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Abstract
The dorsal fin is one of the most varied swimming structures in Acanthomorpha, the spiny-finned

fishes. This fin can be present as a single contiguous structure supported by bony spines and soft

lepidotrichia, or it may be divided into an anterior, spiny dorsal fin and a posterior, soft dorsal fin.

The freshwater fish family Percidae exhibits especially great variation in dorsal fin spacing, includ-

ing fishes with separated fins of varying gap length and fishes with contiguous fins. We

hypothesized that fishes with separated dorsal fins, especially those with large gaps between fins,

would have stiffened fin elements at the leading edge of the soft dorsal fin to resist hydrodynamic

loading during locomotion. For 10 percid species, we measured the spacing between dorsal fins

and calculated the second moment of area of selected spines and lepidotrichia from museum

specimens. There was no significant relationship between the spacing between dorsal fins and the

second moment of area of the leading edge of the soft dorsal fin.
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1 | INTRODUCTION

The dorsal fin is one of the most varied swimming structures among

the ray-finned fishes (Drucker & Lauder, 2001). Almost half of all fishes

belong to the Acanthomorpha, a clade characterized by its spiny

median fins, including the dorsal fin. In acanthomorphs, the dorsal fin is

bi-partite with an anterior, spiny dorsal fin and a posterior, soft dorsal

fin (Rosen, 1982). The spiny dorsal fin is supported by stiff, bony spines

(Figure 1). Although there can be a few spines at the anterior edge of

the soft dorsal fin, the soft fin is otherwise supported by flexible, bony

rays called lepidotrichia (Figure 1). (Fin spines and lepidotrichia are

hereafter referred to collectively as “fin elements.”) In some acantho-

morphs, the spiny and soft dorsal fins are fused into one contiguous

structure. In others, a gap separates the spiny and soft dorsal fins into

two discrete fins (Drucker & Lauder, 2001; Mabee, Crotwell, Bird, &

Burke, 2002) (Figure 1). When there is a gap between the spiny and

soft dorsal fins, the length of this gap can range from almost nothing to

nearly half the length of the soft dorsal fin (Figure 1).

Although not typically the major propulsor used by swimming

fishes, the dorsal fin generates important hydrodynamic forces during

both steady swimming and turning (Drucker & Lauder, 2001; Tytell,

2006). For example, during steady swimming, bluegill sunfish use dorsal

and anal fin undulation to produce about 50% of the thrust needed for

forward propulsion (Tytell, 2006). During turning maneuvers in yellow

perch, both the spiny and soft dorsal fins produce lateral and thrust

forces (Tytell, Standen, & Lauder, 2007). Because the dorsal fin often

generates a large proportion of a fish’s propulsive forces, variation in

dorsal fin morphology, including whether the spiny and soft dorsal fins

are separated, likely has important consequences for hydrodynamics

and overall swimming performance (Tytell, 2006).

One hydrodynamic consequence of a separated dorsal fin is that

the anterior fin element of the soft fin can act as a leading edge into

oncoming flow between the anterior and posterior portions of the dor-

sal fin. Flow visualization over a steadily swimming yellow perch, a spe-

cies with a separated dorsal fin, showed that the wake generated by

the anterior spiny dorsal fin collided with the leading edge of the

downstream soft dorsal fin (Tytell et al., 2007).

When there is oncoming flow, stiffening a leading edge to resist flow

may increase propulsive efficiency during steady swimming (Shoele &

Zhu, 2012; Yates, 1983). Thus, if the spiny fin’s wake adds momentum to

the water encountering the soft fin, then the soft fin’s leading edge may

benefit from additional stiffening to resist the oncoming flow and stabilize

the fin against flow-induced deformation. Given the function of the soft

dorsal fin as a second leading edge in fishes with a separated dorsal fin,
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we predicted that the anterior of the soft fin would be stiffer in fishes

with separated fins than in fisheswith contiguous fins.

The development of flow between two dorsal fins depends on

more than just the presence or absence of a gap between these fins. If

the distance between the anterior and the posterior dorsal fin is suffi-

ciently small, water between the two fins will move with the fins as

added mass (Lighthill, 1970). As a result, there would be little or no

wake shed by the spiny fin onto the soft fin. If the gap between dorsal

fins is sufficiently large for flow to develop within the gap, then the

posterior soft dorsal fin could function as a second leading edge (Webb

& Keyes, 1981). Therefore, we hypothesized that the leading edge of

the posterior soft dorsal fin would be stiffer in species with longer gaps

between dorsal fins. This is admittedly an oversimplification—in fishes

with extremely long gaps, the wake shed by the spiny fin would likely

dissipate before it could interact with the soft fin. However, for acan-

thomorphs of generalist perciform body shapes, such long gaps are

probably rare. Individual fin spines may also shed a wake that depends

on spine shape (Maisey, 1979) and spine cross-sectional shape could

generate vortices that propagate along the fin.

We studied the relationship between dorsal fin spacing and fin ele-

ment structure in the family Percidae (Acanthomorpha: Percomorpha:

Percidae), which includes North American and Eurasian freshwater

perches (Sloss, Billington, & Burr, 2004). Percids have variation in dorsal

fin spacing (Figure 1) that can be used to test the above hypotheses

within a single clade.

To test the relationships between dorsal fin spacing and fin ele-

ment morphology, we measured the second moment of area of

three fin elements, as depicted in Figure 2: fin element 1 (FE1), the

first spine of the spiny dorsal fin; fin element 2 (FE2), the first spine

or lepidotrich of the soft dorsal fin and; fin element 3 (FE3), the mid-

dle lepidotrich of the soft dorsal fin (Table 1; Figure 2). Second

moment of area (I) measures the contribution of both shape and size

FIGURE 1 Cladogram of selected percid species (based on the phylogeny of Sloss et al., 2004) and two outgroups showing dorsal fin
morphology. The dorsal fin can be present as a single contiguous structure supported by bony spines and soft lepidotrichia (red), or it may
be divided into an anterior, spiny dorsal fin and a posterior, soft dorsal fin (blue). Percids exhibit great variation in dorsal fin spacing,
including fishes with separated fins of varying gap length and fishes with contiguous fins. Color-filled elements indicate fin spines as
opposed to lepidotrichia which are lightly shaded. The carets indicate which fin elements were examined
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to flexural stiffness. FE1 always serves as a hydrodynamic leading

edge. Depending on the configuration of the soft and spiny dorsal

fins, FE2 may also serve as a leading edge (Figure 1). Given the

potential role of fin element 2 as a stiff leading edge in fishes with

separated dorsal fins and the role of gap length in determining flow

incipient on the soft dorsal fin, we framed the following two specific

hypotheses:

I. The I of FE2 would increase with the length of the gap between

dorsal fins as a fraction of body length to resist increased flow speeds

that may develop within the gap, over the range of gap lengths

observed in percids. We considered fishes with contiguous fins to have

a gap length of zero.

II. As FE1 functions as a leading edge in all dorsal fin configura-

tions, the I of FE1 does not depend on the spacing between dorsal fins.

We tested these hypotheses for both anteroposterior and medio-

lateral bending. Fin elements are not radially symmetric and flow is

likely to impact the fins disproportionately along one axis of bending.

As the soft dorsal fin moves, FE2 is usually at an angle to the oncoming

flow (Tytell et al., 2007). As a result, the force of the water acting on

the leading edge has both mediolateral and anteroposterior compo-

nents with respect to that edge. Hence, both the anteroposterior and

mediolateral second moments of area of fin elements at the leading

edge likely affect the extent to which the leading edge is deformed by

the flow it encounters.

2 | MATERIALS AND METHODS

2.1 | Specimens and fin spacing measurements

We obtained three specimens from each of ten percid species (except

Gymnocephalus schraetser, from which we could only obtain two indi-

viduals), representing six genera. These specimens were generous loans

from the ichthyology collections of the Harvard University Museum of

Comparative Zoology, the National Museum of Natural History, and

the University of Michigan Museum of Zoology (Supporting Informa-

tion Table 1). The specimens had previously been fixed in formalin and

were stored in 70% ethanol. Each specimen was radiographed. For

specimens with separated dorsal fins, the space between dorsal fins

was measured as the distance from the base of the posterior spine of

the spiny dorsal fin to the base of FE2 (Figure 2) from the radiograph

using MATLAB (v. 2015a, Natick, MA). For specimens with contiguous

dorsal fins, the space between dorsal fins was counted as zero.

2.2 | Removal of fin elements and lCT imaging

FE1, FE2, and FE3 were dissected from each specimen with associated

connective tissue (Figure 2). Any remaining connective tissue was care-

fully removed from the fin elements via fine dissection under a dissect-

ing microscope. Each fin element was stored in 70% ethanol until use

in CT-imaging. If a focal fin element was shorter than 2.5 mm, we

FIGURE 2 The positions of fin elements 1, 2, and 3 are indicated on drawings of both contiguous and separated dorsal fins (a, b). Gap

length of a separated dorsal fin from x-ray radiographs of each individual was measured as the distance from the base of the posterior spine
of the spiny fin to FE2 (b). Anterior view of micro-CT reconstructions of dorsal fin elements with binarized transaxial slices from Gymnoce-
phalus schraetser (c) and Zingel streber (d). The third and fifth slices from the bottom are at 20% and 40% along the length of the fin ele-
ments, respectively (c, d). The darkness of the CT-images is arbitrary. The cross-sectional shapes of the fin elements varied greatly within
each fin element and across different fin elements
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instead removed the fin element directly posterior to it. In these cases,

the longer, posterior fin element would form a greater portion of the

leading edge than the shorter anterior-most element.

To obtain cross-sectional images for the calculation of second

moment of area along the length of each fin element, we micro-CT

scanned each fin element using a Skyscan 1173 Micro-CT (Bruker, Bill-

erica, MA, Hardware v. A, Software v. 1.6), with the x-ray source set at

85 kV and 80 lA. Voxel size was set between 6 and 15 lm (the highest

resolution possible using this instrument) depending on the size of the

focal fin element. CT-image stacks were reconstructed using NRecon

(Bruker, v. 1.6.9.15). From these reconstructions, we used DataViewer

(Bruker, v. 1.5.1.2) to correct for any differences in fin element align-

ment and create a set of transaxial image stacks depicting the cross-

section of each fin element at each voxel increment along its length.

These transaxial image stacks were used as the inputs for second

moment of area calculations.

2.3 | Second moment of area calculation

Resistance to bending, or flexural stiffness (EI), of a given structure is

the product of the Young’s modulus (E), a measure of material stiffness,

and the second moment of area (I), the contribution of size and cross-

sectional shape to stiffness. EI can be expressed as a product of three

components, to isolate the contributions of each of material properties,

cross-sectional shape, and size (Table 1; Roark, Young, & Budynas,

2002):

EI5 Eð Þ I=A2
� �

A2
� �

(1)

Where A is cross-sectional area.

The ratio I/A2 is constant for a given cross-sectional shape,

independent of its size (as measured by cross-sectional area). There-

fore, I/A2 serves as a shape factor reflecting how effectively a given

cross-sectional shape distributes material to resist bending, independ-

ently of the total amount of material in the cross-section.

Given that all fin elements, spines and lepidotrichia alike are com-

posed of bone, we assumed that differences in the flexural stiffness of

the proximal portion of fin elements would largely result from differen-

ces in cross-sectional area and/or shape, rather than differences in

material properties. Increasing either the cross-sectional area, A, or the

shape factor, I/A2, would increase a fin element’s second moment of

area, and thereby increase the flexural stiffness. If the I of any fin ele-

ments varied with the gap length, we sought to determine whether this

trend was due to fin element shape (I/A2), and/or fin element size (A).

For each transaxial image along the length of each fin element, we

calculated second moment of area for both anteroposterior (Iap) and

mediolateral (Iml) bending with a custom MATLAB program. The pro-

gram first binarized the transaxial CT-image stacks using a threshold

value calculated from the middle image of each stack according to

Otsu’s method (Otsu, 1979) (Figure 2c,d). From the binarized images,

the program found the centroid of the white space in each image. We

assumed that the neutral axis was a mediolateral line (for Iap) or an

anteroposterior line (for Iml) through the centroid. Note that because

the fin elements were slightly curved, the neutral axis did not

necessarily pass through the centroid; however, given the high radius

of curvature of the fin elements as a whole (� 8 times the radius of

the fin element cross-section) one could approximate the fin elements

as straight beams with reasonable accuracy (Roark et al., 2002). The

radius of curvature of the whole fin element was always at least 50

times the radius of the fin element’s cross-section (Weickhardt and

Feilich, personal observation), so the distances from the neutral axis to

the centroid were small enough to permit use of a straight beam

approximation (Roark et al., 2002). For each pixel in the binary image

with a value of 1, that is, each pixel where there was bone, the pro-

gram found the distance, Dy; from the pixel to the centroid-defined

neutral axis. The area, A, of each pixel is a constant, calculated from

the voxel size recorded in the CT-scan metadata for each fin element.

Second moment of area is given by the equation:

I 5
ð
A

Dyð Þ2dA (2)

(Roark et al., 2002)

Equation 2 assumes that the beam is unbranched, but lepidotrichia

have a distal branched portion. Therefore, Equation 2may not accurately

reflect the contribution of a lepidotrich’s structure to its flexural stiffness

along its entire length (Figure 2). However, Equation 2 may apply with

acceptable accuracy to the proximal, mostly unbranched half of the lepi-

dotrich’s length. Therefore, we restricted the calculation of I to the proxi-

mal 40% of the lepidotrich (Figure 2). Our program calculated Iap and Iml

using the following Riemann approximation of Equation 2 (Roark et al.,

2002):

I �
X

Dyið Þ2Ai (3)

where Dyi is the distance of the ith pixel from the neutral axis and Ai is

the area of one pixel.

From each binarized image along the length of each fin element, we

also found the cross-sectional area,A, and calculated the size-independent

shape factors I/A2
ap and I/A

2
ml along the length of each fin element.

2.4 | Statistical analyses

To test hypotheses (I) and (II), we fit ordinary least squares regressions

in MATLAB to determine the relationship between the gap length and

either Iap or Iml (Supporting Information Tables 2 and 3; Figures 3 and

4). We fit each model with the response variable as log (I) for each of

the three fin elements and with the predictor variables as log (body

length) and gap length as a fraction of body length.

In case there was a relationship between gap length and the sec-

ond moment of area of a fin element, we sought to determine whether

that relationship was driven by the size or shape of the fin elements.

To determine if gap length correlated with how effectively the cross-

sectional shape of that fin element resisted bending, we fit a model

with the response variable as I/A2 and with the predictor variable as

gap length as a fraction of body length (Supporting Information Tables

4 and 5; Supporting Information Figures 1 and 2). Similarly, to deter-

mine if the size of that fin element correlated with gap length, we fit a

model with the response variable as cross-sectional area and the
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predictor variables as both log (body length) and gap length as a frac-

tion of body length (Supporting Information Table 6 and Supporting

Information Figure 3).

While the primary goal of this study was to examine the relation-

ship between the stiffness of fin elements and their capacity to serve

as a leading edge, the data we collected also allowed us to determine

the scaling relationships between body size and the cross-sectional

area of the fin elements. To determine the scaling relationships

between body size and the A of each of the three fin elements, we fit

ordinary least squares regression models. Log (A) was the response

variable and either log (body length) or log (body mass) was the predic-

tor variable (Supporting Information Tables 7 and 8; Figures 5 and 6).

To account for the testing of multiple hypotheses, we adjusted all

p-values using the Benjamini-Hochberg procedure. We set the false

discovery rate threshold at .05 (Benjamini & Hochberg, 1995). All p-val-

ues mentioned hereafter are Benjamini–Hochberg adjusted.

3 | RESULTS

3.1 | No significant relationship between dorsal fin

spacing and second moment of area

For all fin elements, there was no significant relationship between sec-

ond moment of area and gap length as a fraction of body length

(p> .05; Supporting Information Tables 2 and 3; Figures 3 and 4). Simi-

larly, neither fin element cross-sectional area nor the effectiveness of

the fin element shapes to resist bending correlated with gap length

(p> .05, Supporting Information Tables 4–6, Supporting Information

Figures 1–3).

3.2 | Variation in cross-sectional shape

At 20% along the length of almost every fin element, I/A2
ml was greater

than I/A2
ap (Supporting Information Figures 1a–c and 2a–c). At 40%

along the length of the fin elements, there was no consistent difference

between I/A2
ap and I/A2

ml (Supporting Information Figs. 1d–f and 2d–f).

Additionally, the cross-sectional shape of fin elements varied

across fin elements, and within individual fin elements. The cross-

sections of spines ranged from dumbbell-shaped, such as in FE2 of Z.

streber, to celery-shaped, such as in FE1 of G. schraetser (Figure 2c,d).

The cross-sections of lepidotrichia ranged from celery-shaped, such as

in the proximal part of FE2 in G. schraetser, to bilateral crescents, such

as in the distal part of FE2 in G. schraetser (Figure 2c,d). Within most

fin elements, the cross-section was wider proximally and narrower dis-

tally (Figure 2c,d). Some of this within fin-element variation may be

due to the anatomical means by which the fin element is articulated

with the supporting endoskeletal structures. Even between the two

FIGURE 3 Log (second moment of area for anteroposterior bending, Iap, at 20% and 40% along the length of fin elements 1, 2, and 3)
plotted against gap length as a proportion of body length. Data represent eight species with separated fins and two species with
contiguous fins, with two to three individuals per species. Each point corresponds to an individual fish. The axes limits are restricted to the
range of the data. There was no significant correlation between Iap and gap length (p> .05, Supporting Information Table 2)
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species with the most different dorsal fin element morphology

observed (G. schraetser and Z. streber), the patterns of taper along the

length of the fin elements were generally similar (Supporting Informa-

tion Figure 4). Variance across the fin elements of any individual fish

was also minimal, as evidenced by the linear relationships across fin

elements (Supporting Information Figures 5 and 6). Fishes with FE1 of

high cross-sectional area also had high cross-sectional area for FE2 and

FE3 (Supporting Information Figure 5). Similarly, fishes with FE1 of

high second moment of area also had high second moment of area for

FE2 and FE3 (Supporting Information Figure 6).

3.3 | Cross-sectional area scaled against body length

with negative allometry

The cross-sectional area of most fin elements showed strongly nega-

tive allometry when scaled against body length or body mass. For fish

body length and A, isometric scaling predicted a slope of 2.0. The

observed slope ranged from 0.87 to 1.59 (Figure 5). For body mass and

A, isometric scaling predicted a slope of 0.66. The observed slope

ranged from 0.24 to 0.47 (Figure 6). In all cases, except the regression

of the A of FE3 against body mass, the slopes were significant (p< .05;

Supporting Information Tables 7 and 8).

4 | DISCUSSION

4.1 | Relationship between dorsal fin spacing and FE2
second moment of area

In computational models of a single flexible fin similar to a soft dorsal

fin, stiffening the leading edge of that fin to resist oncoming flow

reduced drag and thereby raised propulsive efficiency in steady swim-

ming (Shoele & Zhu, 2012). Unlike the fins in those models, the soft

dorsal fin of a fish with a separated fin does not move in isolation, but

instead moves in the wake of the upstream spiny fin (Feilich & Lauder,

2015; Tytell et al., 2007). Because FE2 is a leading edge in fishes with

long gaps between dorsal fins, we predicted I of FE2 to be correlated

with the length of the gap between dorsal fins. However, we observed

no such relationship (Figures 3 and 4). This was surprising given that

FE2 was often a spine in separated fins, but always a lepidotrich in con-

tiguous fins (Figure 2). We expected that the presence of a spine at

FE2 would give FE2 a greater I in separated fins than in contiguous

fins, as spines are not completely hollow but lepidotrichia are hollow

(Figure 2). However, the I of FE2 did not depend on whether FE2 was

a spine or a lepidotrich (Figures 3 and 4).

There are three plausible explanations for the lack of a relationship

between gap length and second moment of area in the species

FIGURE 4 Log (second moment of area for mediolateral bending, Iml, at 20% and 40% along the length of fin elements 1, 2, and 3) plotted
against gap length as a proportion of body length. The data represent eight species with separated fins and two species with contiguous
fins, with two to three individuals per species. Each point corresponds to an individual fish. Axis limits are restricted to the range of the
data. There was no significant correlation between Iml and gap length (p> .05, Supporting Information Table 3)
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measured. (1) A stiffened leading edge on the soft portion of a sepa-

rated fin does not provide any hydrodynamic benefit in steady swim-

ming, or such a benefit is not being exploited by these fishes. (2) There

is a hydrodynamic benefit in steady swimming to a stiffened leading

edge on the soft portion of a separated fin, but these fishes use alter-

native means of stiffening the leading edge, such as activation of intrin-

sic fin musculature or modifying the material properties of fin

elements, rather than modifying structural properties. (3) The planar

area of the fins and shape of the gap are more important determinants

of the hydrodynamic load on the posterior fin than is the gap length.

One possible reason for the lack of a hydrodynamic benefit to stiff-

ening the soft fin’s leading edge in these species is that either the length

of the gap between the spiny and soft fins or the orientation of the two

fins may preclude any potential hydrodynamic interaction. If the gap

between fins is either too large or too small, the wake of the spiny fin

may not interact with the leading edge of the soft fin during steady

swimming. If the gap between fins were too large, the wake shed by the

spiny fin would likely dissipate before it could collide with the soft fin

(Drucker & Lauder, 2001). If the gap between fins were too small, the

fins may behave similarly to a contiguous fin, with little or no wake shed

by the spiny fin (Feilich & Lauder, 2015; Lighthill, 1970). Also, if the

arrangement of dorsal fins caused the posterior fin to experience

reduced flow, for example if vorticity were shed primarily laterally by

the anterior fin, one would also expect no benefit from FE2 stiffening.

Water flow patterns in the wake of fin surfaces that are not smooth but

are interspersed with fin spines or rays are likely to be complex (Lauder

et al., 2016; Maisey, 1979) and predicting forces on fins with differing

gap lengths in the absence of experimental data is challenging.

Alternatively, fish may benefit from stiffening the leading edge of

the soft dorsal fin, but they achieve stiffening through means other

than structural modification. Fishes with separated fins may stiffen fin

elements voluntarily using inclinator and/or erector muscles attached

to the base of each fin element (Lauder et al., 2011). Contracting these

fin muscles increases lepidotrich stiffness by more than tenfold (Alben,

Madden, & Lauder, 2007). Even when FE2 is a spine, the spine could

actively resist bending through contraction of the erector muscles

(Chadwell, Standen, Lauder, & Ashley-Ross, 2012). If greater active

stiffening of fin elements sufficiently stiffens the soft fin’s leading edge

FIGURE 5 Ordinary least squares regressions of log (cross-sectional area, A, at 20% and 40% along the length of fin elements 1, 2, and 3)
plotted against log (body length). Data represent eight species with separated fins and two species with contiguous fins, with two to three
individuals per species. Each point corresponds to an individual fish. Axis limits are restricted to the range of the data. *regression
coefficient with p< .05. The cross-sectional area of the fin elements generally scaled against body length with strongly negative allometry,
especially for FE2 and FE3 (Supporting Information Table 7)
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to resist oncoming flow, it would be unnecessary to change the passive

structural and material properties of the fin elements to reap the

hydrodynamic benefits of leading edge stiffening.

It is also possible that the leading edge of the soft dorsal fin is stiff-

ened by altered material properties, rather than by modified structural

properties. We assumed that any correlation between gap length and

the flexural stiffness of FE2 would be driven by differences in the

structural properties of fin elements, as fin elements are all chiefly com-

posed of bone. However, it is possible that the effective (composite)

Young’s modulus of FE2 is greater in fishes with separated fins because

FE2 is often a spine in these species but always a lepidotrich in fishes

with contiguous fins (Figure 2). Spines are almost entirely bone, but

lepidotrichia consist of a large amount of ligament and a collagenous

gel in addition to bone (Alben et al., 2007; Lauder, 2015). If spines have

a greater composite Young’s modulus than lepidotrichia, having a spine

at the soft dorsal fin leading edge would make it unnecessary to

change the structural properties of the fin elements to achieve leading

edge stiffening.

Finally, the shape of the gap and the planar area of the fins

may have greater effects than does the gap length on the hydrody-

namic forces on the posterior fin. The shape of the gap would likely

affect the wake shed by the anterior fin and consequently affect the

forces on the posterior fin. Similarly, the planar area of the posterior

FIGURE 6 Ordinary least squares regressions of log (cross-sectional area, A, at 20% and 40% along the length of fin elements 1, 2, and 3) plotted
against log (body mass). Data represent eight species with separated fins and two species with contiguous fins, with two to three individuals per
species. Each point corresponds to an individual fish. Axis limits are restricted to the range of the data. *regression coefficient with p< .05. The
cross-sectional area of all fin elements scaled against body mass with strongly negative allometry (Supporting Information Table 8)

TABLE 1 List of symbols and abbreviations

Symbol Definition

FE1 Fin element 1: first element of the spiny dorsal fin (always a
spine)

FE2 Fin element 2: first element of the soft dorsal fin (either a spine
or lepidotrich)

FE3 Fin element 3: middle element of the soft dorsal fin (always a
lepidotrich)

Iap Second moment of area, anteroposterior bending

Iml Second moment of area, mediolateral bending

A Cross-sectional area

I/A2
ap

Ratio of second moment of area to the square of cross-
sectional area, anteroposterior bending

I/A2
ml

Ratio of second moment of area to the square of cross-
sectional area, mediolateral bending
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fin would affect the mass of fluid interacting with the fin and there-

fore affect the hydrodynamic forces on that fin. If the shape of the

gap and planar fin area are the main determinants of the hydrody-

namic load on the posterior fin, then the stiffness of FE2 would be

largely determined by these two variables and not by the gap length.

However, we were unable to measure accurately the planar area of

the fins and shape of the gap due to the manner in which the speci-

mens were fixed.

4.2 | Cross-sectional area and fin element allometry

The cross-sectional area of most fin elements scaled against body size

with strongly negative allometry (Figures 5 and 6). Negative allometry

may serve to reduce disproportionately high drag costs in larger fish.

Drag is proportional to speed squared times area perpendicular to the

flow. As larger fish swim at greater speeds (Bainbridge, 1958), the drag

contributed by each additional unit of fin area is greater in a larger fish.

The reason that larger fish have smaller fin elements relative to their

body size may be to limit the area of the fin perpendicular to flow and

therefore limit drag.

An alternative explanation that is not mutually exclusive of hydro-

dynamic explanations may be the role of fin spines as an anti-predation

defense (Hoogland & Morris, 1956). Smaller fishes likely have greater

need of spines as an anti-predator defense to increase size relative to a

predator’s gape width. As fishes grow, such defenses may not be as

important. This is corroborated by previous findings demonstrating

negative allometry between spines and other measurements of size by

Price and colleagues, though that was not the primary purpose of their

study (Price, Friedman, & Wainwright, 2015).

4.3 | Future directions

We did not find any relationship between the capacity of fin elements

to function as leading edges and the stiffness of those fin elements.

However, given the large reduction in drag caused by stiffening the

leading edge of an otherwise flexible fin observed in computational

studies (Shoele & Zhu, 2012), the stiffness of the fin elements at the

leading edges of the dorsal fins may nonetheless have important

effects on swimming hydrodynamics. Differences in the stiffness of

pectoral fin elements between species have been shown to have

important effects on the swimming function of the fin (Taft, 2011;

Taft, Lauder, & Madden, 2008; Taft & Taft, 2012), so it is plausible that

any variation in dorsal fin stiffness may have large effects on swimming

function.

Addressing these questions will require a combination of flow visu-

alization over dorsal fins of different configurations during swimming,

estimates of drag on both first and second dorsal fins, measurements

of fin area and fin shape, and study of variation in dorsal fin kinematics

across species with different fin configurations. More challenging

experimentally, but of great utility, would be the direct measurement

of forces on spines and rays within the dorsal fin during locomotion.
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SGML and CITI Use Only
DO NOT PRINT

In fishes the dorsal fin can be a single contiguous structure (red) or it may be separated (blue)

into an anterior, spiny dorsal fin and a posterior, soft dorsal fin. We hypothesized that fishes

with separated dorsal fins would have stiffened fin elements at the leading edge of the soft dor-

sal fin in order to resist hydrodynamic loading during swimming. Our micro-CT-data showed no

significant difference in cross-sectional shape or size between the leading edge of the soft dor-

sal fin in fishes with separated fins and the equivalent fin element in fishes with contiguous

fins.
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