that display
similar body morphologies, fin arrangements and modes of
locomotion during cruising. The two species exhibited comparable
morphometrics (Table 1), including similar body aspect ratios
(Fig. 1; U-test, P=0.531). Mojarras possess a homocercal forked tail
with two distinct, flexible fin lobes of the same size separated by a
large ‘notch.’ In contrast, pinfish exhibit a truncate tail that is only
slightly emarginated (concave trailing edge, TE; Fig. 1). Flow
visualization did not reveal the presence of identifiable flow
structures associated with this feature. The aspect ratio was
calculated to evaluate the geometrical differences between the two
tail morphologies (Fig. 1, Table 1). Although the span of the two
caudal fin types was comparable (mojarra: n=12 fish, pinfish: n=10
fish, U-test, P=0.621; Table 1), the 11% smaller surface area of the
mojarra’s tail caused by the interlobar notch was sufficient to
produce a geometry with an aspect ratio of 3.25+0.20 while the flat
tail of the pinfish had a statistically lower average aspect ratio of
2.7440.17 (U-test, P<0.001; Table 1). The presence of a notch in the
forked tail of mojarras was the only significant morphological
difference as no other aspect of their geometry differed. For
instance, the angle formed by the superior and inferior leading edges
(LE) of the tails (i.e. the sweep angle) were similar (U-test,
P=0.121). Additionally, the fish had comparable body aspect ratios
(U-test, P=0.531). Therefore, any differences in the flow around the
tail are expected to be only the result of the tail kinematics and/or the
shape of the TE (forked versus truncate).

Effects of tail shape on flow

During swimming trials at a cruising speed of 1.5 BL s™! the
surfaces of the forked and truncate tails were subject to some
deformation. The truncate tail and each lobe of the forked tail bent
along the vertical plane. This cupping pattern was caused by the
superior and inferior edges of these structures leading the tail beat
while their center was lagging (Fig. 2). In the forked tail, this
corresponded to both the LE and TE of the fin leading the movement
(Fig. 2B). This pattern was maintained across multiple steady
swimming speeds (Fig. S3). In the truncate tail, only the LE were
leading (Fig. 2C). Time series of the motion of the tails indicated
that this cup-like shape was generally symmetrical about the midline
of the fish and showed negligible variation between the two phases
of a complete tail beat. In the forked tail, the two lobes showed
identical patterns.

The lateral motion of both tails generated two counter-rotating
vortices along the LE of the fin (Fig. 2C,F). However, where the
truncate tail produced only two leading-edge vortices (LEV) along
the vertical plane, the forked tail produced a total of four vortices:
the same two LEV along the LE and two additional trailing-edge
vortices (TEV) created by the edges of the interlobar notch
(Fig. 2C). The TEV were similar in size and magnitude to the

Table 1. Fin and body geometry properties

Parameters Mojarra Pinfish P-value
Fish standard length (m) 0.096+0.07 0.097+0.07 0.623
Tail surface area (cm?) 2.68+0.30 3.00+£0.35 0.044
Tail aspect ratio 3.25+0.20 2.74+0.17 <0.001
Leading edge sweep angle (deg) 67.83+5.10 70.50+4.86 0.121
Body aspect ratio 0.37+£0.03 0.38+0.02 0.531

Data are meanszs.d. for mojarras (n=12 fish) and pinfish (n=10 fish). P-values
are from Mann-Whitney U-tests.
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Fig. 2. Deformation and hydrodynamics of the forked tail of mojarras and the truncate tail of pinfish. (A,D) Schematic diagram of a mojarra (A) and
pinfish (D) illustrating the planes used to perform vertical transections of the flow around the tail. Fluid flows were visualized from the posterior view (indicated
by the cross in the top left corner of the plane). The leading edges (LE) and trailing edges (TE) were identified for both tails. (B,E) Stacked vertical
transections of the tail of mojarras (B) and pinfish (E) illustrating the cupping of the fin’s surface during a complete tail beat (from light to dark hues in 0.01 s
increments). Note the gap between the lobes of the caudal fin of mojarras. (C) The lateral displacement of the forked tail of mojarras generates four distinct
vortices — two leading-edge vortices (LEV) and two trailing-edge vortices (TEV). (F) Pinfish only generate two LEV. Note that the single trailing edge is out of
plane. The thick dashed black arrows indicate the direction of the jet of water produced during the motion of the tails toward the right of frames in C and F. All

scale bars: 1 cm; black vertical scale arrows: flow of 20 cm s™.

leading LEV. The LEV and TEV forming along the fin’s edges
persisted throughout the majority of a tail beat cycle, though they
reversed sign upon the change in direction of the tail. Another
notable difference between the two tail morphologies is the
direction of the flow orthogonal to the tail induced by the
formation of LEV and TEV. The LEV produced by the truncate
tail were funneled inward, entraining water toward the tail (Fig. 2F).
This caused an increase in fluid velocity between the vortices. In
contrast, the LEV of the forked tail did not generate a comparable
spanwise increase in fluid velocity. Rather, inward flow was
produced along individual fin lobes through the action of one LEV
and one TEV essentially acting collectively like the two LEV of the
truncate tail (Fig. 2C). Because the interlobar notch formed counter-
rotating TEV, water was entrained with increased velocity between
the lobes in the opposite direction to the movement of the tail (also
opposite to that of the inward flow generated by the truncate tail).
Contrary to the case for the truncate tail, this jet of water was not
directed at the tail surface.

Roles of the fin and body in swimming forces

Oscillations of the tail led to variation in instantaneous net thrust
throughout a tail beat cycle. The best indicators of peak thrust
production during swimming were the subtle surges of the body

(forward displacement of the center of mass) during cruising (Figs 3
and 4). By definition, during steady swimming, the axial
acceleration of the center of mass of the fish is zero. Thus,
positive surges indicate net forward accelerations equating to excess
thrust, whereby propulsive forces generated by the tail (and body)
periodically exceed drag. Conversely, negative values are associated
with phases when drag forces dominate and slightly decelerate the
fish. For instance, this occurs when the tail is parallel to the direction
of swimming and thus generates no axial forces. The frequency of
these thrust and drag cycles was twice that of the motions of the tail
over one complete tail beat (Fig. S4). Both fishes produced surge
thrust with comparable magnitudes (U-test, P=0.653), averaging
0.7940.41 and 0.91+0.50 mN for mojarras (»=5 fish) and pinfish
(n=5 fish), respectively.

Tail kinematics were generally the same and corresponded
similarly to phases of thrust production (Figs 3 and 4, Table 2). In
both cases, the magnitude of surge thrust increased from 0 as the
caudal fin accelerated from its most lateral position toward the
midline, and remained positive (thrust phase) until the tail reached
mid-stroke and peak lateral velocity (Figs 3 and 4). This positive
surge phase corresponded to peak pressure gradients across the tail.
However, the pressure magnitudes differed significantly, with
12.84+1.86 and 19.82+2.77 Pa (U-test, P<0.001) for the forked and
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Fig. 3. Representative rostro-caudal and caudal fin displacement and velocity, thrust, caudal fin angle and pressure fields on either side of the
caudal fin of mojarra swimming at 1.5 BL s™. The fish swam against a steady flow, so net thrust averages zero over a complete tail-beat cycle. The black
pressure trace represents the pressure gradient across the caudal fin. The gray rectangle indicates one complete tail beat. The time series of pressure and
vorticity fields from vertical planar transections of the tail (posterior view) are for the same tail beat. Colored lines and shading indicate means and s.d.
Scale bars: 1 cm; red vertical scale arrow: flow of 20 cm s~'. BL, body lengths.

the truncate tails, respectively (Figs 3, 4 and 5A). The magnitude of  P=0.005), and the sub-ambient pressure fields on the opposite side
the positive pressure fields generated by the forked tail was 25.2%  of the lobes were 48.7% weaker (Fig. S4; U-test, P<0.001). Because
less than that of the truncate tail on average (Fig. S4; U-test, ofthese differences and given the smaller surface area of the forked
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Fig. 4. Representative rostro-caudal and caudal fin displacement and velocity, thrust, caudal fin angle and pressure fields on either side of the
caudal fin of pinfish swimming at 1.5 BL s~". The fish swam against a steady flow, so net thrust averages zero over a complete tail-beat cycle. The black
pressure trace represents the pressure gradient across the caudal fin. The gray rectangle indicates once complete tail beat. The time series of pressure and
vorticity fields from vertical planar transections of the tail (posterior view) are for the same tail beat. Colored lines and shading indicate means and s.d.
Scale bars: 1 cm; red vertical scale arrow: flow of 20 cm s~".
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Table 2. Kinematics parameters

Parameters Mojarra Pinfish P-value
Tail-beat frequency (s™") 4.86+0.71 4.76+0.78 0.571
Tail-beat amplitude (BL) 0.16+0.03 0.15+0.02 0.740
Maximum angle of attack (deg)  31.4+4.6 27.3+4.9 0.038
Peak surge thrust (mN) 0.79+0.41 0.91+0.50 0.653
Re 13,615+1896  13,929+2024  0.623
St 0.49+0.04 0.45+0.06 0.161

Data are meanszs.d. of mojarras and pinfish swimming steadily at a prescribed
speed of 1.5 BL s~'. P-values are from Mann-Whitney U-tests. BL, body
lengths; Re, Reynolds number; St, Strouhal number.

tail, this resulted in 39.3% weaker forces acting upon its surface
compared with the truncate tail (U-test, P<0.001). However,
because of the steeper angle of the forked tail relative to the
direction of swimming during this phase (Figs 3 and 4, Table 2), the
resulting thrust component at the tail was oriented more medially. It
was only 18.6% weaker (Fig. 5C; U-test, P<0.001). Peak thrust was
achieved in the forked fin when the angle of attack reached
29.74+4.4 deg. This was significantly more than the truncate caudal
fin, whose angle of attack was 23.9+4.8 deg (U-test, P=0.038).
Despite this improvement, the coefficient of pressure (Cp) and thrust
(Cr,) remained significantly less for the forked tail (Fig. 5B,D; U-
test, P<0.001), indicating lower overall efficiency. After passing the
midline, surge thrust became negative as the lateral velocity of the
tail and the magnitude of the pressure gradients decreased gradually.
This indicated that drag forces acting on the body counteracted the
forces produced by the tail. The drag phase persisted until the caudal
fin reversed direction (Figs 3 and 4).

Tail-beat amplitude was similar between the two tail types
(Table 2; U-test, P=0.740). However, time series of the centerlines
of the two fish species showed that mojarras recruited the body
section anterior to the tail (from 0.5 to 0.8 BL) significantly more
than pinfish (Fig. 6). For instance, the amplitude of the body waves

, € € e

>

propagating through this section of the body, in particular the caudal
peduncle, was twice that of pinfish (Fig. 6C; U-test, P<0.001). To
understand the differences between the two swimmers, it is essential
to compare the thrust produced by the body, not just the tail.
Estimations of thrust and drag forces along this body section
indicate that mojarras (n=10 fish) produced up to 15.0£9.3 mN of
net thrust with their body during a full tail beat, while pinfish (n=7
fish) generated only net drag of —1.3+4.2 mN (U-test, P<0.001;
Fig. 6D). While this is equivalent to 56.8% of the total gross thrust
produced by mojarras during a full tail beat, pinfish produced nearly
as much drag as thrust, thus resulting in no net thrust produced by
the body.

Energetics of differing tail shapes during cruising

The COT of mojarras and pinfish followed a J-shaped trend,
commonly reported in other species (Korsmeyer et al., 2002; Webb,
1975). Mojarras and pinfish reached their optimal swimming speed,
the speed at which the net energetic cost of swimming is minimal, at
U=1.21BL s™! and U=1.99 BL s™!, respectively. The net COT at
1.5BLs™' was 3.831+1.543 and 1.789+0.683 Jm~! kg! for
mojarras and pinfish, respectively (U-test, P=0.032). Throughout
the entire range of swimming speeds tested, the mojarras exhibited a
higher COT (Fig. 7).

DISCUSSION

Drag-based propulsion in forked fin

The tail morphology of fishes plays an integral role in swimming
performance because it regulates the nature and magnitude of the
forces produced during undulatory swimming (Blake, 2004;
Fletcher et al., 2014; Lauder, 2000). Syntheses of undulatory fish
locomotion explain that truncate tails are better suited for fast
accelerations powered by acceleration reaction forces, while forked
tails promote economical, fast cruising via lift-based thrust
(Helfman et al., 2009; Lauder, 2000; Sfakiotakis et al., 1999).

Fig. 5. Peak pressure gradients and thrust generated by the
forked and truncate tails. (A) Peak pressure gradient forming
across the tail during maximum surge (U-test, P<0.001).

. 14 (B) Coefficient of pressure (C,; U-test, P<0.001). (C) Peak net
& 25 1.2 thrust component calculated from the force normal to the tail
ZC’ y =Y during maximum surge (U-test, P=0.004). (D) Coefficient of thrust
k) 20 1.0 of the two tails (Cg,; U-test, P<0.001). The white dot in the violin
8 plots indicates the mean, and the horizontal line is the median.
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Fig. 6. Body wave amplitude and resulting forces

A in mojarra and pinfish swimming at 1.5 BL s™. Line
art for one representative mojarra (A) and pinfish (B)
showing lateral view (top), stacked centerlines
(middle) and dorsal view with forces acting on the
body (bottom). The last of these corresponds to the
realization highlighted in red in the stacked
centerlines. (C) Mojarras display wider body wave
amplitude than pinfish along the section of the body
anterior to the tail from 0.5 to 0.8 BL (gray shaded
area in top-view force profiles in A and B). Colored
lines and shading indicate means and s.d. (D) The

P T o e Pressure mojarra body generated more thrust than the pinfish
— — T (j; ~~ = body over a full tail beat. Asterisks indicate statistical
Thrust Drag  significance between pairs for gross thrust (U-test,
C D P=0.027) and net thrust (U-test, P<0.001). The white
0.20 80 * Mojarra dot in the violin plots indicates the mean, and the
g 0.18 70 Pinfish horizontal line is the median. Shading represents the
— kernel density estimate for the data.
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Unlike most virtual and mechanical models studied to date, the high
aspect ratio tail found in many numerically dominant fish families is
a pliable feature whose constituent fin rays can modulate the shape
(Esposito et al., 2012; Lauder, 2000; Standen and Lauder, 2005).
Our results show that flexibility enables the cupping of each fin lobe
during lateral motions of the tail (Figs 2 and 8; Fig. S4). This type of
deformation has not been reported in forked tails previously. Studies
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Fig. 7. Net cost of transport. Mojarras (n=5 fish) and pinfish (n=>5 fish)
reached their lowest cost of transport (COT) at U=1.21 BL s™" and
U=1.99 BL s7", respectively. The equation for the fitted lines is
COT=aelY+yedV, where 0=39.43 Jm~"' kg~", p=—4.52 s BL™",

v=3.43 Jm~" kg™, 6=0.17 s BL~" (R?=0.79) for mojarra and
0=13.07Jm~"kg~", p=—2.10 s BL™", y=0.87 J m~' kg™, $=0.28 s BL™’
(R?=0.62) for pinfish. Error bars indicate standard deviation and dashed
lines represent 95% confidence interval.

of oscillating flexible fin analogs showed that one advantage of
cupping is the production of about 25% more thrust than a flat rigid
fin (Feilich and Lauder, 2015; Tangorra et al., 2009). The bending
ofhigh aspect ratio tails over their entire span has been the subject of
recent studies (Bergmann et al., 2014; Lucas et al., 2014; Rosic et al.,
2017). Nevertheless, forked caudal fins are typically described as
undeformable tapered hydrofoils (see Fig. 8) (Sfakiotakis et al.,
1999; Wainwright and Lauder, 2020; Zhu et al., 2019). No data
currently exist to compare the performance of cupping versus rigid
hydrofoil-shaped fins. We identified several key differences in the
conformation and hydrodynamics between the flexible forked tail of
mojarras and lunate tails. These address possible limitations of
generalizing caudal fin shapes. Because of the cupping of the fin
lobes of the flexible forked tail, both the LE and TE are leading
lateral tail excursions during a tail beat (Figs 2B and 8; see
Supplementary Materials and Methods). In contrast, the pitching
and heaving motions of rigid high aspect ratio tails causes the LE to
be leading during lateral excursions, while the TE formed by the
fork are lagging (Chopra, 1974; Sfakiotakis et al., 1999;
Wainwright and Lauder, 2020). Numerical and experimental
studies show that the oscillating motion and hydrofoil geometry
of such tails collectively generate lift forces through a LE suction
mechanism (Borazjani and Daghooghi, 2013; Song et al., 2021;
Zhu et al., 2019). Pressure along the surface of the fin decreases
substantially as a result of the single LEV forming when water
travels around the rounded LE (Borazjani and Daghooghi, 2013;
Wang et al., 2019b). Our findings indicate the presence of not one
but two edge vortices along the LE and TE of the forked tail.
Considered separately, each fin lobe of the mojarra’s tail acts
similarly to the truncate tail of pinfish both mechanically and
hydrodynamically. Because the truncate fin of pinfish is flexible,
lateral oscillations during steady swimming cause a spanwise
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deformation of its surface (Fig. 2), similar to the cupping of the
forked fin lobes and the well-studied cupping pattern of the broad
tail of bluegill sunfish (Lauder, 2000; Lauder and Drucker, 2002;
Tytell, 2006). Because of the geometry of the truncate tail, only two
vortices formed along the LE. Experimentally derived pressure
fields showed an increase in the magnitude of the positive and
negative pressures along the floward (within the cup) and lee
(opposite side) surfaces, respectively, during tail displacement
(Fig. 4). However, positive pressures contributed more to the
resulting pressure gradient across the tail (U-test, P<0.001). Because
we only investigated one plane across the tail, we could not capture
the potential effects on pressure near the tip of the tail from vortex
shedding. Nonetheless, our findings are in agreement with
computational models of non-forked tails (Song et al., 2021) and
demonstrate the acceleration reaction-based (push) rather than lift-
based (suction) properties of the truncate morphology. Similar to
this study, these models also found that comparably weaker positive
pressure fields formed along the stoss surface of a higher aspect ratio
tail (Fig. 3; Fig. S4). However, they and others (van Buren et al.,
2017) show that higher aspect ratio geometries produce negative
pressures of greater magnitude than a truncate morphology. This
difference is explained by their use of the traditional hydrofoil
profile of lunate tails that induces conditions favorable for the
production of strong leading-edge suction through a unique LEV. In
this case, the individual curved lobes of the forked tail produce two
edge vortices like that of the truncate tail. These similar flow
conditions result in pressure gradients across the tail where the
magnitude of positive pressures is proportionally greater than the
negative pressures. The pressure difference across the tail
contributes to the manifestation of propulsion (Dubois et al.,
1978; Lucas et al., 2020; Song et al., 2021). Our findings indicate

Fig. 8. Conceptual diagram of tail
conformations for a lunate tail and the flexible
forked tail of mojarras. (A,C) Lateral views of the
lunate tail of tunas (A) and the flexible tail of
mojarras (C) showing the vertical and horizontal
profiles of the superior lobe. Red lines across
profiles in A and C represent the center of the
chord of the profiles to emphasize their shape:
straight chord for the lunate tail and cupped chord
for the flexible forked tail. (B,D) Trails of the lunate
tail (B; adapted from Sfakiotakis et al., 1999) and
the tail of mojarras (D) showing the change in the
angle of attack over time and change in fin surface
conformation. The LEV and TEV are shown
through vorticity.

that the flexible forked tail of mojarras operates via the same
fundamental drag-based propulsive mechanism of the truncate tail
during continuous swimming. Here, we provide evidence that
challenges the established notion that high aspect ratio caudal fins
exploit only lift-based forces at cruising speeds (Helfman et al.,
2009; Sfakiotakis et al., 1999).

A forked tail does not always provide a cruising advantage

Changes in the kinematics of the tail, such as frequency and
amplitude, can explain differences in the forces experienced by this
propulsor during swimming (Bainbridge, 1958; Chopra, 1976;
Saadat et al., 2017). Here, this was not the case as we found that
despite contrasting tail morphologies, these kinematics parameters
were similar (Table 2). Instead, propulsive forces were modulated
by altering the angle of the tail relative to the flow and by regulating
the amplitude of body undulations anterior to the tail. From
experimentally derived pressure fields, we found that the reduced
surface area of the forked caudal fin generated 31% weaker pressure
gradients (Figs 3,4 and 5; Fig. S4). Assuming a uniform distribution
of the pressure gradients over the entire surface of both caudal fins,
the forked fin cannot produce the same force as the truncate tail
given the observed kinematics. Here, the forked tail produced only
3/5 of the forces generated by the truncate tail. However, the thrust
component of the normal force acting on the fin’s surface depends
on the angle of the propulsor relative to the swimming direction
(Helfman et al., 2009; Webb, 1978a). Self-propelled mechanical
analogs indicate that the angle of attack of the caudal fin can be
changed by modulating the kinematics of the section of the body
anterior to the tail to achieve comparable propulsive outputs with
differing tail morphologies (Feilich and Lauder, 2015; Krishnadas
et al., 2018). By increasing the lateral displacement of the caudal

10

>
(@)}
i
je
(2]
©
o+
c
(]
S
=
()
(o}
x
[N
Y—
(©)
‘©
c
S
>
(®)
—_


https://journals.biologists.com/jeb/article-lookup/DOI/10.1242/jeb.244967
https://journals.biologists.com/jeb/article-lookup/DOI/10.1242/jeb.244967

RESEARCH ARTICLE

Journal of Experimental Biology (2022) 225, jeb244967. doi:10.1242/jeb.244967

peduncle, mojarras also increase the angle of attack of their tail
during the thrust phase of a tail beat, thus orienting the thrust
component more axially. In doing so, the 40% difference in the
strength of the forces produced at the tail is brought to only a 18.6%
difference in net thrust compared with the truncate tail (Fig. 5).
However, the strong stagnation effect along the floward surface of
the truncate tail under high pressure (Fig. 4) and its overall larger
surface area were previously shown to increase pressure compared
with higher aspect ratio tails (Song et al., 2021). Despite a net
improvement in thrust production, the coefficient of pressure (Cp)
and thrust (Cpr) remained significantly less for the forked tail
(Fig. 5; U-test, P<0.001), indicating lower overall efficiency.
Despite the proportionally greater contribution of these forces to
thrust in the forked tail, there still exists a deficit in the net thrust
produced relative to the truncate tail due to the reduced surface area
of the forked tail. The magnitude of the forces generated by
propulsive structures during swimming is dependent in part on the
shape and drag characteristics of the swimmer (Dubois et al., 1978;
Maertens et al., 2015; Saadat et al., 2017). Given the similar body
length, shape and mass of mojarras and pinfish, a very similar
amount of net thrust must be produced to maintain the same cruising
speed. How can the mojarra create similar total net thrust when it
produces less force than pinfish with its tail?

By focusing on the caudal fin only, one cannot capture the full
extent of the propulsive mechanisms employed by the fish during
sustained body/caudal fin undulatory swimming. Time series of the
fish’s centerline showed that mojarras recruited significantly more
body bending along the body section extending from the caudal
peduncle to the midbody (Fig. 6; U-test, P<0.001). Previous studies
on carangiform swimmers posited that body undulations could
generate thrust from the positive and negative pressure areas
resulting from the lateral displacement of the body anterior to the tail
(Dubois et al., 1974; Lucas et al., 2020; Miiller et al., 1997; Tytell,
2007). Producing body waves 1.8 times wider than those of pinfish
enables mojarras to generate a significant amount of net thrust overa
full tail beat with their body while pinfish produce only net drag. As
such, mojarras can compensate for comparatively less thrust
produced at the tail (Fig. 6). Previous studies on lamprey
(Gemmell et al.,, 2016) and trout (Lucas et al., 2020) showed
comparable benefits in increasing upstream body bending to
produce more thrust and maintain greater swimming speeds.

However, involving more of the body to compensate for the thrust
deficit of the forked tail could incur an additional energetic cost at
cruising speeds due to increased acceleration reaction forces caused
by wider lateral excursions into the flow (Maertens et al., 2015;
Webb, 1992). Increased recruitment of the anterior axial
musculature during undulatory swimming increases power
consumption to offset the increase in fluid forces (Korsmeyer
et al., 2002; Videler and Weihs, 1982). We found that the net COT
of mojarras was 2.1 times higher than that of pinfish on average to
maintain the same relative swimming speeds (Fig. 7). In sum, these
findings demonstrate that a forked tail design is not always
advantageous at cruising speeds. Contrary to our current
knowledge of fish propulsion, the mojarra’s flexible forked caudal
fin shows deficiencies in its ability to generate enough thrust
compared with a truncate tail. The lower performance of this
morphology is reflected in the higher energetic demand imposed by
the recruitment of more of the axial musculature.

Functional significance of contrasting tail morphologies
We did not find evidence that the flexible forked tail of mojarras
employed the lift-based propulsive mechanism observed in

hydrofoil-shaped lunate tails during cruising. Instead, the cupping
of individual fin lobes produces edge vortices like that of the
truncate tail, resulting in pressure gradients where the magnitude of
positive pressures is proportionally greater than that of negative
pressures. This drag-based fin conformation persisted below and
above their optimal swimming speeds (Fig. S4). Contrary to the
existing paradigm of forked tail functionality, we found that this
flexible tail design did not confer an energetic and propulsive
advantage during cruising. In fact, the truncate tail of pinfish
outperformed it. Yet, many successful and abundant families
such as Carangidae (e.g. pompano, trevally, jack), Clupeidae
(e.g. herring, sardine) and Engraulidae (e.g. anchovy) feature such
flexible fin morphology. This raises the question: if a flexible forked
tail does not confer an efficiency advantage for cruising, can it
provide other functional benefits?

We compared these two tail types with the common assumption
that the evolution of form and function is driven primarily by
efficiency. However, certain behaviors may be driven by a need to
supply additional mechanical power rather than to minimize
swimming costs (Kendall et al., 2007). While a flexible forked
tail seemingly appears less favorable for cruising, it may constitute a
tradeoff between form and function in various contexts. Body
structures develop according to their importance for primary living
functions (Russo et al., 2007; Sagnes et al., 1997; Stoner and
Livingston, 1984). Therefore, it is also important to consider
how functional rather than purely structural attributes may be
advantageous for feeding, escape, schooling, stability in turbulence,
and migrations. Previous studies proposed the interlobar notch of
forked caudal fins to reduce drag from the body wake, thus limiting
the energy demand during swimming (Fletcher et al., 2014;
Helfman et al., 2009; Lauder, 2000). Under this assumption, the
COT of mojarras should be less than that of pinfish; however, our
data do not support this. Another proposed functional benefit of
forked caudal fins comes from the observation that the wake of
schooling fish can energize the flow over the tail of downstream
individuals, thus contributing to greater lift forces and improved
performance (Li et al., 2020; Liao, 2022). Neither of the two species
used in this study exhibit schooling behavior, and in fact they are
known to be territorial (Eschmeyer and Herald, 1999; Nelson,
2002). There are, however, many species with forked tails that do
exhibit schooling, and most are planktivores like mojarras. Adult
Carangidae that feed on larger prey (e.g. other fishes) display a more
rigid, lunate-like forked tail, but the planktivorous juveniles exhibit
aflexible forked tail comparable to that of mojarras. This correlation
between planktivory and a flexible forked tail suggests this
morphology may provide an advantage during foraging that
would suggest planktivory as a driver of the development of a
flexible forked tail.

In many fishes, the caudal fin is used not exclusively for forward
propulsion but also to generate forces that play a key function in
maneuvering and body stabilization in the water column (Lauder,
1989; Lauder and Drucker, 2004; Videler, 1977; Weihs, 1973a).
Early studies of the musculoskeletal structures of flexible forked
tails like that of mojarras suggest that the conformation of each lobe
can be actively modulated separately to aid in control of orientation
and body position (Flammang and Lauder, 2009; Lauder, 1982,
1989). While a full analysis of tail lobe motions and the resulting
effects on maneuverability is beyond the scope of this study, we
noted that the lobes were not kept at equal angles relative to the flow
during occasional vertical repositioning of the fish in the swim
tunnel (Fig. S5). By using each tail lobe independently, forked
tails may exhibit functionality beyond simple forward propulsion.

11

>
(@)}
i
je
(2]
©
o+
c
(]
S
=
()
(o}
x
[N
Y—
(©)
‘©
c
S
>
(®)
—_



https://journals.biologists.com/jeb/article-lookup/DOI/10.1242/jeb.244967
https://journals.biologists.com/jeb/article-lookup/DOI/10.1242/jeb.244967

RESEARCH ARTICLE

Journal of Experimental Biology (2022) 225, jeb244967. doi:10.1242/jeb.244967

Similar to the heterocercal tail of some sharks, they may vector
water momentum in appropriate directions to control postural
stability during cruising (Wilga and Lauder, 2002). Even truncate
tails can generate complex conformations to perform maneuvers
(Esposito et al., 2012). However, the motions of each constituent
fin ray intrinsically depend on the movements of the other fin
rays and on the fluid forces acting along the entire span of the
tail (Esposito et al., 2012; Lauder, 1989, 2000). Thus, separately
controllable fin lobes should have improved mobility and
would likely promote faster, more controllable changes to body
positions as a result. This may confer an advantage in flows
and turbulent environments where maintaining a stable posture is
needed. This could be important to planktivorous fish groups
such as Carangidae, Clupeidae and Engraulidac whose acute
head and body postural control is necessary to successfully
identify and target small, transparent, evasive prey scattered in
the water column (Hunter, 1981). In this context, a forked tail may
facilitate enhanced capture success of small, evasive prey such as
larvae and copepods which comprise the majority of the mojarra’s
diet. In contrast, L. rhomboides exhibits a more generalist diet as
they demonstrate omnivory, carnivory and herbivory at different
times, locations and stages of development (Stoner, 1980). They
also feed heavily on benthic prey and adult pinfish also frequently
consume small fishes (Carr and Adams, 1973). Thus, the need to
generate high accelerations to ambush their prey is perhaps another
driver behind the development of a truncate tail. Another advantage
of using the tail to generate thrust and control body position is the
potential for limiting the use of pectoral fins that would invariably
increase induced drag and energetic costs of cruising (Webb, 2005).
Thus, while not as efficient in steady, laminar flows as a truncate
caudal fin, a forked (non-lunate) tail may represent a tradeoff
between a low COT and enhanced stability and maneuverability
that could increase prey capture success. Thus, it may not be
coincidental that many successful planktivorous fishes such as
herrings, sardines and anchovies possess a forked (non-lunate) tail
like that of mojarras.

Conclusions

The common generalization surrounding the shape of the caudal
fins of fishes is that flat, truncate tails are best suited for fast
accelerations, while forked tails promote economical, fast cruising
(Blake, 2004; Fletcher et al., 2014; Helfman et al., 2009; Sfakiotakis
et al., 1999). By comparing the energetics and hydrodynamics of
two fish species displaying contrasting tail shapes, we
experimentally show that a truncate tail morphology can perform
better than a forked morphology during cruising. The reduced
surface area of forked, non-lunate tails appears to adversely impact
thrust capabilities while increasing the energetic costs at cruising
speeds. We found that this reduced efficiency is associated with
increased lateral body kinematics to maintain similar thrust outputs.
This suggests an evolutionary tradeoff between efficiency and other
ecologically important parameters, such as stability. Fishes have
influenced the design of many underwater vehicles, whose
development was motivated in part by the aim of improving
efficiency and performance (Aubin et al., 2019; Katzschmann et al.,
2018; Neveln et al., 2013; Wang et al., 2019a; White et al., 2021).
However, many of these devices employ rigid flat or lunate
propulsors. These design constraints may impede fine-scale
adjustments of the fin’s shape that modulate the magnitude and
direction of propulsive forces. Our results offer insights into the
benefits and tradeoffs of two typical tail morphologies within bony
fishes and improve our understanding of functional and ecological

components of fish swimming that may aid the development of
more capable bio-inspired underwater technologies.
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Supplementary Materials and Methods

Comparison of Mojarra and Pinfish

Standard metabolic rate

The Mojarra and Pinfish specimens tested in this investigation displayed standard metabolic
rates that did not show a strong statistical difference. Mean standard metabolic rate was equal to
3.06+0.98 and 4.27+0.83 mg min ! kg 'for Mojarras and Pinfish respectively (¢-test, P = 0.055).

Body aspect ratio

Measurements of body shapes for both fish species were obtained digitally for each specimen
from scaled dorsal and lateral images of the fish using ImagelJ software. Body width (w, thickness
along left-right axis) was measured from dorsal views and body depth (d, height along ventral-
dorsal axis) was measured from lateral views. Measurements were performed at the location along
the rostro-caudal axis of the fish for which body depth was the greatest (Fig. S1A). From these,
we calculated the aspect ratio of the body (ARbody) using equation 1:

w

ARbody - (1
The ARpody of Mojarras and Pinfish showed no statistical diffrence and were equal to 0.37+0.03
and 0.38+0.02 respectively (U-test, P =0.53).

Tail aspect ratio and sweep angle

Measurements of tail shape for Mojarras and Pinfish were obtained digitally for each specimen
from scaled lateral iameges of the fish using ImagelJ software. The span of the fin (#)was measured
as the distance between the superior and inferior tips of the caudal fin. The surface area of the
caudal fin (4) was measured as the portion of the tail defined by the presence of fin rays (Fig.
S1B). The aspect ratio (4R) of the tail was calculated using equation 2:

hZ
AR = ” (2)
The sweep angle (A) of the tail was measured in degrees as the angle formed by the leading
edges of the superior and inferior sections of the tail (Fig. S1C)
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Fig. S1. Measurement of body morphology and tail geometry. (A) Body aspect ratio was
calculated as the ratio of body width (w) to body depth (d). (B) Tail aspect ratio was computed as
the ratio of the maximum theoretical surface area of the caudal fin given its height (4?) to the actual
measured fin surface area (A4) represented by the gray shading. (C) The sweep angle (A) of the tail
was measured as the angle formed by the leading edges of the superior and inferior sections of the
tail. All measurements where performed using digital images of the fish.

Determination of suitable experimental swimming speed

The COT of Mojarras and Pinfish followed a J-shaped trend, commonly reported in other
species (Korsmeyer et al., 2002; Webb, 1975). Mojarras and Pinfish reached their optimal
swimming speed U = 1.21 BLs ! and U = 1.99 BLs™! respectively where their COT was the
lowest. A unique swimming speed U = 1.5BL s ! was selected for this study because it was
representative of the optimal swimming speed at which the COT of both species were near their
minima and the BCF mode of swimming was consistently displayed by the fish. The COT at this
prescribed speed was 3.831 + 1.543 and 1.789+0.683 J m™! kg! for Mojarras and Pinfish
respectively (U-test, P = 0.032) and throughout the entire range of swimming speeds tested, the
Mojarras exhibited a higher cost of transport (Fig. 7). These methods are further supported by the
fact that most fish generally select their preferred swimming speed and swimming mode during
cruising that correspond to the optimal swimming speed at which the COT is the lowest
(Tudorache et al., 2011; Tudorache et al., 2013). This approach ensured that the performance of
the forked and truncate tails, and the metabolic requirements of swimming for both species would
be comparable not just based on the anatomy and kinematics of their caudal fins, but also by
considering relevant ecological factors governing the behaviors of these species. Additionally, the
range of swimming speeds that could be compared was limited by the sequential change in the
gaits exhibited by the fish across swimming speeds. At speeds < 1.0 BL s™!, Mojarras and Pinfish

C
o
]

©

£

e
qg
£

)

|

©
)

C

()

£
Q

o

o

=}
(70}

L]

>

(@)}
o
Q
m
©
i)

C

(0]
£

fu.

Q

o

X
Ll
G

o
©

C

=

>

o
=




Journal of Experimental Biology: doi:10.1242/jeb.244967: Supplementary information

used their pectoral fins and caudal fin concurrently, thus likely distributing thrust production over
these three propulsors. This swimming speed was deemed inadequate to compare the overall
performance and energetics of using caudal fins with differing morphologies. At speeds > 2.0 BL
s~!, Mojarras would begin exhibiting a behavior associated with burst and coast swimming rather
than continuous and consistent BCF. Though this behavior would not manifest immediately,
prolonged swimming causing this behavior eventually led to the increase in the COT due to fatigue.
Consequently, we chose the swimming speed U = 1.5 BL s™! which yielded the same BCF mode
of swimming in both species and equated to nearly equivalent optimal swimming speeds.

Swim tunnel setup and laser sheet positioning

Individual fish naturally swam steadily at the center of the test section against the flow. One
advantage of using visible laser light was that the fish always positioned themselves upstream of
the vertical laser sheet and swam steadily in a predictable maner. The steadiness of the fish in the
test section is further demonstrated by the very small surge displacement of the fish during several
consecutive tail beats (see Figs 3,4). As such, the laser sheet could be positioned very precisely to
intesect with the tail within less than two laser sheet widths (< 0.15 cm) on either side of the vertical
axis located 2/3 of the tail length from the caudal peduncle. This corresponded to the vertical axis
located at about 0.93 BL for both species. This location was chosen to fall within the center of the
interlobar notch of the forked tail of Mojarras. For vertical planar transections of the tail (posterior
view), a narrow mirror was mounted downstream of the swimming fish at a 45-degree angle to
project the posterior view of tail to the camera mounted above (Fig. S2).

Fig. S2. Modified Brett-type swim tunnel respirometer used for particle image
velocimetry (PIV) and respirometry experiments. Vertical transections of the tail required only
one laser sheet (vertical green line). (1) motor, (2) flow straightener (vanes), (3) honeycomb flow
straightener, (4) 45-degree angle mirror, (5) high-speed camera.
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Force calculations

Pressure fields were used to calculate gross thrust and drag forces per height along 150 evenly
sized segments around the body by multiplying the pressure measured at the boundary of the fish
by the length of each segment between points in a calculation boundary drawn around the fish, the
unit vector normal to each segment, and the body depth at the location of each segments along the
body. Specifically, thrust and drag were computed as the product of pressure, the area of the body
segments defined by the width and heigh of each body boundary segment band, and the unit vector
in the direction of swimming. Thrust forces are positive and drag forces are negative. To simplify
terminology, forces were classified as pull and push forces when arising from sub-ambient
pressures (negative relative to ambient) and above-ambient pressures (positive), respectively.

Forked tail deformation across swimming speeds

The cupping pattern observed in the forked caudal fin was observed across multiple sustained
swimming speeds surrounding the optimal swimming speed of the fish (Fig. S3). This cupping
pattern was caused by the superior and inferior edges of the fin lobes leading the tail beat while
their center was lagging. The cupping of the lobes was generally symmetrical about the midline of
the fish and showed little variation between the two phases of a complete tail beat. Both lobes
showed identical patterns.

Fig. S3. Vertical transections during mid tail stroke for one representative fish swimming
at 1.0, 1.5, and 2.0 BL s~ . Red curved lines indicate emphasize the deformation of the lobes along
the vertical plane. Scale bar represents 1 cm for all frames.

Fin kinematics and force production

Fast Fourier transforms (FFT) were performed on tail displacement, fin angle and surge thrust
over time for both the Mojarras and Pinfish using a custom program in MATLAB R2020a. This
function computed the discrete Fourier transform (DFT) of these data using a FFT algorithm.
Previous studies predicting the forces generated by oscillating tail analogs indicate that the
frequency of thrust and drag cycles during a complete tail beat is twice that of frequency of the
motions of the tail (Esposito et al., 2012; Xiong and Lauder, 2014). Both species displayed a
similar pattern. Tail-beat and fin angle had matching frequencies, that were half that of the thrust
and drag cycles occurring during a full tail beat.

[
ke
)

©

€

o
RS
£

-

©
=

C

Q

€
Q

o

o

=]
(7p]

L]

>

()]
o
Q
m
©
)

C

Q
£

o

()

Q.

X
Ll
G

o
©

C

=

=)

(]
=




Journal of Experimental Biology: doi:10.1242/jeb.244967: Supplementary information

Pressure fields across the tail

The magnitude of the sub-ambient and positive pressure fields generated on either side of the
forked tail of the Mojarras was less than that of the truncate tail (Fig. S4, U-test, P < 0.01). Peak
positive and negative pressures were averaged for the left and right sides of the fin during the two
halves of a complete tail beat.
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Fig. S4. Mean peak pressures measured on either side of the caudal fin during a tail beat.
Both fish were swimming at the same relative swimming speed U = 1.5 BL s~ !. The magnitude of
the sub-ambient (purple) and positive (orange) pressure fields generated during tail lateral
displacement were significantly different between the two tail types (U-tests; sub-ambient P <
0.001, positive P =0.005).

Calculation of the coefficient of pressure and thrust

Coefficient of pressure and thrust (C, and Crx) were calculated to compare the effectiveness of
the two tail morphologies in generating thrust. While direct measurement of the magnitude of the
forces produced by the two tail types is more suitable to comparing the fundamental differences in
performance, these non-dimensional coefficients provide more useful insights about how tail shape
may or may not fundamentally affect how forces are produced. These coefficients were calculated
as follows based on the methods by Lucas et al. (2020):

Cp= 1 3)
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where C), is pressure coefficient, p is pressure (Pa), Cry is thrust coefficient (force in the swimming
direction), Fy is thrust (N), p is the density of 30%o water at 21°C (1020.7 kg m ), u is the lateral
speed of the tail (ms '), and 4 is the lateral area of the fish’s tail (m?).

Comparison of flexible forked tail and lunate tail

The lunate tail is characterized by its undeformable tapered hydrofoil profile with a straight
chord (Fig 8A, red line). This contrasts with the tail of Mojarras that is pliable and whose surface
configuration forms a cupping pattern during lateral excursions. The pitching and heaving motions
of the lunate tail causes the superior and inferior edges of the fin to lead the lateral motion, while
the trailing edges formed by the fork are lagging (Fig 8B). In contrary, because of the cupping of
the fin lobes of the Mojarra’s caudal fin, both the leading and trailing edges are leading during a
tail beat (Fig. 8C, D). This specific conformation was identified from the raw PIV videos as the
tail was illuminated by the vertical laser sheet. In the rigid lunate tail, the LEV remains attached
to the surface of the fin. The TEV separates from the trailing edge and only re-attaches upon tail
reversal. Contrary to the lunate tail, the LEV of the flexible tail remains attached to the leading
edge but does not extend over the surface of the fin. The TEV shows a similar pattern.

Asymmetry of the Mojarra’s fin lobes during vertical maneuvers

Although a full analysis of the orientation of the fin lobes along the vertical axis and its effects
on maneuverability was not the focus of this study, we noted that the superior and inferior tail
lobes were not kept at equal angles relative to the direction of swimming during occasional vertical
repositioning in the swim tunnel (Fig. S5). The increase of the angle formed by the inferior caudal
lobe and a slight decrease in the angle formed by the superior lobe cause the fish to pitch upward
(t=0-0.75 s). At the end of this maneuver, the angle formed by both lobes is almost equal (t= 1.5
s). Angles were measured using ImagelJ-Fiji. The resulting changes in depth did not require the
use on any other fins. The steering capabilities offered by conformational changes of the
homocercal tail of teleost has never been demonstrated but studies found that during cruising, the
superior lobe of the heterocercal tail of sharks produces downward and posteriorly oriented forces
to maintain vertical postural stability (Wilga and Lauder, 2002). Though we did not assess the
hydrodynamic effects of transient asymmetries in forked fins during cruising, it is likely that a
similar mechanism be employed to control pitch such that the fish can maneuver along the vertical
plane without the use of other fins.
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Fig. S5. Asymmetrical conformation of the forked fin lobes during vertical repositioning

at a cruising speed of 1.0 BL s7!. Changes in the angles formed by the leading edges of the fin
lobes (white lines) relative to direction of swimming (black dashed line) corresponded to a change
in the vertical position of the fish in the test section (see ruler on the left).
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