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The relationship between pectoral fin ray stiffness and swimming
behavior in Labridae: insights into design, performance and
ecology
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W. Westneat1,*

ABSTRACT
The functional capabilities of flexible, propulsive appendages are
directly influenced by their mechanical properties. The fins of fishes
have undergone extraordinary evolutionary diversification in structure
and function, which raises questions of how fin mechanics relate
to swimming behavior. In the fish family Labridae, pectoral fin
swimming behavior ranges from rowing to flapping. Rowers are more
maneuverable than flappers, but flappers generate greater thrust at
high speeds and achieve greater mechanical efficiency at all speeds.
Interspecific differences in hydrodynamic capability are largely
dependent on fin kinematics and deformation, and are expected to
correlate with fin stiffness. Here we examine fin ray stiffness in two
closely related species that employ divergent swimming behaviors,
the flappingGomphosus varius and the rowingHalichoeres bivittatus.
To determine the spatial distribution of flexural stiffness across the fin,
we performed three-point bending tests at the center of the proximal,
middle and distal regions of four equally spaced fin rays. Pectoral
fin ray flexural stiffness ranged from 0.0001 to 1.5109 µN m2, and the
proximal regions of G. varius fin rays were nearly an order of
magnitude stiffer than those of H. bivittatus. In both species, fin ray
flexural stiffness decreased exponentially along the proximodistal
span of fin rays, and flexural stiffness decreased along the fin chord
from the leading to the trailing edge. Furthermore, the proportion of fin
area occupied by fin rays was significantly greater inG. varius than in
H. bivittatus, suggesting that the proportion of fin ray to fin area
contributes to differences in fin mechanics.
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Propulsion

INTRODUCTION
The form and function of propulsive appendages are fundamental
to the ecology of a wide range of organisms (Liem, 1990; Losos,
1990; Wainwright and Reilly, 1994; Gillis and Blob, 2001; Taft and
Taft, 2012; Higham et al., 2015). In coral reef fishes, interspecific
variation of fin form and function has a strong impact on
hydrodynamic capability in fishes (Walker and Westneat, 2000,
2002a,b; Thorsen and Westneat, 2005), and has ultimately shaped
patterns of niche occupation (Bellwood and Wainwright, 2001;

Fulton et al., 2001; Wainwright et al., 2002). Daniel and Combes
(2002) explored the flexural stiffness of insect wings, and suggested
that because of the complex relationship existing between the form
and function of a propulsor, predictions of functional capabilities in
propulsors based on shape alone are valid only under limited
circumstances. The mechanics of insect wings (Newman and
Wootton, 1986; Ennos, 1988a; Steppan, 2000; Combes and Daniel,
2003a,b), bird wings (Macleod, 1980; Bonser and Purslow, 1995;
Bachmann et al., 2012) and bat wings (Swartz et al., 1996; Swartz
and Middleton, 2008) share characteristics of their stiffness fields
(the spatial distribution of flexural stiffness across an appendage),
including a stiffened leading edge, a more flexible trailing edge,
and a structure that tapers along its span. Together, these common
features of stiffness profiles lead to the convergence of similar
propulsor bending regimes across a highly diverse group of taxa
(Lucas et al., 2014). Yet, fin ray stiffness is rarely considered in the
discussion of fin design and hydrodynamic capability in fishes; this
leads to questions of how the distribution of mechanical properties
across the fins of fish relates to swimming behavior, whether the
distribution of fin mechanics leads to the passive production of
an advantageous bending regime across the surface of a fin, and
how pectoral fin mechanics compare with the mechanics of
flexible propulsors found in other systems. Our understanding of
fish fin biomechanics, hydrodynamic capability and evolutionary
diversification may thus benefit through efforts to document
associated variation in the mechanical properties of the fin.

The pectoral fin is a flexible propulsor with a composite structure
typically composed of a membrane supported by multiple fin
rays (Goodrich, 1904). Fin rays, or lepidotrichia, are bilaminar
composite structures made up of two crescent-shaped acellular bony
hemitrichia (Geerlink and Videler, 1987) that surround a core of
collagen gel (Goodrich, 1904). In pelagic fishes, the proximal
portion of each hemitrich is typically unsegmented and the distal
portion is segmented (Goodrich, 1904). Up to four muscles attached
via tendons to the proximal base of each fin ray control the
movement of individual rays, as well as the fin as a whole (Geerlink
and Videler, 1987; Lauder et al., 2011). Although many animals
(e.g. birds, bats and fishes) are capable of actively tuning the shape
or mechanics of their flexible propulsor (Geerlink and Videler,
1987; Kent and Carr, 2001; Lauder et al., 2006; Alben et al., 2007;
Cheney et al., 2014), the flexural stiffness of a structure, or its
resistance to bending, will largely determine its shape change in
response to the application of locomotor forces (Gordon, 1978;
Vogel, 2003). The propulsive and maneuverability capabilities of
animals with flexible propulsors are largely dependent on the
kinematics and three-dimensional deformation of their appendages
(Yamamoto et al., 1995; Daniel and Combes, 2002; Zhu and
Shoele, 2008; Young et al., 2009; Tangorra et al., 2010; FlammangReceived 22 May 2017; Accepted 13 November 2017
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et al., 2013; Mistick et al., 2016). Therefore the deformation of the
pectoral fin surface in fishes performing labriform locomotion will
be significantly affected by the spatial distribution of spanwise
(along the length of the fin from proximal to distal) and chordwise
(across the width of the fin from its leading edge to the trailing edge)
fin ray flexural stiffness, and the distribution of stiffness across the
fin could be tuned to differences in hydrodynamic performance and
capable of passively producing advantageous deformations.
The spatial distribution of intrinsic pectoral fin ray flexural

stiffness has been explored in the bluegill sunfish (Lepomis
macrochirus) (Tangorra et al., 2010; Lauder et al., 2011;
Flammang et al., 2013). In the bluegill pectoral fin, the stiffness
of a given ray decreases from proximal to distal, and, across the
chord, the central rays are stiffer than the dorsal and ventral rays
(Tangorra et al., 2010; Lauder et al., 2011). Beyond bluegill, our
understanding of fin ray stiffness is inferred from differences in fin
ray geometry in specialized benthic species (Taft, 2011; Taft and
Taft, 2012). Aiello et al. (2017) also reported the comparative
stiffness of a single ray in eight labrid species and found that flexural
stiffness decreased exponentially along the length of the third fin ray
in all species, and that fin ray stiffness was related to swimming
behavior. The third pectoral fin ray was significantly stiffer in labrid
species that employed the flapping swimming behavior in
comparison with species that employed rowing swimming
behavior (Aiello et al., 2017). A larger body of comparative work
on fin stiffness is necessary to address questions regarding the
features of pectoral fin ray stiffness that are general to
actinopterygians, how the spatial distribution of flexural stiffness
across a fin varies among species, and associations among pectoral
fin stiffness profile, swimming behavior, hydrodynamic capability
and the ecology of fishes. Differences in swimming behavior and
trade-offs between maneuverability and propulsive efficiency
would be expected to drive the evolution of different pectoral fin
flexural stiffness spatial profiles among species.
Here we explore these questions in the wrasses (Labridae), a

clade that employs pectoral fin-based propulsion with kinematics
ranging from drag-based rowing to lift-based flapping (Walker and
Westneat, 2000, 2002a,b). Rowers generate thrust primarily during
their posteriorly directed power stroke, generate greater thrust at
slow speeds, and are more maneuverable in comparison with
flappers (Walker and Westneat, 2000, 2002a,b). Conversely,
flappers generate thrust during both the upstroke and downstroke,
and generate greater thrust at high speeds and greater mechanical
efficiency at all speeds in comparison with rowers (Walker and
Westneat, 2000, 2002a,b). Although a flexible propulsor will
typically generate more thrust in comparison with a rigid propulsor
(Yamamoto et al., 1995; Zhu and Shoele, 2008; Young et al., 2009),
excessive flexibility reduces propulsive efficiency (Liu and Bose,
1997; Heathcote et al., 2008). In addition, modelling studies have
found that a biorobotic fin with stiff and tapered fin rays exhibits
greater propulsive capabilities than a fin with relatively more
flexible and uniformly designed rays (Tangorra et al., 2010).
Therefore we hypothesized that fin ray stiffness would decrease
along the span of the fin ray from proximal to distal in both flappers
and rowers, and flappers would have stiffer fins in comparison with
rowers, which might allow flappers increased efficiency and rowers
increased maneuverability.
To address these hypotheses we assessed pectoral fin ray flexural

stiffness in two closely related and size-matched species, the
flapping Gomphosus varius and the rowing Halichoeres bivittatus.
Here we assess passive flexural stiffness, which is not influenced by
the active displacement or stabilization of opposing hemitrichs that is

suggested to occur through the differential activity of antagonistic
muscles (Alben et al., 2007). To determine the spatial distribution of
flexural stiffness, we performed three-point bending tests at the
center of the proximal, middle and distal third of four equally spaced
fin rays across the chord of each fin. We compared the spatial
distribution of G. varius and H. bivittatus pectoral fin flexural
stiffness with published data from other species to begin to explore
how different stiffness profiles relate to the swimming behavior,
hydrodynamic capability and niche of a species. In addition, because
fin shape (aspect ratio) is correlated with swimming behavior
(Wainwright et al., 2002; Walker andWestneat, 2002b) and we have
observed interspecific differences in the number of fin rays per fin,
we also quantified the area of a fin covered by ray versus membrane
to probe themorphological underpinning of variation in fin stiffness.

A comparative analysis of the spatial distribution of pectoral
fin ray flexural stiffness and how it relates to fin morphology
provides new insights into fin function and builds upon recent work
(Tangorra et al., 2010; Lauder et al., 2011; Taft, 2011). In addition,
this study broadens our understanding of the diversity of fin ray
mechanical properties, providing a foundation for comparative and
phylogenetic studies of pectoral fin function that include the
mechanical properties of fin tissues.

MATERIALS AND METHODS
Fish specimens
We collected data on the mechanical properties of the pectoral
fin rays from seven Gomphosus varius Lacéped̀e 1801 individuals
(mass ranged between 7.8 and 39.8 g; mean±s.d., 22.44±13.19 g)
and eight Halichoeres bivittatus (Bloch 1791) individuals (mass
ranged between 6.0 and 64.6 g; mean±s.d., 22.03±19.05 g). Fish
were obtained commercially and maintained in 200 liter capacity
marine aquaria (34.51 p.p.t.) under natural day:night light
cycles with a mean water temperature of 24°C. Fish were killed
by immersion in a 0.05 g l−1 solution of MS-222 (tricaine
methanesulfonate; Sigma-Aldrich, St Louis, MO, USA), and the
right pectoral fins were then excised from the body and placed in
extracellular solution to maintain cell survival and structural
integrity. All experimental treatments and procedures were carried
out under University of Chicago Institutional Animal Care and Use
Committee guidelines (protocol 72365 to M.W.W.).

Three-point bending tests
In order to determine the spatial distribution of intrinsic pectoral fin
ray stiffness we performed three-point bending tests on the fin rays
of G. varius and H. bivittatus using similar methods to Aiello et al.
(2017), with an independent sample and testing protocol. We used a
material testing machine (LS1; Lloyd Instruments, Fareham, UK)
with a 10 N load cell (minimum load resolution 0.0001 N). Data
were acquired during dynamic force displacement tests at 1000 Hz
using Nexygen Plus software (Lloyd Instruments). The raw forces
measured ranged between 0.0004 and 0.4325 N across all
individuals and measurement locations. The potential error in
force measurement across most of the force range was generally low
(0.5–1%), but was higher (up to 12.5%) for the smallest trailing
edge fin rays measured.

Flexural stiffness (EI) is a measurement of a structure’s resistance
to bending and depends upon its material properties (E, Young’s
modulus of elasticity) and cross-sectional geometry (I, second
moment of area) (Gordon, 1978; Vogel, 2003). The conditions to
measure E and I independently are rarely met for biological
materials, as the material must be homogenous, isotropic and
linearly elastic (Vogel, 2003; Young et al., 2012). Furthermore, fin
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rays are composite structures (i.e. crescent-shaped hemitrichia that
surround a core of collagen gel), making accurate and reliable
measurements of I difficult. Therefore, we measured EI as a single
variable using beam theory as in Vogel (2003): EI=(Fd3)/(48Y ),
where F is applied force (N), d is the distance between supports (m),
and Y is fin ray displacement (m) at the location of the force
application (Fig. 1). Elastic non-linearity can still exist, even at small
deformations, which could change the relative effective flexural
stiffness of a structure at different bending amplitudes. The beam
theory equation is widely used to investigate the flexural stiffness of
biological structures (for a review, see Vogel, 2003), and provides
an appropriate approximation of the flexural stiffness of a structure.
This equation is valid for small displacements where Y≤10% of fin
ray length (L) because a material can experience shear as well as
bending at larger displacements (Blob and LaBarbera, 2001; Young
et al., 2012). Therefore, we measured the force exerted when fin ray
displacement (Y ) ranged from 0 up to 10% of L. This corresponds to
a bending curvature of 0.2–0.5 mm−1, defined as the inverse radius

of curvature of the circle defined by the partial circumference
represented by the curved fin ray. This range of curvature is similar
to that observed in the fin rays of live, actively swimming G. varius
and H. bivittatus.

Pectoral fin rays 1 (leading edge), 5, 10 and 14 (trailing edge) of
G. varius and 1, 5, 8 and 12 of H. bivittatus were individually
dissected from the pectoral fin (Fig. 1A). Fin rays were placed across
adjustable support beams so that flexural stiffness was measured at
the center of the proximal (16.67% ray length), middle (50% ray
length) and distal (83.25% ray length) third of each fin ray (Fig. 1).
To standardize measurements across species, the distance between
supports (d ) was set to 20% of L, and force was applied at a rate of
0.1 mm s−1. Fin rays were kept moist with 4°C phosphate-buffered
saline solution throughout the duration of the experiment.

To ensure the most accurate measurement of fin ray flexural
stiffness, local three-point bending tests were conducted at
proximal, middle and distal locations along the length of the fin.
The gradual change in fin ray cross-section that occurs locally
within these small regions allows the three-point bending equation
to be applied with sufficient accuracy (Young et al., 2012).
Furthermore, in the proximal bending location, force was always
applied to a section that was unsegmented. This method can
accurately measure flexural stiffness at multiple locations along a
single fin ray, and when done on multiple fin rays, can reveal the
spatial distribution of flexural stiffness across a fin.

A single value of flexural stiffness per fin ray could be obtained
by conducting cantilever-bending tests (Vogel, 2003). However,
cantilever-bending tests have several assumptions that are not met
by fin rays. Fin rays are continuously tapered structures. Although
equations have been developed to deal with continuously tapered
structures with varying success (Young et al., 2012), these methods
require knowledge of the variation in second moment of area along
the length of the beam. Attempts have been made to measure second
moment of area in fin rays (Taft, 2011). However, the complex
bilaminar structure of two independent hemitrichs surrounding a
core of collagen and the unknown contributions of these materials
to fin ray stiffness makes it difficult to accurately measure the
second moment of area. Finally, fin rays are typically unsegmented
proximally and segmented distally. Although equations have been
developed to measure the flexural stiffness of slotted uniform beams
during cantilever bending (Young et al., 2012), no equations exist,
to the best of our knowledge, to account for a tapered beam that
abruptly becomes segmented.

Heat maps of fin ray stiffness across the fin surfacewere produced
by fitting a two-parameter linear model to the log10-transformed
measured stiffness values for each individual using the R base
function ‘lm’. The sampled locations correspond to the arithmetic
mean stiffness measured at that point on the fin. These means values
were calculated from the log10-transformed values, which were
transformed back into the measured stiffness units for presentation
in Fig. 2. All colors outside the black circles (including portions
more proximal and distal to the sampled locations) were determined
using the linear model fit and the R base function ‘predict’. The
adjusted R-squared of the model fit to G. varius is 0.629 (residual
standard error, in log10-transformed units: 0.4093) and the adjusted
R-squared of the model fit toH. bivittatus is 0.796 (residual standard
error, in log10-transformed units: 0.3712).

Skeletal area
We hypothesize that the thickness, branching and overall skeletal
area of the fin rays within the fin blade is related to the overall fin
stiffness. Therefore an additional goal of this study was to quantify
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Fig. 1. Schematic diagram of the methodology used in this study. (A) The
leading edge ray, trailing edge ray, and twomiddle fin rays (fin ray 5=M1 and fin
ray 8 or 10=M2) equidistant from each other and from the leading and trailing
rays were dissected from fresh fins and used for mechanical property testing.
The fins pictured are cleared and stained versions for morphological reference.
Y, fin ray displacement; d, distance. (B) Fin rays were isolated and placed on a
three-point bending apparatus. (C) Individual tests were conducted at three
different locations per fin ray: the middle of the proximal third (16.65% fin ray
length), the middle of the middle third (50.00% fin ray length), and the middle of
the distal third (83.34% fin ray length).
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the area of a fin occupied by ray skeleton in both species. We
measured skeletal area: the percentage of fin surface area occupied
by fin ray skeleton (as opposed to the area occupied by only fin
membrane). For each species, five cleared and stained specimens
were acquired from the Field Museum of Natural History (Chicago,
IL, USA); G. varius: FMNH 124858, 111975, 111976 and 101280
(N=2); H. bivittatus: FMNH 101276 (N=2) and MW-NC92 (N=3).
The fins were preserved, cleared and stained in standard splayed
position following previous studies (Wainwright et al., 2002;
Thorsen and Westneat, 2005). To ensure comparability between
species, fins were preserved (10% buffered formalin) with the fins
splayed to the point where the membrane is fully extended but not
stretched beyond this point. The cleared and stained individuals of
each species fell within the same size range of the experimental
individuals used in this study. The length of the leading edge fin
ray ranged between 1.269 and 2.953 cm in G. varius (mean±s.d.,
2.146±0.619 cm) and 1.287 and 2.383 cm inH. bivittatus (mean±s.d.,
2.036±0.438 cm). Leading edge fin ray length was not significantly
different between species (P=0.754). Excised fins were placed on a
white light board with fin rays in a splayed position. Digital images
were captured using an Olympus DP72 camera (Olympus, Center
Valley, PA, USA). Images were imported into Adobe Photoshop CS5
(Adobe Systems, San Jose, CA, USA) and converted to black and
white images by isolating the pixels of the fin rays from the white
background. Black and white images were saved and converted into
binary files in NIH ImageJ 1.62 (NIH, Bethesda, MD, USA).We then
used ImageJ to calculate fin area and the percentage of that area
composed of black pixels (fin rays) and white pixels (membrane).

Statistical analysis
We performed Student’s t-tests to determine if there were significant
differences in fin ray flexural stiffness and skeletal area within and
across species. Linear regressions were also performed to determine
if leading edge flexural stiffness correlates with measurements of fin
ray length, body mass and standard body length, and if skeletal area
correlates with fin area. The leading edgewas chosen for this analysis

because the leading edge represents the same fin ray number between
species, it is unbranched and branching pattern differs between
species, and is the longest fin ray in both species, which suggests its
size, and therefore its stiffness, will not be affected by interspecific
differences in chord-wise fin shape changes. ANCOVAmodels were
fitted to test for significant differences between the slope and y-
intercept of the leading edge stiffness by body mass regressions
between both species. In the ANCOVA models, stiffness was the
dependent variable, species was a factor, and mass was the covariate.
All statistical analyses were conducted using the program JMP
version 5.0 (JMP 2002) or the R statistical environment (R
Development Core Team; www.r-project.org/).

RESULTS
Pectoral fin rays resisted forces of 0.0004–0.4325 N during
maximal bending curvatures of 0.2–0.5 mm−1, as fin ray flexural
stiffness ranged from 0.0001 to 1.5109 μN m2. We found similar
trends in the fin’s span-wise and chord-wise spatial distribution of
ray stiffness in G. varius and H. bivitattus (Fig. 2). Stiffness
decreased exponentially along the proximodistal span of a given ray
(Table 1). Of the 60 rays examined (four rays per individual)
between the two species, 25 of 28 and 24 of 32 showed a
significant (P<0.05) exponential relationship between stiffness and
proximodistal position in G. varius and H. bivitattus, respectively
(Fig. 3; Table S1). To account for the low number of data points per
fin ray and to increase statistical power, within each species, data
were pooled by position for each fin ray. An analysis of the pooled
data of each fin ray for each species always found a significant
(P<0.01) exponential relationship between stiffness and position
along the ray’s length for a given ray (Table S2). Furthermore, both
species showed trends of decreasing ray stiffness along the fin’s
chord from the leading to trailing edge (Fig. 3; Table 1). The
comparison of y-intercepts between different regressions can also
reveal differences in flexural stiffness between fin rays or species.
As no significant difference was detected in the exponential
regression slope between any fin ray combinations within a given
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Fig. 2. The average spatial distribution of flexural stiffness across the pectoral fins of Gomphosus varius and Halichoeres bivittatus. (A) Gomphosus
varius; (B)Halichoeres bivittatus. In both species, flexural stiffness decreased in the span-wise direction and along the chord from the leading to the trailing edge.
Flexural stiffness was approximately an order of magnitude greater inG. varius in comparison with H. bivittatus. Each black circle represents the locations across
the fin where three-point bending tests were conducted.
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species (Table S3), differences in the y-intercept imply shifts in the
magnitude of the exponential relationship between flexural stiffness
and fin ray position. Within each species, an analysis of the
regressions between stiffness and ray position on the pooled data for
each ray revealed significant differences (P<0.001) between the y-
intercepts for the leading and trailing edge as well as middle ray 1
(M1) and the trailing edge (Table S3). For G. varius, the leading
edge and middle ray 2 (M2) also exhibited a significant difference
(P<0.01) in the y-intercept of a regression between stiffness and the
position along the fin ray. These results, together with the lack of
significant differences between the y-intercepts of adjacent rays,
suggest that fin ray stiffness gradually decreases along the fin’s
chord, from leading to trailing edge, in both species.
A comparison between species reveals significant differences in fin

ray stiffness (Fig. 2). For the leading edge, the average flexural
stiffness of the proximal and middle portion of the ray was
significantly greater (P<0.05) in G. varius than in H. bivitattus
(Fig. 3), and averaged 0.8899±0.4587 and 0.1588±0.0613 μN m2 in
G. varius and 0.1671±0.1496 and 0.0676±0.0762 μN m2 in H.
bivitattus (Table 1). Furthermore, because the stiffness of the fin tip
will affect the shedding of wing tip vortices, we assessed how the
exponential decrease in pectoral fin ray stiffness has an impact on the
comparison of stiffness at the distal tips between species. A
comparison of stiffness at the distal tip of the leading edge fin ray
betweenG. varius andH. bivitattus revealed no significant difference
(Table 1; Fig. 4). Similar trends in fin ray stiffness between G. varius
andH. bivitattuswere also found forM1,M2 and the trailing edge ray
(Table 1). To further test differences in flexural stiffness between
species we compared y-intercepts of exponential regressions for each
fin ray between species. For each fin ray, the y-intercept was
significantly greater in G. varius than in H. bivitattus (Table S2).
Fin ray stiffness is correlated with size in both G. varius and H.

bivitattus (Fig. 5). In both species, there was a significant and
positive relationship between fin ray stiffness at 50% ray length and
total ray length (Table S4). Similarly, there was a significant and
positive relationship between stiffness of the leading edge ray at

50% ray length and body mass (Table S4). Furthermore, ANCOVA
models were fitted to theG. varius andH. bivitattus leading edge ray
stiffness by body mass regressions. An ANCOVA model where
stiffness is modelled as the dependent variable, species as a factor,
and mass as the covariate, reveals no significant interaction between
mass and species (P=0.38, F-value=0.838), which means that the
slope of the regression between mass and stiffness are statistically
the same between G. varius and H. bivitattus. A second ANCOVA
model found a significant difference in the y-intercepts of the
leading edge by mass regressions between G. varius and H.
bivitattus (P=7.52×10−7, F-value=87.08), indicating that the factor,
species, has a significant effect on stiffness.

A second regression model was run in order to account for the
variation in size among individuals. The regression model was
between log stiffness and ray position with an effect of log body
size, and the model allowed each species and fin ray combination to
have their own slope and intercept. The residual stiffness was then
plotted as a function of fin ray position for each species and each fin
ray (Fig. S2, Table S5). The results were largely consistent with the
raw data, and the interspecific differences became more distinct. In
one comparison, the distal tip stiffness of fin ray M2 was
significantly greater in G. varius in comparison with H. bivittatus
(P=0.031), but all other interspecific trends remained the same.

The percentage of total fin ray area occupied by fin ray versus
membrane (fin ray area) was also quantified in five individuals of
each species (Fig. 6). Fin rays occupied 55.35±8.12 and 37.96±3.50%
of the total fin area (Fig. 6C) in G. varius and H. bivittatus,
respectively. A t-test revealed that fin ray areawas significantly greater
inG. varius in comparison withH. bivittatus (P<0.01). There were no
significant trends between skeletal area and fin area, which scales with
body size, for either species (Fig. 6D).

DISCUSSION
The movement and deformation pattern of pectoral fins have an
impact on their hydrodynamic capabilities (Yamamoto et al., 1995;
Walker and Westneat, 2000, 2002a,b; Zhu and Shoele, 2008). The

Table 1. Raw data, mean and s.d. of fin ray flexural stiffness for each region of each ray per individual

Individual Proximal

LE M1 M2 TE

Middle Distal Proximal Middle Distal Proximal Middle Distal Proximal Middle Distal

Gomphosus varius
1 1.1701 0.2256 0.0566 0.8054 0.1459 0.0261 0.1832 0.0577 0.0128 0.0709 0.0188 0.0039
2 1.1202 0.1134 0.0197 0.4194 0.1103 0.0220 0.1223 0.0438 0.0137 0.0148 0.0062 0.0032
3 1.5109 0.2159 0.0180 1.1901 0.1733 0.0150 0.3655 0.0161 0.0004 0.1008 0.0178 0.0034
4 1.1550 0.2100 0.0327 0.5434 0.0865 0.0204 0.1829 0.0432 0.0106 0.0524 0.0359 0.0266
5 0.4891 0.1651 0.0166 0.3264 0.1140 0.0333 0.4662 0.0467 0.0072 0.0869 0.0100 0.0001
6 0.4884 0.1108 0.0140 0.3370 0.0653 0.0140 0.1287 0.0362 0.0083 0.0178 0.0049 0.0010
7 0.2956 0.0705 0.0120 0.1474 0.0373 0.0117 0.1018 0.0375 0.0113 0.0099 0.0025 0.0009
Mean 0.8899 0.1588 0.0242 0.5385 0.1047 0.0203 0.2215 0.0402 0.0092 0.0505 0.0137 0.0056
s.d. 0.4587 0.0613 0.0158 0.3532 0.0465 0.0076 0.1393 0.0127 0.0045 0.0371 0.0116 0.0094

t-test P-value 0.0010 0.0252 0.8732 0.0068 0.0335 0.4457 0.0254 0.0137 0.1267 0.0118 0.0475 0.2968

Halichoeres bivittatus
1 0.0979 0.0337 0.0092 0.0456 0.0095 0.0035 0.0201 0.0083 0.0021 0.0065 0.0031 0.0013
2 0.0308 0.0157 0.0073 0.0120 0.0046 0.0021 0.0065 0.0047 0.0010 0.0064 0.0019 0.0004
3 0.0884 0.0260 0.0060 0.0304 0.0072 0.0022 0.0232 0.0098 0.0026 0.0064 0.0013 0.0004
4 0.0992 0.0493 0.0148 0.0448 0.0194 0.0075 0.0118 0.0096 0.0078 0.0169 0.0081 0.0032
5 0.1264 0.0449 0.0196 0.0683 0.0344 0.0195 0.0393 0.0185 0.0069 0.0040 0.0029 0.0023
6 0.1461 0.0416 0.0044 0.0693 0.0199 0.0044 0.0152 0.0079 0.0044 0.0031 0.0021 0.0015
7 0.2421 0.0791 0.0218 0.2053 0.0412 0.0091 0.1891 0.0389 0.0052 0.0146 0.0081 0.0042
8 0.5058 0.2504 0.1333 0.3966 0.1795 0.0626 0.2458 0.0486 0.0142 0.0299 0.0081 0.0025
Mean 0.1671 0.0676 0.0271 0.1090 0.0395 0.0139 0.0689 0.0183 0.0055 0.0110 0.0045 0.0020
s.d. 0.1496 0.0762 0.0434 0.1304 0.0580 0.0205 0.0934 0.0164 0.0042 0.0091 0.0031 0.0013

P-values in bold are significant. P-values are for interspecific comparisons. LE, leading edge ray; M1 and M2, middle fin rays; TE, trailing edge ray.
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distribution of mechanical properties across fin surfaces will
strongly influence fin deformation in response to inertial and
hydrodynamic forces during the fin stroke. The purpose of this study
was to test our hypotheses by examining the relationship between
swimming behavior (e.g. rowing and flapping) and the distribution
of flexural stiffness across the pectoral fin (stiffness field). We
examined this relationship in two closely related species of wrasse,
the flapping G. varius and the rowing H. bivittatus; the wealth of
data published on the ecology, kinematics, motor patterns and
hydrodynamic capabilities of these species allows us to better infer
the effects of different pectoral fin ray stiffness fields. In both
species, fin ray flexural stiffness decreased exponentially along the
length of any given fin ray (Figs 2 and 3), and fin ray stiffness
decreased along the chord from the leading to trailing edge of each
fin (Figs 2 and 3). Fin ray flexural stiffness throughout the proximal
70% of each fin ray was nearly an order of magnitude greater in the
flapping G. varius than in the rowing H. bivittatus (Figs 2 and 3),
and these interspecific differences in fin ray stiffness are consistent
over a range of body sizes (Fig. 5). Although fin ray stiffness was

significantly different between species, the slope of the regression
between leading edge flexural stiffness and body mass is similar
between species (Fig. 5). Therefore, we suggest that the relationship
between body size and fin ray stiffness will scale at a similar rate
between species. Furthermore, we examined the relative portion of
fin surface area occupied by fin ray skeleton (skeletal area), as
opposed to membrane, in both species. We found that skeletal area
is significantly greater inG. varius than inH. bivittatus (Fig. 6). The
cumulative effect of distributing fin rays of a given stiffness across a
fin is probably that the stiffness of the whole fin exhibits similar
trends to the stiffness of the fin rays. We suggest that the whole fin
stiffness of fins containing relatively stiff fin rays will be stiffer in
comparison with fins containing relatively more flexible fin rays. One
morphological impact on whole fin stiffness could be the distribution
of the fin skeleton, and our results support this hypothesis. Therefore,
we suggest that the distribution of fin skeleton is one variable that
probably has an impact on the flexural stiffness of fins, and will be an
interesting avenue for future research.

The current study provides new insight into the relationship
between fin ray form and function and its relationship to swimming
behavior. However, a fin ray is a complex and composite structure
that, like many biological materials, has non-linear response
properties to deformation. The beam theory equation used in this
study is only valid for small displacements where Y≤10% of L,
because a material can experience shear as well as bending at larger
displacements (Blob and LaBarbera, 2001; Young et al., 2012). The
addition of shear at displacements greater than 10% of L will
increase the force required to bend the structure a given distance,
and therefore increase the effective stiffness of a structure. In this
study, each fin ray was deflected exactly 2% of total fin ray length
(L=20% fin ray length and fin rays were deflected 10% of that
distance). This corresponds to a bending curvature ranging from
about 0.2 to 0.5 mm−1. Based on measurements of images of fin
bending during flow-tank swimming published for these two
species (Walker and Westneat, 2002a,b; Aiello et al., 2017), the fin
rays are typically bent into curvatures of about 0.2–0.3 mm−1 in the
flapping G. varius and from 0.2 to 0.5 mm−1 in the rowing H.
bivitattus. The bending tests presented here thus cover a large part of
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the range of natural bending in these structures. However, higher
resolution measurements of active fin ray bending across the fin
surface during normal and maximal swimming behaviors are
needed to more precisely match them up with the bending ranges
tested here. Furthermore, the raw force–displacement data (Fig. S1)
reveal some degree of elastic non-linearity at larger deformations
in this range. For example, fin ray M2 in G. varius is slightly stiffer
at high displacements in comparison with lower displacements,
while M2 in H. bivattatus is slightly less stiff at high displacements
in comparison with lower displacements (Fig. S1). By integrating
individual fin ray stiffness with future work on mechanical
properties of the fin membrane that acts primarily in tension, and
incorporating non-linear models of fin ray stiffness with increasing
fin ray deformation (Alben et al., 2007), we will attain a more
complete understanding of the biomechanics of twisting, bending
pectoral fins in these high-performance labriform swimmers.

Design principles of a flexible propulsor
Biological propulsors across a variety of systems have convergently
evolved a reduction in flexural stiffness along their spans through a
structure that tapers, which results in a finer tip than base. Multiple
examples of this principle exist in nature. The shafts of bird feathers
(Bachmann et al., 2012) and the wings of insects (Combes and
Daniel, 2001, 2003b) both decrease in stiffness along their

proximodistal span. This can also be seen in the pectoral fins of
bluegill sunfish, which employ rays with a proximal portion that is
two to six times stiffer in comparison with its distal tip (Tangorra
et al., 2010; Lauder et al., 2011). Similarly, this study and previous
work on labrid pectoral fin ray stiffness (Aiello et al., 2017) found that
fin ray stiffness decreases exponentially along the span of fin rays. In
a study using biorobotic pectoral fins, fins with tapered rays had
greater propulsive capabilities in comparison with fins outfitted with
rays of uniform dimensions (Tangorra et al., 2010). Furthermore,
in both engineered and biological systems, the spanwise tapering of a
propulsor will increase tip flexibility (Wootton, 1992; Flammang
et al., 2013). Increased tip flexibility can then reduce damage from
the application of unexpected forces or impacts (Wootton, 1992;
Flammang et al., 2013). Together with previous studies on propulsor
stiffness in fishes and other systems, our data provide additional
mechanical evidence to support hypotheses that animals employing
flexible propulsive appendages have convergently evolved structures
that decrease in stiffness along their spans.

The highly flexible distal tips of fin rays employed by flappers
might also be advantageous for reducing induced drag fromwing tip
vortices. The flapping swimming behavior utilizes lift-based
propulsion that relies on the generation of circulating vortices and
dorsoventral pressure gradients (Spedding, 1992; Vogel, 2003). The
shedding of vortices from wing tips and local flow from the
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dorsoventral pressure gradient across the wing results in induced
drag (Vogel, 2003). However, animals have evolved traits to reduce
the magnitude of induced drag caused by the shedding of wing
tip vortices. For example, birds have evolved slotted wing tips that
reduce induced drag during flight (Tucker, 1993). Similarly,
aerodynamic wing theory has been inspired by biology, and
engineers have implemented vertically oriented wing tips, also
known as winglets, to reduce the shedding of wing tip vortices and
reduce induced drag (Hossain et al., 2011). DespiteG. varius having
significantly stiffer fin rays throughout the proximal 66% of each ray
in comparison with H. bivittatus, there were no significant
differences in distal fin ray flexural stiffness between these
species (Fig. 4). Flexural stiffness measurements from the third
fin ray of three additional flapping labrids (all representing
independent evolutions of the flapping behavior) also yields
highly flexible distal tips (Aiello et al., 2017), and suggests that
highly flexible distal fin ray tips is a common feature that has
convergently evolved in lift-based flexible propulsors. We suggest
that the reduced flexural stiffness of the distal tips in flapping
species will localize and increase spanwise bending within the distal
third of fins, whichmight help reduce induced drag and increase lift-
to-drag ratios.
Interspecific differences in the spatial variations in stiffness, or

stiffness fields, across the fins will produce different bending
regimes during swimming. In both G. varius and H. bivittatus,
flexural stiffness was greatest at the leading edge and decreased
posteriorly along the fin chord (Fig. 2). A stiffened leading edge is
not unique to fish fins and can be found in other flexible propulsors.
For example, insect wings have a stiffened leading edge due to
increased vein density in this region (Wootton, 1992), and the shafts
of leading edge feathers in bird wings are also stiffer in comparison
with more trailing edge feathers (Purslow and Vincent, 1978). A
stiffened leading edge is advantageous to resist bending caused by
the large inertial and fluid dynamic forces associated with the onset
of movement and propulsor reversal between the downstrokes and
upstrokes. Furthermore, a propulsor with a stiffened leading edge
and a more flexible trailing edge will produce a propeller blade-like
twist in response to torsional forces (Wootton, 1981, 1992). Wing
twisting is prominent across insect species and is suggested to
automatically and passively generate camber across the wing
(Ennos, 1988a,b; Wootton, 1992). The generation of camber in a
propulsor can increase fluid dynamic efficiency as well as increase
the resistance to spanwise bending (Jensen, 1956; Vogel, 1967;
Ellington, 1984; Wootton, 1992). The pectoral fins ofG. varius also
experience a propeller-like twist throughout their fin stroke (Walker
and Westneat, 1997). The data presented here provide a mechanical
basis for this kinematic feature of lift-based labriform locomotion
and suggest that the propeller blade-like twist, and therefore
camber, of the fin could be generated passively. It is unclear if the
stiffness field is a specific adaptation for the passive production of
camber or whether this is a fortuitous result of a developmental or
phylogenetic constraint. Detailed fin kinematics and deformation
patterns in the rower,H. bivittatus, will be helpful in discerning how
the fin stiffness profile has an impact on fin twisting in this behavior.
The pattern of relative fin ray flexural stiffness across fins is

similar between G. varius and H. bivittatus, but different from that
of the bluegill sunfish (L. macrochirus). In the bluegill sunfish, the
central rays are stiffer than the dorsal and ventral rays (Lauder et al.,
2011), leading to a bell-shaped curve of stiffness along the fin
chord. While G. varius and H. bivittatus exclusively employ the
pectoral fin lift-based and drag-based swimming behaviors,
respectively (Walker and Westneat, 2000, 2002a,b), the bluegill

primarily uses its pectoral fins for hovering and low-speed
swimming before switching to a body-caudal fin gait (Gibb et al.,
1994). Bluegill sunfish also employ both the most dorsal and most
ventral fin ray as its leading edge at different points of the fin stroke,
which allows them to perform both lift-based and drag-based
propulsion (Gibb et al., 1994; Flammang et al., 2013). A study using
biorobotic fins found that the spatial distribution of flexural stiffness
across a fin could be tuned for directing propulsive forces along
different axes (Tangorra et al., 2010). The comparison of the data
presented here with that of the bluegill sunfish suggest that the
distribution of ray stiffness across the fin could be tuned to
interspecific differences in fin movement and loading. Bluegill
sunfish have been the primary source of data when designing
bioinspired pectoral fin-based propulsors for underwater
autonomous vehicles (e.g. Sitorus et al., 2009; Phelan et al.,
2010; Tangorra et al., 2011). Data from this study can be used to
produce alternative robotic fin shapes and stiffness fields, and
informs how the relationship between fin shape and stiffness could
be tuned to meet the demands of drag- versus lift-based propulsion
(maneuverability versus high-thrust production and efficiency).

The functional morphology of labriform locomotion
The data of this study are drawn from a two-species comparison, yet
this work builds upon recent work by Aiello et al. (2017) that
compared the flexural stiffness of the third fin ray between a rowing
and flapping species in four independently evolving species pairs
across the labrid phylogeny. Consistent with this work, our previous
study found that, in each independently evolving species pair,
flexural stiffness decreases exponentially along the length of the
fin ray, and that the fin ray of the flapping species was stiffer
in comparison with the rowing species. The aggregated information
on the fin ray stiffness field, swimming behavior, hydrodynamic
capability and ecology of the Labridae enables us to draw
conclusions about fin biomechanics, locomotor behavior and
ecology more broadly across the wrasse phylogeny.

Despite performance differences, the evolutionary persistence of
the rowing and flapping swimming behaviors, which are the two
extremes of the continuum, suggests that these swimming modes are
ecologically advantageous (Fish, 1996; Walker and Westneat, 2000,
2002a,b; Wainwright et al., 2002). Indeed, there is a relationship
between labrid swimming behavior and habitat use. Flapping species,
which achieve high mechanical efficiency (Walker and Westneat,
2000, 2002a,b), generate greater thrust at high speeds, and generally
swim at higher cruising speeds in comparison with rowers (Walker
and Westneat, 2002a,b; Wainwright et al., 2002) and are typically
found at shallower depths away from the reef bottom with greater
exposure to high-energy wave-swept environments (Bellwood and
Wainwright, 2001; Fulton et al., 2001). Although the relationship
between the flexibility and thrust production of a propulsor is complex
(Alben, 2008; Ramananarivo et al., 2011; Leftwich et al., 2012;Quinn
et al., 2014), in comparison with rigid propulsors (no flexibility),
propulsors within a given range of flexibility will typically generate
more thrust (Yamamoto et al., 1995; Zhu and Shoele, 2008; Young
et al., 2009; Zheng et al., 2013). Yet high degrees of propulsor
flexibility can reduce thrust production and propulsive efficiency (Liu
and Bose, 1997; Heathcote et al., 2008). Within this window of
advantageous propulsor flexibility, Tangorra et al. (2010) showed in a
biorobotic pectoral fin model that propulsive forces increase with
increasing fin ray stiffness. Our result, that the flapping G.varius
employs pectoral fins nearly an order of magnitude stiffer than the
rowing H. bivittatus, suggests that increased fin ray stiffness is a trait
that enables the flapper G. varius to increase thrust production and
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mechanical efficiency in comparison with the rower H. bivittatus, a
result shown in previous studies (Walker andWestneat, 2000, 2002b).
The employment of relatively stiffer fins and associated efficiency and
propulsive force production of G. varius is advantageous for cruising
through high-energy wave-swept coral reef environments.
In contrast to flapping species, rowing species are capable of higher

acceleration and thrust production at low speeds, hypothesized to
achieve greater maneuverability (Walker and Westneat, 2002a,b;
Wainwright et al., 2002), and are typically found at greater depths
close to the reef surface with calmer water flow patterns (Bellwood
and Wainwright, 2001; Fulton et al., 2001). Fishes are capable of
actively controlling the shape and curvature of their fins (Videler,
1977; Geerlink and Videler, 1987; Alben et al., 2007). We suggest
that the greater pectoral fin flexibility of the rowing species H.
bivittatus in comparison with the flapping species G. varius will
allow H. bivittatus to generate three-dimensional fin topographies to
maximize its drag coefficient, and have finer control over a wide
range of the thrust vectors generated during the power stroke, thus
allowing it greater maneuverability. It is not surprising that a rowing
species (H. bivittatus) employing flexible pectoral fins is found close
to the reef bottom where it can take advantage of high accelerations
and maneuverability as it traverses the complex substrate to avoid
predators and feed. Interspecific variation in fin ray stiffness is thus
correlated with interspecific variation in swimming performance in at
least these two species, and exemplifies the impact morphological
variation can play in driving niche occupation.

Conclusion
Data on the material properties of fin tissues broaden our
understanding of fin diversification, and comparison of divergent
species highlights the critical role of fin ray stiffness in the
transmission of forces externally to the water. In combination with
previous comparative work on fin ray flexural stiffness in the
Labridae (Aiello et al., 2017), the results presented here show that
interspecific differences in pectoral fin flexural stiffness broadly
correspond to the behavioral phenotypes of rowing and flapping
swimming (Figs 1A and 6A) and provide a correlation between fin
mechanics and performance trade-offs in thrust production and
maneuverability. Future work should focus on measuring the fin
stiffness fields of species using intermediate swimming behaviors
as well as rowers and flappers known to be exceptions to the typical
habitats occupied by these swimming modes (Bellwood and
Wainwright, 2001; Fulton et al., 2001); this future work may
reveal additional morphological features that enable fish to maintain
both high efficiency and maneuverability. The existence of many
extant species employing different degrees of intermediate swimming
modes along the rowing–flapping swimming behavior continuum
could help shed light on the biomechanical principles of labriform
locomotion and the evolutionary dynamics that drive correlated
changes in fin shape and mechanical properties.
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