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I. INTRODUCTION

 

With over 25,000 species of fishes living today, in addition to numerous extinct taxa,

 

160,196

 

 it is perhaps
not surprising that fishes display an impressive diversity of propulsive systems.

 

119,259,275

 

 Access to a
complex, three-dimensional medium with a wide diversity of habitats that include open oceans, coral
reefs, high-velocity river flows, and crevices and muddy bottom substrates has subjected fishes to a
panoply of selective regimes. The evolutionary result has been tremendous diversity in not only body
and fin shapes but also in fundamental physiological features such as muscle fiber types and their
distribution, muscle contractile properties, mechanics of joints, and supporting cardiovascular and
metabolic systems. The diversity of functional solutions to movement through water makes fishes a
particularly rewarding subject for physiological and biomechanical analyses of locomotion. With
numerous well-documented evolutionary trends and considerable recent progress in phylogenetic
analysis,

 

155,222,234,238

 

 the diversity of fishes greatly facilitates comparative physiological study of closely
related species as well as larger clades to better understand how locomotor traits have evolved.

Over the past 25 years, a variety of excellent review articles and book treatments covering the
subject of fish locomotion have appeared, and these works provide a good introduction to research
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up to the mid-to-late 1990s

 

1,2,26,46,131,163,259,275–277,280

 

; Wilga and Lauder

 

294

 

 have recently reviewed loco-
motion in sharks and rays. The field of fish locomotor physiology continues to evolve rapidly,
especially with new techniques driving a wide variety of approaches and providing novel results. The
appearance of new findings has accelerated during the last 5 years; this chapter will provide a synthesis
of the latest topics and developments in the study of fish locomotion by placing these new results in
the context of classic work.

 

II. DIVERSITY OF PROPULSIVE SYSTEMS

 

Biologists studying fish locomotion have been somewhat preoccupied with producing classification
schemes. These classifications have been useful as a shorthand for referring to different types of
swimming fishes and their general ecology, but the limitations of these schemes have become increasingly
clear in recent years. In some cases, particular classifications give a seriously misleading impression of
locomotor dynamics and physiology. Given the ubiquity of different classification schemes in the current
literature, it is useful to consider in detail several of the classifications and discuss some of their
drawbacks; most of these will be considered further at appropriate points in the remainder of this chapter. 

There are at least six different classification schemes that have some currency. First, the classical
plan of Breder

 

34

 

 (also see Gray 

 

117–119

 

) divides fish into categories based on their mode of locomotion
named after exemplar species. This is something of a taxonomically based classification scheme
but also reflects, at least nominally, some basic mechanical traits of locomotor dynamics. For
example, fishes that are supposed to swim with relatively large undulations of the body are referred
to as “anguilliform” after the eel 

 

Anguilla

 

, progressing through subcarangiform, carangiform, and
finally tunniform (after the tunas), referring to respectively decreasing portions of the body with
significant lateral amplitude.

 

179

 

 There are two difficulties with this scheme. The images accompa-
nying discussions of this classification are often not based on quantitative analyses of locomotor
kinematics; as will be discussed below, quantitative kinematic analyses of a variety of different
fish species over the last 10 years shows that there are relatively minor differences among species
in the pattern of body undulation and that the movement patterns shown for eels in particular have
misleadingly large anterior amplitudes. In addition, classification of locomotor modes based on
only a two-dimensional representation in the horizontal plane ignores the crucial three-dimensional
geometry of fishes, especially the substantial changes in body area in the region of the caudal
peduncle. Active thrust-generating movements seen in the dorsal and anal fins are also ignored.
Other taxonomically based modes of swimming include, but are by no means limited to, balistiform
(in which primarily the dorsal and anal fins are used together), gymnotiform (locomotion with the
anal fin only), and labriform (swimming with pectoral fins).

A second method of classifying modes of fish propulsion is to locate fishes along a continuum
from undulatory to oscillatory methods of generating propulsive forces.

 

179

 

 In this scheme, rays (which
undulate their pectoral fins), bowfins (which can swim by undulating their dorsal fins), and eels and
anguilliform sharks would all be toward the undulatory end of the spectrum, while fishes that use
primarily their pectoral, dorsal, anal, and caudal fins would be oscillatory swimmers. Of course, fishes
such as trout or bluegill sunfish can swim slowly by oscillating their pectoral fins alone

 

76,105

 

 and swim
at faster speedsby undulating both the body and tail, thus confounding classification under this scheme.

A third way of considering fish locomotion is to classify fishes into groups based on fin use,
which may also be correlated with speed or gait changes.

 

157,281,285

 

 Hence, fishes swimming with
their median fins (dorsal and anal) and paired fins (pectoral and pelvic) are termed MPF (median
and paired fin) swimmers, while fishes using primarily the body and caudal fin would be classified
as BCF (body and caudal fin) swimmers. Figure 1.1 illustrates median and paired fins in two teleost
fishes with different body shapes and fin positions. MPF gaits can then be further divided into
oscillatory and undulatory modes of swimming.

One difficulty with this scheme is that recent experimental data demonstrate that fishes swimming
with body and caudal fin undulations may at the same time actively use the dorsal (and anal) fins to
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generate propulsive forces at any given speed.

 

73,166–168

 

 The dorsal and anal fins are not simply stiff
stabilizers resisting lateral movement of the body, remaining unused during swimming by body
undulation. Instead, dorsal and anal fins are actively moved using intrinsic fin musculature to generate
thrust and maneuvering forces. Even during steady forward propulsion, dorsal and anal fins play an
important role by dynamically stabilizing the fish with actively generated lateral forces.

 

168

 

Thus, as indicated in Figure 1.1, rectilinear locomotion requires a constant balancing of move-
ments around the center of mass. Fishes swimming with caudal fins and body undulations use
dorsal fins to counter the ventral roll movements produced by the anal fin or environmental
perturbations, and similarly use anal fins to actively counter dorsal roll movements. Yaw movements
generated by caudal fins are countered by movements generated by pectoral or pelvic fins. Thus,
even fishes such as trout that are usually considered an exemplar of the BCF locomotion mode use
dorsal and anal fins actively for body stabilization.

 

168

 

 
A fourth method of classifying fish locomotion diversity is to use speed as an independent variable

to quantify how fishes change locomotion patterns as they encounter increased drag forces.

 

67,68,157,202,281

 

At slow speeds, many fishes use pectoral fins exclusively, recruiting body and caudal fins only at
higher speeds. Bluegill sunfish (

 

Lepomis

 

 

 

macrochirus

 

) use their pectoral fins below a speed of about
1.1 body lengths per second (Ls

 

–1

 

), while above this gait transition speed, they use the body, caudal
fins, and dorsal and anal fins. Isolated pectoral fin beats may occur at any speed, but only intermittently
above the gait transition. Webb

 

280,285

 

 has emphasized the changing roles of fins with gaits and
underscored that even station holding (which may involve a suite of novel behaviors to increase
negative lift in currents, pushing fish into the bottom

 

10,279,282,297

 

), hovering,

 

76,287

 

 and rapid escape
behaviors constitute part of the natural diversity of gaits and speeds available to fishes. Also, fishes
may radically alter their locomotion patterns when they encounter repeatable environmental turbu-
lence. Liao et al.

 

172,173

 

 have described a novel gait, termed the Karman gait (discussed in more detail
below), observed when fishes swim in a vortex street shed behind obstacles in flowing water.

The classification of fish locomotion by speed has important implications for patterns of muscle
function in fishes. Many studies have analyzed patterns of muscle fiber type recruitment with change
of speed.

 

6,7,50,51,137,139,141,147,148,211,216,220

 

 These results will be considered in more detail below. The

 

FIGURE 1.1

 

Body shapes in two representative teleost fishes, (A) trout (e.g., 

 

Oncorhynchus mykiss

 

) and (B)
bluegill (e.g., 

 

Lepomis macrochirus

 

) illustrating the major median and paired fins and their positions. During
locomotion, roll and yaw movements must be balanced around the center of mass by fin movements for fishes to
execute steady rectilinear locomotion. The homologous soft-rayed portions of the dorsal fin in both species are
shaded gray, and the approximate center of mass (CM) is located by the CM symbol. Note the differing locations
of the dorsal and anal fins relative to the center of mass in trout and sunfish, and the gap (

 

L

 

) between the soft
dorsal fin and the caudal fin. The role of the pelvic fins in locomotion is largely unknown and is indicated by a “?”.
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anatomical localization of different fiber types, as well as their changing patterns of activation with
gait changes, is a hallmark of fish locomotor physiology.

A fifth perspective for understanding fish locomotion diversity is to categorize the various locomotion
behaviors into steady and unsteady movements. The majority of locomotion analyses in fishes have
focused on steady rectilinear swimming generated by repeated rhythmic movements, although unsteady
escape responses (c-starts) have certainly received considerable attention also.

 

52,60,62,78,80,122,250,264,288

 

 How-
ever, non-escape   maneuvering of lower speed and amplitude, which might also be termed “routine
maneuvering,” has hardly been studied. The few studies that have been done show novel fin uses and
unexpected hydrodynamic patterns, including differentiation between the functions of right- and left-
side fins.

 

72,73,75

 

 Unsteady behaviors are important and in fact make up the majority of the locomotion
budget in natural habitats, thus deserving of considerable future research.

Finally, fish locomotion diversity can be considered in an evolutionary context, in terms of
major trends described and analyzed.

 

112,113,123,156,161,164,167,290

 

 Several well-known trends characterize
the evolution of fish locomotor design, two of which are summarized in Figure 1.2. Pectoral fin
orientation in plesiomorphic ray-finned fishes is typically ventrolateral;

 

295

 

 the more derived spiny-
finned fishes (

 

Acanthopterygius

 

) have pectoral fins located laterally on their bodies, and these fins
typically have a greater angle of attachment (see Figure 1.2A).

 

75

 

 The dorsal fin of basal ray-finned
fishes such as sturgeon is supported by flexible fin rays, while acanthopterygian fishes have a spiny
dorsal fin located anterior to the soft-dorsal fin (see Figure 1.2B). These two dorsal fins may be
separate or attached to each other (see Figure 1.2B). Pelvic fins in basal ray-finned fish taxa such
as gar (

 

Lepisosteus

 

) and sturgeon (

 

Acipenser

 

) are typically located well posterior of the pectoral
fins near the midbody region, while the derived teleost fishes possess pelvic fins that are located
more anteriorly, almost under the pectoral fins. The caudal fins of fishes vary from the plesiomorphic
heterocercal (externally asymmetrical) condition, with the upper lobe larger than the ventral lobe,
to the homocercal condition with external symmetry.

 

84,161,164,246

 

 
The functional significance of these evolutionary trends remains largely unknown (although some

recent discoveries are discussed below). However, these large-scale patterns can serve as a focus for
future studies and as a fertile source of hypotheses about the relative efficiency of different body and
fin designs, the functional significance of major evolutionary changes, and the analysis of correlations
among changes in morphological and physiological traits in evolution. Future students of fish loco-
motion will be able to mine these evolutionary trends for profitable research directions and hypotheses
that will be critical to understanding the diversity of locomotion patterns in fishes. 

 

FIGURE 1.2

 

Evolutionary patterns to pectoral fin (A) and dorsal and anal fin (B) evolution in ray-finned
fishes. Note especially the changing relationship of the pectoral fin (P) angle (

 

Φ

 

) and fin area relative to body
length, and the changing position of the dorsal and anal fins relative to each other. Modified from Drucker
and Lauder,

 

75

 

 and Lauder and Drucker.

 

168
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None of the classification schemes discussed above was proposed with the idea that individual
species would fit into only one category, that any one scheme is sufficient in and of itself to explain fish
locomotor diversity, or that the complexity of underlying physiological or biomechanical mechanisms
are reflected in any one scheme. Given that many of the above classification schemes need revision
based on data from research in the last 10 years, these systems provide a general means of ordering the
vast diversity of fish locomotion styles and generate hypotheses subject to experimental study. 

 

III. ANATOMY OF PROPULSIVE SYSTEMS

 

A hallmark of locomotor design in ray-finned fishes is the presence of numerous fins that project
into the water and are actively used for propulsion and maneuvering. However, the design of these
fins, their structure, and the mechanics by which they are actively controlled to generate and
modulate propulsive forces have received very little attention. Shark fins, which have internal fin
rays also (although of different structure than the fin rays of actinopterygian fishes), have hardly
been studied.

 

208,294,297

 

The fins of actinopterygian fishes are supported by bony fin rays termed lepidotrichia, which
typically have an unsegmented region at the base, a segmented region in the middle and distal thirds
and then branch toward the distal end (Figure 1.3A). A thin collagenous membrane spans adjacent fin
rays (see Figure 1.3B) and allows the rays to collapse toward each other, thus reducing fin area, and

 

FIGURE 1.3

 

Fin ray structure in bluegill sunfish, representative of fin ray structure in ray-finned fishes in
general. Panel A shows an overview of pectoral fin ray structure. The fin as a whole is composed of individual
fin rays (lepidotrichia); each ray (often 12–14 total in each fin) is usually unsegmented at the base and
transitions to a region with segments, and finally these segmented rays branch distally. Panel B: close view
of fin ray segments and the thin collagenous membrane that connects adjacent rays.

 

2022_C001.fm  Page 7  Tuesday, June 7, 2005  3:25 PM



 

8

 

The  Physiology of Fishes

 

to expand, thus increasing fin area when the membrane is extended to its limit. Fin ray segments are
composed of membrane bone and are connected to each other by ligaments and elastic fibers. 

 

9,93,96,159

 

Each lepidotrich has two halves, hemitrichs, which are separate at the base and attached to each other
at their distal end (Figure 1.4A). Each hemitrich is lunate and curved toward its opposite half (see
Figure 1.4B); blood vessels and nerves pass through the space between the hemitrich segments. In
most fishes, four muscles attach to each fin ray, two at the expanded base of each hemitrich. In bluegill
sunfish (

 

Lepomis macrochirus

 

), for example, each pectoral fin usually has 14 fin rays, and each ray
has four muscles controlling its movement. With the inclusion of several other intrinsic fin muscles,

 

69,301

 

each sunfish pectoral fin has a total of 59 muscles or muscle bundles actuating the fin rays.
Unmineralized, unbranched actinotrichia are located at the ends of each fin ray and are

composed of collagen polymerized into large fibers.

 

101,102,153,188

 

 The actinotrichia are attached to
the ends of the lepidotrichia, which thus cannot move relative to each other at their distal ends
(see Figure 1.4A). The actinotrichia of ray-finned fishes have been proposed to be homologous
to the unmineralized ceratotrichia which are the supporting rays in shark fins.

 

153

 

The bilaminar structure of fin rays in ray-finned fishes has important implications for active control
of fin ray curvature and thus for understanding the mechanics of locomotion (such control of fin
conformation does not occur in sharks, as ceratotrichia are not bilaminar in structure). As shown in
Figure 1.4B, activating the musculature attached to one hemitrich so as to cause unequal displacements
of the two hemitrich bases causes the whole lepidotrich to bend to one side. Because the two hemitrichs
are attached at their distal ends and cannot change length, the entire fin ray curves. Actively inducing
curvature in a series of adjacent fin rays produces curvature of the fin surface. Active control of the

 

FIGURE 1.4

 

Mechanics of fin rays in ray-finned fishes. A: Each fin ray is composed of two bony halves,
hemitrichia (singular, hemitrich) which are attached at their expanded bases by ligaments and supported by
basal cartilage pads. The two hemitrichs together form a lepidotrich or fin ray and are attached at their distal
ends. Typically, two muscles attach to the bases of each hemitrich. B: If unequal displacements are applied
to the two hemitrichs, the lepidotrich curves to one side. C: Section through a lepidotrich at the level shown
by the dashed line in panel A. The two hemitrichia are curved forming an interior space within the fin ray
carrying nerves and vascular components and are connected by collagenous and elastic connective tissue.
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curvature of fins allows fishes to resist fin deformation imposed by fluid dynamic forces and to curve
their fins 

 

into

 

 oncoming flow, with the potential of active camber adjustment to local flow conditions.
The fin ray structure described above occurs in all fins (dorsal, anal, caudal, pelvic, and pectoral)

where the rays are segmented, but not in the spiny portions of dorsal and anal fins where the
lepidotrichs are fused into rigid spines. This fin ray structure is diagnostic of ray-finned fishes, as
observed even in the earliest clades, represented today by genera such as 

 

Polypterus,

 

 and retained
in gar (

 

Lepisosteus

 

), sturgeon (

 

Acipenser

 

), and bowfin (

 

Amia

 

) as well as throughout the teleost
radiation of bony fishes. Bilaminar fin ray structure allowing active conformational change is a
remarkable innovation in propulsor design in contrast to the wings of insects and the feathers of
bird wings which are not capable of such active bending.

Although fish fin rays have a complex and noteworthy structure, the segmented axial muscu-
lature (myotomes or myotomes) of fishes may surpass fin rays in complexity of both structure and
function. Written descriptions of the intricate w-shaped folding of axial white muscle segments in
fishes invariably include the complexity of the collagenous myosepts that separate adjacent myo-
tomes and the intricate muscle fiber trajectories within and among adjacent myotomes.

 

3,120,138,256,301

 

Gemballa and colleagues

 

97–100,260

 

 have recently provided a series of elegant descriptions of seg-
mented connective tissue and muscular elements in fishes and provide the clearest picture to date
of the anatomical organization of fish axial muscle.

Figure 1.5 shows a schematic view of the location and orientation of segmented white fibers
in fishes in relation to the vertebral column of teleost fishes. The w-shaped myotomes possess

 

FIGURE 1.5

 

Myotomal structure in ray-finned fishes. A: location and w-shaped structure of the segmented
axial locomotor musculature. Horizontal hatching indicates the portion of each myotome that lies at the body
surface and attaches to the skin. B: Photograph of myotomal muscle segments on the left side of largemouth
bass (

 

Micropterus salmoides

 

). Anterior is to the left and dorsal to the top of the image. Three myotomes have
been removed from either side of the central myotome in the photograph. Each myotome has long thin arms
extending anterodorsally (da) and anteroventrally (va), central large anteriorly pointing cones (ac), and
posteriorly-directly pointing cones (pc). The horizontal septum (hs) dividing the musculature into epaxial and
hypaxial portions is visible, as is the vertical septum (vs) separating the left and right sides of the fish. Panel
A modified and redrawn from Wainwright,

 

263

 

 and Panel B modified from Jayne and Lauder.
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anteriorly pointing central cones that attach to midline connective tissue or to the vertebral column
as well as dorsal and ventral posterior cones. In addition, long thin arms of myotomal fibers reach
anteriorly toward the dorsal and ventral margins of the body. Red fibers are located laterally near
the midline horizontal septum and extend forward in a band from just anterior to the tail almost
to the pectoral girdle. The function of axial musculature will be considered in detail below.

 

IV. BODY AND FIN MOTION DURING LOCOMOTION

A. B

 

ODY

 

 

 

AND

 

 C

 

AUDAL

 

 F

 

IN

 

 P

 

ROPULSION

 

The availability of high-speed video technology over the last 15 years has allowed investigators to
produce accurate quantitative descriptions of fish body movements at different swimming speeds. In
addition, the use of flow tanks to accurately regulate the swimming speed of fishes allows this independent
variable to be controlled within narrow limits. Kinematic patterns that result from body accelerations or
turns can then be treated separately and not confused with steady swimming. As a result, there is now
a solid database of kinematic information from a diversity of species to serve as input into models of
body bending and muscle activation and to quantitatively define different modes of locomotion.

Figure 1.6 shows sample video and kinematic data on the steady swimming of an eel (

 

Anguilla

 

)
and a largemouth bass (

 

Micropterus

 

) in a flow tank with low turbulence. The eel image demonstrates
a key feature of steady swimming in virtually every fish species for which swimming is steady and
rectilinear: at low speeds (up to about 1 Ls

 

–1

 

), there is very little oscillation of the anterior half of
the body.

 

107–109

 

 Diagrams of anguilliform locomotion that show substantial head yaw and anterior
body oscillation are most likely based on data obtained from accelerating animals, or animals not
matching speed well. In many cases, figures showing eel body outlines are redrawn from the
influential images published by Sir James Gray in the 1930s.

 

117

 

 Unfortunately, these images (which
have heavily influenced nearly 50 years of research on fish locomotor kinematics and modeling)
appear to have been obtained from a small accelerating eel and thus do not reflect steady swimming
kinematics.

 

169

 

 Recent kinematic data indicate that at slow speeds, there is effectively no body
bending and hence no muscle strain in either red or white muscles; locomotor forces must be
generated by posterior body muscles.

 

48,50,216,220,231

 

 Similar patterns are also seen in largemouth bass
(see Figure 1.6B) at slower speeds,

 

140

 

 whereas at higher speeds (>1.5 Ls

 

–1

 

), noticeable yawing of
the anterior half of the body occurs (see Figures 1.6C, D).

 

140

 

 Similar results have been obtained
for numerous other species, including needlefish, tuna, and mackerel.

 

63,66,171

 

While most fishes show substantial increases in tail beat frequency with speed,

 

136,275

 

 careful
studies of tail beat amplitude also show a significant speed effect. Fish thus modulate both frequency

 

and

 

 amplitude as speed increases. The bass midlines shown in Figure 1.6B illustrate this qualita-
tively, but statistical analyses of tail beat amplitudes versus speed during locomotion in needlefish,
bass, mackerel, and sunfish all demonstrate amplitude effects, often as much as a doubling of
amplitude as speed increases four times.

 

106,140,164,171

 

Several studies have failed to detect amplitude increases with speed, but low-resolution ventral
views make it difficult to detect amplitude differences, especially when the tail moves in a complex
three-dimensional manner or when swimming speed and direction are poorly controlled.

 

161,164,167

 

Figure 1.7 shows a posterior view of caudal fin movement obtained by placing a small mirror
downstream from swimming sunfish and mackerel in a flow tank. This posterior view clearly shows
side-to-side motion of the tail and differential excursions of the dorsal and ventral tail lobes. The
caudal fin is inclined to the horizontal plane during lateral movement, which suggests that the tail
is generating lift in addition to thrust.

 

164

 

 This asymmetrical motion within the tail is maintained at
high speeds, even in fish such as mackerel that have symmetrical tail shapes (see Figure 1.7B).

 

106

 

The homocercal teleost tail thus can undergo complex three-dimensional deformations. Ventral
views alone make it difficult to distinguish dorsal tail lobe motion from ventral tail lobe motion
with changes in speed and changes in tail shape, which may mask amplitude increases.
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B. P

 

ECTORAL

 

 F

 

IN

 

 M

 

OVEMENT

 

Pectoral fin movements in fishes during steady swimming have been the subject of numerous
papers

 

25,67,76,94,105,223,266,268,270,271,274,292,296,297 

 

as well as several recent reviews

 

75,162,269,291,294

 

 and hence
will not be considered in detail here. Pectoral fins are used extensively by fishes for maneuvering
and propulsion, and labriform locomotion in particular has proven to be a fruitful avenue for
studying the relationship among fin shape, locomotor speeds, and performance, with links to
ecological patterns on coral reefs.

 

17,18,90,262

 

 Walker has analyzed the movement of pectoral fins in
sticklebacks in detail and has compared and contrasted flapping and rowing modes of pectoral fin
propulsion

 

267,269,271

 

 (also see Vogel

 

261

 

). Sticklebacks, in which the planes of fin abduction and
adduction are largely horizontal, use an extreme rowing stroke of the pectoral fins. In contrast, a
more stereotypical flapping pectoral fin stroke is exemplified by wrasses,

 

268,292,293

 

 in which the stroke

 

FIGURE 1.6

 

Kinematics of undulatory locomotion in fishes. A: Image from high-speed video of steady
rectilinear locomotion in the American eel, 

 

Anguilla rostrata

 

 at a speed of 1.0 body lengths per second (Ls

 

–1

 

).
Note that the front half of the body is nearly straight and that body undulation is confined to the posterior
half of the body. B–D: Midlines reconstructed from patterns of body bending during steady swimming in
largemouth bass (

 

Micropterus salmoides

 

) over a speed range of 0.7–2.4 Ls

 

–1

 

. Successive midlines are spaced
equally in time during a half tail beat cycle. At the slower speed, body bending is confined to the posterior
half of the body, but at higher speeds, the head begins to oscillate laterally. Z, lateral excursion in % body
length (L); X, distance along the body, L. Panels B-D modified from Jayne and Lauder.
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plane is mostly vertically oriented. Many fishes, such as bluegill sunfish, show pectoral fin move-
ments that fall between these extremes and may thus utilize fluid dynamic mechanisms of force
generation with features of both drag-based and lift-based propulsion.

 

70,105

 

In contrast to the large volume of literature on pectoral fin propulsion, very little information
is available on the movements of pectoral fins as fishes execute maneuvers.

 

87,127,227,283

 

 Drucker and
Lauder

 

72

 

 analyzed the kinematics and hydrodynamics of yawing turns in sunfish and showed that
during relatively low-speed turns (5 to 0 degrees s

 

–1

 

), in the range of routine turning velocities
frequently exhibited by maneuvering fishes, the left and right pectoral fins function very differently.
During a turn to the right, for example, the left-side fin is rapidly abducted and then adducted,
while the right-side fin shows delayed abduction. During this time, the body undergoes primarily

 

FIGURE 1.7

 

Tail kinematics in bluegill sunfish, 

 

Lepomis macrochirus

 

 (A) and mackerel, 

 

Scomber japonicus

 

(B) as seen in a posterior (YZ plane) view. In sunfish, four points along the tail trailing edge were digitized,
and lines connecting adjacent points approximate the shape of the tail. In mackerel, only the excursions for
dorsal and ventral tips of the tail are shown. In both species, the tail moves asymmetrically even during steady
forward undulatory locomotion, with greater lateral (Z) excursion of the upper (dorsal) lobe and with the tail
surface inclined at an angle to the vertical during lateral motion. Modified from Lauder
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rotational movements in the horizontal plane. Then, the left-side fin adducts causing body transla-
tion. The two pectoral fins thus appear to have distinct roles: one causing rotation and the other
translation. The combined effect of both fin motions is a yawing turn accompanied by body
movement away from the stimulus.

Hovering

 

76

 

 and braking

 

95

 

 can also be considered types of maneuver effected by pectoral fins,

 

34,287

 

but few studies have considered fin function under these circumstances. Trout and sunfish show
alternating movements of pectoral fins to maintain body station in the water column; braking,
however, involves rapid abduction of the pectoral fins to generate a forward flow.

 

75,76

 

 Trout and
sunfish differ dramatically in the directions of forces generated by their pectoral fins during
braking.

 

75

 

 Harris128 and Breder34 had suggested that sunfish could avoid rotational moments by
directing the forward braking jets of water at an angle such that the mean reaction force from fin
movement passes through the center of mass. Drucker and Lauder75 used flow imaging to show
that this hypothesis is corroborated for sunfish, while trout braking induces substantial rotational
movements about the center of mass. The pectoral fin designs in these two species result in dramatic
differences in braking function.

The pectoral fins of sharks also play an important role in maneuvering.294,296,297 Most research
to date has focused on vertical maneuvers, and studies on leopard sharks have shown that active
changes in pectoral fin conformation result in directed lift forces that induce body rotation. To
move down in the water column, for example, leopard sharks elevate the posterior region of the
pectoral fins, causing an upward water flow and a pitching movement that tilts the body down.296

C. DORSAL AND ANAL FIN MOVEMENTS

Dorsal fin function in fishes has been studied experimentally in only a very limited number of
species, and yet recent experimental data show that this fin, along with the anal fin, may play a
critical role during both steady swimming and maneuvering.168 Dorsal and anal fins have been
viewed as relatively simple stabilizers, resisting fluid forces that might otherwise promote roll
movements of the body (see Figure 1.1).34,126 This description might apply to the spiny dorsal fin
of acanthopterygian fishes (see Figures 1.1 and 1.2), which is erected rapidly during high-speed
turns. But the soft dorsal fin in species such as sunfish and trout plays an active role in generating
propulsive force during both propulsion and turning maneuvers.73,168 As swimming speed increases,
the height of the soft dorsal fin above the body decreases, and the dorsal fin generates thrust as
well as lateral forces; at a speed of 1.1 Ls–1, the dorsal fin of sunfish provides roughly 12% of total
thrust force. During turns, the soft dorsal fin of sunfish contributes almost 35% of the lateral force
generated by all fins during the turn.73 In trout, the dorsal fin produces strong lateral pulses of flow
to the right and left sides even during steady forward locomotion,168 suggesting that trout actively
use the dorsal fin to maintain a stable body position.

Basic kinematic patterns of dorsal and anal fin use have also been described for tetraodontiform
fishes11,132 and needlefish171. In tetraodontiform species, multiple fins are used simultaneously to
generate thrust, and pectoral fins may move in an alternating fashion even at the highest swimming
speeds; in needlefish, the dorsal and anal fins move synchronously with each other.

Electromyographic studies of dorsal fin function in sunfish executing a variety of behaviors144

confirm that the inclinator muscles (which control side-to-side fin ray movement) are active and
function either to increase fin resistance to imposed hydrodynamic loads or to bend the dorsal fin
into oncoming flow.

V. BODY MUSCLE FUNCTION DURING LOCOMOTION

Patterns of muscle activation in fishes during swimming have been the subject of many studies,
with the primary focus on patterns of red and white fiber recruitment and on determining the
physiological characteristics of muscle fibers and their power production along the length of the
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14 The  Physiology of Fishes

body.5,6,50,53,64,79,81,145,148,152,154,211,220,232,241,242,249,257,272  Within the white myotomal fibers, complex acti-
vation patterns occur that reflect the intricate anatomical structures of the myotomes. White fiber
activation within the myotomes has been studied much less than red fiber activation, in part due
to the relatively high swimming speeds needed to activate these fibers and also because of the
difficulty of localizing electrode positions with individual myotomes. Figure 1.8A shows the results
of recording electrical activity patterns from three different myotomes along the body of largemouth

FIGURE 1.8 Function of white myotomal musculature in largemouth bass (Micropterus salmoides). A:
Muscle activity patterns recorded simultaneously from three locations (white dots) within myotomes spanning
six vertebral segments. The upper and lower traces are from electrodes at the same longitudinal location but
differ in onset by 10 minutes (ms) (arrows indicate the start of muscle fiber electrical activity). B, C: Further
recordings from the same individual during slower unsteady swimming and kick-and-glide locomotion,
respectively. Note the differential activity of fibers in the dorsal and ventral posterior cones. Labels refer to
relative myotome number along the vertebral axis (e.g., MY-2 is two segments anterior to MY-0), and to the
epaxial (E) and hypaxial (H) regions (1 or 2) of the myotome. Modified from Jayne and Lauder.141
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bass swimming with a high-speed burst-and-glide mode. Electrodes at the same longitudinal
location (see Figure 1.8A, upper and lower traces) show substantial differences in onset timing,
reflecting their positions in the myotomes three segments apart. Electrical activity in the central
myotome cones thus corresponds to sequential activation of myotomes down the body, not to the
simultaneous activation of muscle tissue at a single longitudinal location.141 Considerable differ-
entiation of activity was also observed within single myotomes (see Figure 1.8B): an electrode in
a dorsal posterior cone could be fully active (and thus recruited at a lower swimming speed) without
any activity detected in an electrode in a ventral posterior cone of the same myotome. At higher
speeds (see Figure 1.8C), activity is seen in both dorsal and ventral cones, but with substantially
different onset times. 

These data reflect the complexity of myotome structure in fishes, and as yet there is no clear
description of how myotomes function to bend the body. Two adjacent vertebrae can have muscle
fibers from up to six different myotomes spanning the intervertebral joint and hence able to effect
bending at that joint. An individual myotome with long anterior arms and posterior cones can span
up to one third the length of the axial skeleton and thus cause bending of many vertebrae simul-
taneously. Mathematical models of myotome function are becoming increasingly sophisticated, but
more studies need to be undertaken before we understand why fibers within a single myotome
should show differential activity and how controlled bending is achieved when only parts of
myotomes are activated at any given moment.3,12,256

Unexpected complexities of muscle fiber activation in fishes have also emerged in the pattern
of red, pink, and white fiber recruitment as speed increases.50,51,139 The pattern of muscle fiber type
recruitment in fishes was first clarified in experiments by Bone,30–32 who showed clearly that red
fibers (with slower contraction times) were activated to power slow swimming, while at faster speeds,
white fibers (with shorter contraction times) are activated to power the more rapid body movements
needed to overcome drag (also see133,207). Rome and colleagues 211,212,216–218 demonstrated the effect
of temperature on recruitment patterns; in addition, patterns of changing strain and activation down
the body have now been reported for a number of species.6,23,50,51,64,232 These results initially suggested
an additive model of fiber recruitment, in which white fibers are recruited after the red fibers have
been maximally activated at the highest swimming speed for which they can produce power to match
drag. At high swimming speeds, red fibers are active in addition to white fibers.

But recordings of white and red muscle fibers in fishes swimming in high-speed burst-and-glide
movements show interesting differences from this additive model. Figure 1.9A illustrates the diversity
of fiber type recruitment as speed increases. In bluegill sunfish, during slow to rapid steady swimming
(0 to 2.0 Ls–1), red fibers are active and electrical activity is propagated posteriorly (compare onset
times in red anterior and posterior channels of Figure 1.9A). There is no activity in white fibers at
this time. During rapid unsteady movements, white fibers are recruited, and red fibers are deactivated
relative to the amount of activity seen at slower swimming speeds. During moderate-speed unsteady
activity (at a speed intermediate to the two previous conditions), both red and white fibers are active,
but the white fibers show onset times that lag substantially behind the red fibers, despite having
similar offset times (see Figure 1.9A).139

These data suggest a nonadditive model for fiber type recruitment (see Figure 1.9B), in which
red fibers alone are activated at slow swimming speeds, both red and white fibers are activated at
higher speeds, and red fiber activity decreases and white fiber activity is maximal at even higher
speeds. Derecruitment of red fibers has also been demonstrated in embryonic zebrafish muscle
during fast fictive swimming.41 The lag in the onset time of white fibers relative to that of red fibers
may be due to their shorter contraction times, providing a rough synchronization of maximal force
production at a given longitudinal location. Coughlin50,51 further showed that pink fibers, present
in many fishes in a layer between the superficial red fibers and the deeper white fibers, are delayed
in activity onset compared with red fiber activity onset. This suggests that there is a relationship
between fiber contraction speed and the delay in activity onset, with faster fibers at the same
longitudinal position becoming active later in time.
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16 The  Physiology of Fishes

A schematic summary of muscle activity patterns in red and white muscles during both steady
swimming and unsteady c-start escape behaviors is shown in Figure 1.10. During steady swimming,
the electrical wave of activity in red muscle fibers propagates from anterior to posterior. At certain
times during steady swimming, red muscle fibers are active along nearly the entire length of the
fish.137,142 In bluegill sunfish, which have 23 myotomes, electromyographic recordings show that
at a swimming speed of 1.6 Ls–1, activity is seen in red fibers corresponding to 21 segments at a
time.143 Rapid escape responses in fishes are referred to as c-starts, as the body of the escaping fish
bends (more or less) into a c-shape.59,61,62,77,78,80,121,122,137,233,264,288 This behavior is well described
kinematically and involves an interesting pattern of muscle activity. At the beginning of the startle
response, both red and white muscle fibers are synchronously active along one side of the body
and bend the majority of the body into a c-shape (see Figure 1.10, Stage 1). The tail region often
bends back against the flow due to hydrodynamic loading, which cannot be overcome by the reduced
mass of muscle near the tail, and the body thus assumes an s-shape at the end of stage 1 of the
c-start.137 This activity is followed by activation of both red and white muscles on the opposite side
to bend the body back to the contralateral side and initiate the propulsive phase (see Figure 1.10,

FIGURE 1.9 A: Muscle activity patterns recorded simultaneously from four locations on the same side of
one individual bluegill sunfish (Lepomis macrochirus) during three locomotor behaviors. During relatively
fast steady swimming, only red muscle fibers are active and show clear longitudinal propagation from anterior
to posterior. During rapid unsteady body movements preceding a glide, white fibers are strongly active, while
red fibers show reduced activity. At speeds intermediate between these two traces, both sets of muscle fibers
are recruited, but white fibers are active at a later onset time than red. B: Schematic diagram summarizing
the pattern of muscle fiber recruitment in swimming bony fishes indicated by experimental data. Numbers
show the order of speed increase during locomotion from slow swimming (1) to the fastest unsteady speed
(4). See text for discussion. Modified from Jayne and Lauder.139
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Locomotion 17

Stage 2). One interesting feature of this pattern is that the speed of the body bending during stage
1 is greater than the contraction time of red muscle fibers, which cannot then contribute to the
bending: the white fibers are compressing the red fibers faster than they can actively shorten.
Nonetheless, these red fibers are active, which may reflect their role in stiffening the body or explain
the constraints — which prevent separate rapid activation of white fibers alone — on neural circuit
activation during the rapid escape response.137

Another approach to understanding body muscle function during locomotion is to quantify
muscle activity and strain in vivo and then separately measure muscle power output using the in
vitro work loop technique.151 This permits determination of how much power is available relative to
the power needed to execute behaviors such as steady swimming and rapid burst-and-glide move-
ments. Work loop measurements can be done with in vivo strain and phase relationships to mimic
swimming, but a variety of strains and phases also can be used to determine if the in vivo values
produce maximal power output. This approach has been applied to the study of numerous species
over the past 15 years. Data from locomotion at steady swimming speeds ranging from 0.7 Ls–1 to
high-speed, unsteady, burst-and-glide swimming are shown for largemouth bass in Figure 1.11.
Estimated muscle strains of +/–6% were consistently found for red fibers at all steady swimming
speeds. However, during unsteady burst-and-glide swimming, red fiber strains approached +/–15%.
During slow swimming, red fibers at the posterior end of the body (just anterior to the caudal
peduncle) were electrically active for part of the time while they were shorter than resting length;
however, during rapid locomotion, the same fibers were activated while they were longer than resting
length (see Figure 1.11). This phase change between activation and shortening results in red muscle
fibers achieving maximal power at a tail beat frequency of 3 Hz and cannot contribute significantly
greater power at higher frequencies seen during burst-and-glide swimming (Figure 1.12).

If the total power required for fishes to swim at a given speed (calculated from energy studies
measuring oxygen consumption) is compared with the power available from red muscle as deter-
mined from work loop measurements in largemouth bass (see Figure 1.12),145 then it is clear at tail
beat frequencies in the range of 2 to 4 Hz that the power available from red muscle substantially
exceeds the power needed. This suggests that not all of the red fibers need to be recruited to power
locomotion at these speeds and that electromyographic activity in red fibers at these speeds should
be less than maximal (which is indeed the case, as shown in Figure 1.9). At very slow swimming

FIGURE 1.10 Schematic summary of body movement patterns and red and white muscle activity during steady
swimming and a c-start escape response in bluegill sunfish (Lepomis macrochirus). Time (in ms) relative to
the start of the escape response (0 ms) is indicated at the bottom. Thin black regions laterally indicate activity
of red fibers during steady swimming, while white fiber activity is indicated by black regions that extend to
the midline; during stages 1 and 2 of c-starts, both red and white muscle fibers are active. This escape response
was elicited from a sunfish swimming steadily. See text for discussion. Modified from Jayne and Lauder.137
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18 The  Physiology of Fishes

speeds, when many fish use their pectoral fins, there is a large power excess available from red
myotomal fibers and locomotor power comes from pectoral fin muscles. At tail beat frequencies
above 4 Hz, the power required to overcome drag exceeds that available from red muscle fibers,
and fishes must therefore recruit white fibers (see Figure 1.12). The speed limit to rapid steady
locomotion may thus be set by the power available from red fibers.145

There has been some controversy in recent years over the region of the body where red fibers
generate the positive work needed for locomotion in teleost fishes. One early proposal257 was that
anterior red fibers produced most of the positive in vivo work for body bending and that posterior
fibers were electrically active as they lengthened, doing mostly negative work and transmitting force
from anterior muscles to the tail. In light of a spate of recent studies that show predominately positive
work from posterior red lateral fibers and questions about the methodology of the earlier studies,47,50

it seems well established now that for most teleost species, red muscle on the posterior half of the
body produces positive work powering swimming at steady cruising speeds.48,145,154,213-215,220 Indeed,
numerous kinematic analyses of the body bending during locomotion (e.g., Figure 1.6) show that
at speeds less than about 1.5 Ls–1, there is very little body bending (and hence strain) along the

FIGURE 1.11 Pattern of electrical activity and calculated muscle strain during locomotion in largemouth
bass (Micropterus salmoides) at 0.7 (A), 1.6 (B), 2.4 Ls–1 (C), and unsteady kick-and-glide swimming (D).
Note differing time scales on the horizontal axis as swimming speed increases. Arrows indicate approximate
muscle activity onset and offset times. From Johnson et al.145
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Locomotion 19

anterior half of the body. Small strains greatly limit the power that red muscle can produce and
further indicate that power for steady swimming is produced mostly by posterior red fibers in teleost
fishes.49,219,220

An interesting new finding in leopard sharks by Donley and Shadwick64 suggests that, at least
in this species, red fibers along the entire length of the body may do positive work to power steady
swimming. They found a consistent phase between red muscle activity and strain along the body,
in contrast to the result, seen in all teleost species studied to date, of decreases in activity duration
in more posterior red fibers. The generality of this finding to other elasmobranch species remains
unknown, but this result currently represents an intriguing contrast between shark and teleost fish
muscle function during locomotion.

One final area of current study is the change in red fiber contractile properties and muscle
protein isoforms down the body. Red fibers along the length of fishes appear to differ in properties,
which may help explain interspecific differences in power production7,248,249 (also see146,149,150).

VI. EXPERIMENTAL HYDRODYNAMIC ANALYSES OF LOCOMOTION

A. BODY POSITION AND SHAPE

As fishes change speed and maneuver, they typically alter their body posture, and this can play a
critical role in the overall hydrodynamic force balance during swimming. Only recently has the
hydrodynamic importance of body posture control been fully recognized, although many studies
have noted that fishes often swim with the body axis at an angle to the horizontal plane, even

FIGURE 1.12 Power requirements for swimming calculated from oxygen consumption, compared with power
available from red muscle as determined from work loop experiments. Error bars are standard errors. Numbers
above the red muscle data indicate tail beat frequencies at the given absolute swimming speed. Modified from
Johnson et al.145

Mode of propulsion

Pectoral
fin Undulatory Burst-and-glide

Useful power
calculated from
oxygen consumption

Red muscle
power

0.0 0.2 0.4 0.6 0.8 1.0
Swimming speed (m/s)

0.3

0.2

0.1
1

2

3 4 5

0.0

Po
w

er
 (W

/k
g 

bo
dy

 m
as

s)

au: should 
this be “inter-
species”?

2022_C001.fm  Page 19  Tuesday, June 7, 2005  3:25 PM



20 The  Physiology of Fishes

during steady rectilinear locomotion.1,2,106,129,183,184,195,295 For example, Gibb et al.106 as well as Nauen
and Lauder195 noted that mackerel (Scomber japonicus) swam at speeds greater than 1.0 Ls–1 with
a slight (1 to 5°) downward tilt to the body. Body angle is significant, in part because alterations
in this angle affect the movement of the force generated by the tail around the center of mass, and
hence needed compensatory hydrodynamic forces from other fins. At slower speeds, many fishes
tilt the body at a positive angle of attack toward oncoming flow to generate hydrodynamic lift.

A particularly clear example of body angle adjustment during locomotion is seen in the leopard
shark (Triakis semifasciata) as speed increases from 0.5 to 2.0 Ls–1 (Figure 1.13A).296 Body angles
in leopard sharks declined over this speed range from a mean of 11° to 0.6°, presumably because
a lower body angle of attack is needed in faster flow to generate the lift forces to counter body
weight. In addition, fishes adjust body angle during maneuvering (see Figure 1.13B). Sharks, for
example, may use pectoral fins to generate movements around the center of mass that pivot the body
up at a positive angle to move upward in the water column or down as they move toward the
bottom. The body angle of attack toward oncoming flow is the main reason leopard sharks move
vertically in the water, since the direction of force produced by the tail does not change.296,298 

Bartol et al.13,14 provide a good example of how body shape can affect flow patterns that aid
in stability during swimming, as in boxfishes, which have a rigid “carapace” of fused scales. Ridges

FIGURE 1.13 Sharks change body angle with speed (A) and during vertical maneuvers in the water column
(B). Speeds in A range from 0.5 to 2.0 Ls–1, and rise, hold, and sink behaviors correspond to positive (up),
zero, and negative (down) vertical maneuvers. Modified from Wilga and Lauder.296
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Locomotion 21

along the body generate longitudinal vortices which, with their accompanying low pressure, act to
stabilize the body and bring it back into trim in response to externally induced pitching moments.
Body shape thus generates self-correcting movements about the center of mass and acts to maintain
stability during locomotion.

B. FIN AND BODY HYDRODYNAMICS

Within the last 10 years, a new area of research into the locomotion of fishes has emerged:
experimental hydrodynamics of freely swimming fishes. While the seminal theoretical contributions
of Sir James Lighthill in the 1960s and 1970s 175–178 and the influential models of G. I. Taylor244

provided the initial basis for studying the fluid dynamics of fish locomotion,46,130,203,276,303 in recent
years, the advent of increased computational power and relatively inexpensive high-power lasers
for laboratory use has opened up new avenues in the study of the dynamics of fish locomotion. It
is now possible to directly visualize the flow generated by the body and fins of actively swimming
fishes (not just models) and to quantify these flows by generating a matrix of velocity vectors that
characterizes the flow in a two-dimensional slice of fluid.14,70,71,74,124,164–166,168,189,235,302 This technique
is called Digital Particle Image Velocimetry (DPIV).

Lauder and colleagues165–168 provide an overview of DPIV as it applies to the study of fish
locomotion, and sample data and their interpretation are shown in Figure 1.14. Flow is visualized
by using a laser to generate a light sheet that typically is 1 to 2 mm thick and 10 to 20 cm wide.
This light sheet is projected into a flow tank or aquarium, and small reflective particles that reflect
light back to one or more high-speed cameras are mixed into the water.70,72,75 Fish swim with their
body or fins cutting through the light sheet, and the flow over the surface of the body and fins and
in the wake can be seen by following the positions of particles in high-speed video frames. Successive
images in time are analyzed with cross-correlation to reconstruct a matrix of velocity vectors that
represents an estimate of flow in that slice of fluid during the time between frames.85,165,166,300 From
these velocity vector matrices, a wide variety of quantities can be calculated: the location of vortex
centers, fluid dynamic circulation (a measure of vortex strength), vorticity (measuring the angular
velocity of fluid), momentum, force, work, and power.165 Reorientation of the light sheet into
orthogonal orientations (see Figure 1.14) allows the flow to be analyzed in three separate perpen-
dicular planes, which greatly aids three-dimensional reconstruction of fluid structures shed by the
fins and body. While the bulk of recent studies have been limited to studying flow in a single two-
dimensional flow slice at a time, Nauen and Lauder194 used a stereo-DPIV technique to image
simultaneously the three components of flow velocity (x, y, z) in a 2-mm thick light sheet. 

By analyzing orthogonal planes in the wake behind the pectoral fin in bluegill sunfish, Drucker
and Lauder70 showed that each plane illustrates counterrotating centers that reflect slices through a
vortex ring (see Figures 1.14B and 1.14C). Each beat of the sunfish pectoral fin thus generates an
isolated vortex ring (see Figure 1.14D) that represents momentum transferred from the pectoral fin
to the fluid. These vortex rings have a central momentum jet that is directed downward, posteriorly,
and laterally. For an approximately 20-cm long bluegill sunfish swimming at 0.5 Ls–1, the posterior
component (generated by both fins) of 11 mN balances a total drag of approximately 10.6 mN on
the fish during steady swimming. The total downward component of 3.2 mN balances the weight
of the sunfish (3.4 mN). An unexpected finding from this work is the large lateral force generated:
6.7 mN per fin relative to a thrust of 5.5 mN. Thus, each sunfish pectoral fin is producing more
lateral force than thrust, inefficient for steady forward locomotion but possibly necessary for stability
and useful for rapidly generating large turning movements.

Vortex ring structure and/or orientation can change as speed increases (Figures 1.15A and
1.15B)70 and as fishes maneuver;72,76,296 differences in vortex ring morphology among species
swimming with their pectoral fins at the same relative speed have also been observed.71 Interspecific
changes in vortex ring orientation with speed are particularly instructive in the analysis of why
fishes change gaits as speed increases. Certainly, the analysis of red muscle power described earlier
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22 The  Physiology of Fishes

FIGURE 1.14 Experimental approach for analyzing the hydrodynamic wake structure in three dimensions
during locomotion in freely swimming fishes, illustrated for the pectoral fin wake in bluegill sunfish (Lepomis
macrochirus). A: Analyses are conducted in three separate perpendicular planes, frontal (XZ), parasagittal
(XY), and transverse (YZ). B: Representative data from each of these planes showing velocity vectors (in
white) superimposed on the background image of the fish and laser light reflections from 12-µm particles
suspended in the water. C: Vorticity calculation based on the velocity vector fields. Note that each plane has
two discrete centers of counterrotating flow in the indicated directions. D: Inferred vortex ring structure in
the wake of bluegill sunfish swimming at 0.5 Ls–1 with pectoral fins alone. The wake consists of a single
vortex ring that is shed with each fin beat. In panels C and D, F1-2, P1-2, and T1-2 indicate the centers of
vorticity observed in the wake. The straight arrow shows the direction of the central momentum jet that passes
through the center of the vortex ring. Scales for panel B: Arrow = 120 cm s–1; bar = 1 cm. Modified from
Drucker and Lauder.70,74
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strongly suggests that for undulatory locomotion, red fibers simply cannot generate the power
needed to overcome drag at high speeds and hence white muscles are recruited at or near the
transition to a kick-and-glide gait. However, gait transitions at lower speeds, from pectoral fin
propulsion to undulatory swimming, may have a different explanation. Figures 1.15C and 1.15D
illustrate a comparison between vortex ring orientation in bluegill sunfish (Lepomis macrochirus)
and that in surfperch (Embiotoca jacksonii) as both species increase speed. By measuring the angle
of the central vortex momentum jet in the horizontal plane in both species as speed increased,
Drucker and Lauder71 found that surfperch reorient vortex ring momentum to an increasingly
downstream orientation (see Figure 1.15D). This provides for additional momentum transfer to the
water as speed increases. Surfperch are able to maintain pectoral-fin-based propulsion up to a speed
of 3.0 Ls–1, at which point the vortex momentum jet is oriented nearly directly downstream. In
contrast, sunfish swim at slow speeds of 0.5 Ls–1, with pectoral fin vortex jets directly at about a
55° angle to the path of motion, but rotate these jets laterally as speed increases. As a result, at

FIGURE 1.15 A, B: Vortex wake structure changes with speed during pectoral fin locomotion in bluegill
sunfish (Lepomis macrochirus). Note the additional vortex structure present at higher speed of 1.0 Ls–1. C:
Convention for measuring the angle of the central vortex momentum jet in the horizontal (XZ) plane: Φ is
measured relative to the axis of travel (0°) and is 90° when the jet is aimed laterally. D: Comparison of vortex
jet angle (in degrees) in bluegill sunfish with those produced by surfperch, Embiotoca jacksoni. Note that as
speed increases, sunfish vortex jets turn almost directly laterally, while those of surfperch are increasingly
aimed downstream. See text for discussion. Modified from Drucker and Lauder.71
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1.5 Ls–1, sunfish have virtually no downstream momentum remaining in the jet as it points nearly
directly to the side (see Figure 1.15D); additional fins or the body must be recruited starting at
about 1.1 Ls–1 to provide the thrust needed to overcome drag. Sunfish thus change gait from pectoral
propulsion to undulatory propulsion because they can no longer generate enough force with the
pectoral fins due to the lateral orientation of the vortex rings. The inability of sunfish to reorient
the vortex rings to provide needed downstream momentum may be a consequence of pectoral fin
anatomy or possibly a requirement for body stability as speed increases.

Sharks use their pectoral fins to reorient body position and to generate rotational movements,
but not for propulsion (Figure 1.16). Three-dimensional kinematic analysis shows that during steady

FIGURE 1.16 Summary of pectoral fin kinematics and hydrodynamics during locomotion in sturgeon, Aci-
penser transmontanus. A: During steady horizontal swimming (holding vertical position), the pectoral fins
are held at a negative angle of attack. During sinking (B) and rising (C) in the water column, pectoral fin
angles change to an average –29° and +12°, respectively. D: Fluid dynamic analysis of pectoral fin function
using digital particle image velocimetry shows that during sinking, sturgeon pectoral fins flip up (white solid
arrow) and shed a large vortex (white dotted circle) into the fluid, creating a movement about the center of
mass that rotates the head down. The vorticity plot (E) shows the large center of vorticity associated with the
upward fin flip. Modified from Wilga and Lauder.295
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horizontal swimming, leopard sharks hold their pectoral fins at a slightly negative angle of attack
and that this angle changes significantly as vertical maneuvers are executed.296 An upward flip of
the pectoral fins is used to induce upward flow and shed a vortex (see Figures 1.16D and 1.16E)
that pitches the head of the shark downward and initiates powered sinking in the water column. 

Experimental hydrodynamic analysis of the dorsal fin (Figure 1.17) demonstrates that, at least
in bluegill sunfish, this fin generates both significant lateral and thrust forces. At a speed of 1.1
Ls–1, the dorsal fin produces roughly 12% of the total thrust needed to overcome body drag,73 and
an analysis of intrinsic muscle activity in the dorsal fin indicates that this wake is generated
actively.144 The dorsal fin is thus an active component of the locomotor repertoire in fishes and not
merely a passive stabilizer used to prevent roll instabilities. In addition, the wake from the dorsal
fin passes back and is encountered by the tail, which moves through flow that is accelerated and
moving at a significant angle toward freestream flow.73,168,193 The effect of the substantial narrowing
of the body just anterior to the tail is to direct flow toward the tail centerline in the vertical plane.
In the horizontal plane, the tail encounters flow that contains strong vortices and has a higher speed
than freestream flow. This suggests several mechanisms of thrust enhancement.73,187 The tail gen-
erates greater thrust in the presence of a dorsal fin wake due to enhancement of leading edge
vortices than it could with freestream flow alone.73,187

Perhaps the most general result to emerge from integrated kinematic and experimental fluid
dynamic analyses of flow impinging on the tail is that the caudal fin does not move through
undisturbed water. Rather, the flow encountered by the caudal fin, and especially the upper and
lower lobes of the tail, is radically different from undisturbed freestream flow. Computational
models of propulsion in fishes need to account for the effect of active movement of both the dorsal
and anal fins on the fluid and for the effect of rapid body narrowing just before the tail.

FIGURE 1.17 Analysis of the dorsal fin wake in bluegill sunfish (Lepomis macrochirus). A: Schematic diagram
of the horizontal laser light sheet used to image flow shed by the dorsal fin trailing edge. A high-speed video
camera is aimed at the laser light sheet from above. B: Lateral view image of the sunfish caudal and dorsal
fins with the laser light sheet seen edge-on as a thick white line. C, D: Flow fields in the wake of the dorsal
fin at time 0 and 148 ms corresponding to the duration of a half-stroke of the fin during steady swimming at
1.1 Ls–1. The dorsal fin is moving in the direction of the large white arrow. The dorsal fin actively generates a
strong wake that has both lateral and downstream components. Modified from Drucker and Lauder.73

A

C D

B

2022_C001.fm  Page 25  Tuesday, June 7, 2005  3:25 PM



26 The  Physiology of Fishes

The caudal fin in fish species with a well-defined narrowing of the body at the peduncle serves as
an additional propulsive surface that is at least partially independent of the body (Figure 1.18).164,166,167

The wake generated by the caudal fin consists of a linked chain of vortex rings that results from the
combined action of oscillatory side-to-side tail movement (and the consequent shedding of start-stop
vortices) and the rollup of tip vortices shed by the dorsal and ventral tail margins (see Figure 1.18).
As was the case with flows generated by sunfish pectoral fins, the caudal fin also generates large lateral
forces, often twice the value of thrust.

The heterocercal tail of sharks also generates a vortex wake,298 but due to the temporal lag
between lateral movements of the upper and lower lobes and the movement-inclined trailing edge,
the vortex wake consists of a ring-within-a-ring structure (Figure 1.19).299 The larger outer vortex
rings are themselves linked to each other in a manner similar to the vortices shed by the externally
symmetrical tail of bony fishes. The generality of this vortex wake morphology among sharks or
even ray-finned fishes with heterocercal tails is currently unknown, as is the functional significance

FIGURE 1.18 Caudal fin wake in bluegill sunfish (Lepomis macrochirus). A, B: Flow fields at time 0 and
216 ms later corresponding to roughly one half-stroke of the caudal fin during swimming at 1.1 Ls–1. Two
counterrotating centers of vorticity are clearly visible. Arrow represents flow of 10 cm s–1 (freestream velocity
has been subtracted), and the scale bar is 1 cm. C, D: Schematic lateral and dorsal views respectively of the
vortex wake of sunfish swimming at about 1.5 Ls–1. Curved arrows represent central jet flow, while  is the
angle of the jet to relative to the path of motion. For a sunfish 20 cm long, the caudal fin generates 14 mN
thrust and 23 mN lateral force. Straight arrows represent the direction of the reaction force on the fish from
the wake vortex rings. Modified from Drucker and Lauder.73,165
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of the ring-within-a-ring structure. Sharks might be able to actively direct flow through the upper
ring by adjusting tail angle or by the action of intrinsic muscles, but experimental data from leopard
sharks suggest that at least this species is not capable of such control.298

A recent detailed study of the vortex wake of eels (Anguilla) swimming steadily253 has shown
that there is effectively no downstream component of momentum in the wake (Figure 1.20). Rather,
a series of vortices are shed by the eel tail with flow between the vortex centers directed laterally.
This contrasts sharply with the wake of subcarangiform swimmers, which invariably contains down-
stream momentum in the vortex jets. The lateral wake jets of an eel swimming steadily form just
anterior to the tail tip, and the alternating sign of the lateral flows results in an unstable shear layer
that rolls up into two or more secondary vortices approximately one tail beat later (see Figure 1.20).253

The eel wake does not form as a result of acceleration of fluid along the entire length of the animal,
but rather the vast majority of fluid momentum is acquired in the region centered 15% of body
length anterior to the tail.253 This produces a wake pattern that resembles two unlinked vortices with
central jet flows directed to each side.

Tytell and Lauder253 explained the differences between the eel wake and that of subcarangiform
swimmers (and that of pectoral fin swimming), described above, with an analogy of a boat with
a propeller. A swimming mackerel, for example, incurs the vast majority of drag on the body like
a boat hull does, while the tail generates thrust like the propeller on a boat. Like a boat with a
propeller, there will be a thrust signature in the wake because of spatial separation between the
major drag-producing structure (the body or the hull) and the thrust-generating structure (the tail
or the propeller). Eels may be balancing drag and thrust along the body to a greater extent than

FIGURE 1.19 Analysis of the vortex wake from the tail of spiny dogfish (Squalus acanthias) swimming
steadily while maintaining vertical position. A: Vorticity plot of a vertical slice through the wake showing three
centers of vorticity: center 1 rotating counterclockwise in this view, and centers 2 and 3 with clockwise rotation.
Fluid jets through these vortex rings (jets A and B) develop and merge into a single larger jet C. B: Analysis
of a transect along the ring axis shown in A. Theoretically predicted velocity distribution is shown on the left,
and the actual graph from the time shown in panel A is given on the right, showing the three centers. C:
Reconstruction of the vortex wake as a ring-within-a-ring structure. Modified from Wilga and Lauder.299
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fish such as mackerel or sunfish.228 Eels lack the substantial longitudinal shape change anterior to
the tail, seen in most carangiform swimmers with a thrust wake; eels lack a morphologically discrete
propeller. Indeed, differences in body shape along the posterior third of swimming fishes, not the
relatively minor differences in midline kinematics, may be the dominant explanation for the different
wake patterns observed between anguilliform and subcarangiform locomotion.

As swimming eels increase speed, the basic pattern of the wake with its lateral jets does not
change.251 But when eels perform linear accelerations, a wake very similar to that of mackerel and
sunfish is seen: vortex jets point downstream adding momentum to the water to sustain body
acceleration.252

Most experimental hydrodynamic studies on swimming fishes to date have focused on the wake
or flow near the caudal peduncle or over the tail. The nature of flow over the body of a freely
swimming fish has yet to be fully examined, but the recent careful and detailed analysis by Anderson
et al.8 has provided the first quantitative data on boundary layer characteristics of freely swimming
fishes. By obtaining video images of flow close to the body surface in scup (Stenotomus) and
dogfish (Mustelus), Anderson et al. were able to generate high-resolution boundary layer velocity
profiles along the body midline for both species. They found no separation of the boundary layer

FIGURE 1.20 Hydrodynamic wake behind a steadily swimming eel, Anguilla rostrata, swimming at 1.4 Ls–1.
The flow field shown is a phase average of 14 tail beats. Black vectors show the direction of water flow. Three
prominent lateral jets are shown labeled 1 to 3 from anterior to posterior. The tail tip of the eel is shown at
the bottom of the figure. Freestream flow is subtracted. Note the lack of a posteriorly directed jet flow between
adjacent vortices; flow generated by body and tail movement is predominately lateral. Modified from Tytell
and Lauder.253
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at speeds around 1.5 Ls–1 for scup, strongly suggesting that pressure drag on steadily swimming
scup is minimal. The majority of drag is incurred in the form of friction drag. Boundary layer
profiles were laminar at slow swimming speeds and turbulent at higher-speed locomotion. Total
drag calculated from shear stresses estimated for the whole body was approximately two to four
times that calculated or measured from rigid body drag experiments. These results provide the first
empirical data from freely swimming fishes, supporting Lighthill’s original view that swimming
fishes incur increased drag as a result of body undulation.177

C. ENVIRONMENTAL VORTICES AND FISH LOCOMOTION

Turbulence at a variety of scales is a characteristic feature of the environment for fishes
swimming in natural habitats.44,82,173 Rarely do fishes encounter the steady microturbulent flows
characteristic of laboratory flow tanks. Instead, fishes in natural habitats are faced with a variety
of obstacles in flowing waters that shed vortices and large-scale turbulent eddies. But studying
fish locomotion in such turbulent flows is a difficult challenge: only relatively limited experi-
mental measurements can be made under field conditions. Laboratory flow tanks are, however,
not generally designed to generate appropriate turbulence. One way around these difficulties is
to introduce into laboratory flow tanks known obstacles that generate fluid dynamically in well-
understood large-scale turbulent flow structures. For example, a D-section cylinder is known to
produce a well-defined Karman vortex street even at relatively large Reynolds numbers (up to
50,000). (The Reynolds number indicates the ratio of inertial to viscous forces in moving fluids,
and hence the amount of turbulence that can be expected.261) So, it is possible to place such a
cylinder in a flow tank (Figure 1.21A), generate a Karman vortex street downstream of the
cylinder, and observe fish swimming in the resulting structured turbulence. The experimental
arrangement depicted in Figure 1.21A has one noteworthy advantage. Because cylinders shed
columnar arrays of vortices, two high-speed video cameras can be used: one for imaging the
fish in ventral view silhouetted against the laser light and another to simultaneously film from
above using a mirror to quantify the pattern of vortices. In this manner, both kinematics and
the position of the body in the vortex street can be obtained without any blockage of the light
sheet by swimming fish.

Results from the experiments performed by Liao et al.173 are shown in Figures 1.21B and 1.21C,
where the outline of a swimming trout can be seen slaloming between oncoming vortex centers.
Trout swimming in a vortex street, well downstream of the D-cylinder in the flow, adopt a gait
termed the Karman gait,172 with large lateral oscillations of the center of mass compared with
freestream swimming. Figures 1.22A and 1.22B compare the pattern of movement of trout swim-
ming in freestream flow with that of the same trout swimming in the Karman vortex street generated
by the D-cylinder. The most characteristic feature of the Karman gait is the large lateral oscillation
of the entire body, which appears to move, in a largely passive way, from side to side between
oncoming vortices. Body amplitudes and curvatures are much larger than in steady swimming at
equivalent speeds, and tail beat frequencies are much lower: body motion is tuned to synchronize
with oncoming vortices.172 Recordings of red and white muscle activity during the Karman gait
confirm that this gait is, indeed, largely passive: no white muscle activity is observed, and only the
anterior red fibers are active (see Figure 1.22C).174 When pectoral fins are used to make minor
adjustments in body position in the vortex street, even this anterior red muscle activity is absent,
and all body musculature is electically inactive.

These data demonstrate that fishes can take advantage of low-pressure vortices in oncoming
flow to maintain station in downstream flows of 2.5 Ls–1 or greater without expending significant
muscular energy by tuning body kinematics to the external flow environment. The Karman gait
differs from the interesting entrainment behaviors in which fishes maneuver into the low-pressure
suction region immediately behind small cylinders placed in the flow.239,284 
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FIGURE 1.21 Analysis of locomotor mode and hydrodynamic wake of rainbow trout (Oncorhynchus mykiss)
when swimming in a vortex street generated by a D-section cylinder in a flow tank (A). Trout body movement
was visualized with a ventral camera (camera 2), while simultaneously a dorsal camera (camera 1) imaged
the flow generated by the cylinder undisturbed by trout body movement. Laser light was focused into a
horizontal light sheet to image water flow with digital particle image velocimetry. In this way, the interaction
of trout and environmental vortices could be directly observed. B: Time series of body outlines (heavy line)
and midlines (thin line) of trout encountering the Karman vortex street shed by the D-section cylinder (grayscale
vorticity background) with calculated water velocity vectors superimposed as black arrows to show the
direction of flow. Background grayscale plots show vorticity centers. D: Midlines of trout swimming from
right to left for seven tail beats illustrating that trout slalom in between vortex centers (indicated by + and –
symbols), and do not intercept vortices directly. Modified from Liao et al.173
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FIGURE 1.22 A: Comparison of body motion in rainbow trout (Oncorhynchus mykiss) when swimming in
freestream flow at 4.5 Ls–1 compared with body oscillation in the flow deficit within the Karman vortex
street behind a D-section cylinder. Large amplitude body oscillations in a vortex street, with lateral center
of mass excursions six times that of freestream movements, are termed the Karman gait.172–-174 B: Comparison
of midline motion of freestream locomotion versus the Karman gait. C: Pattern of muscle activity during
Karman gait locomotion. Red muscle electrodes R1 to R4, from anterior to posterior, show little activity
except at the anterior-most site (R1). Neither white muscle electrodes nor red muscle on the contralateral
side to center of mass movement (R7, R8) show activity. The Karman gait is thus largely passive. Modified
from Liao et al.172,174
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VII. EMERGING NEW DIRECTIONS

In the past 10 years, a number of new avenues for research have emerged that provide an interesting
direction to the next decade of research in fish locomotion. Several of these areas have a significant
history, but recent developments or initiatives offer renewed potential. Here, I focus briefly on each
of six different areas which promise particularly interesting new findings in the near future.

A. ONTOGENY OF LOCOMOTION

The vast majority of research on fish locomotion is undertaken on adult or subadult individuals.
But a number of authors have noted that locomotion patterns in larval fishes could be significantly
different due to the low Reynolds number at which they swim.88,89,134,135,191,198,199,258,278 Larval fishes
are small and swim with low velocities, a situation that suggests that viscous forces should be
relatively large.

Figure 1.23 presents data demonstrating a substantial change in the Reynolds number for
zebrafish coasting between bouts of active swimming locomotion.186 Zebrafish traverse almost four
orders of magnitude of the Reynolds number as they develop and change shape from larvae through
juvenile stages to full adult morphology. Body size increase is accompanied by changes in fin shape
and area (see Figure 1.23A) as well as behavioral changes. Teasing apart changes in shape, internal
changes in physiology,41 sensory system development,273 and behavioral alterations to better under-
stand the ontogeny of locomotion dynamics in fishes is a key challenge for the years ahead. 

FIGURE 1.23 Ontogeny of gliding behavior in zebrafish showing the Reynolds numbers spanned by zebrafish
of different size. A: Dorsal and lateral views of the body outline (gray) and fins (black) at different stages of
growth. B: The range of Reynolds numbers experienced during gliding in zebrafish of different sizes. The
upper and lower edges of vertical bars and error bars denote the mean and 1 standard deviation (SD) of
maximum and minimum values, respectively, for three glides per fish. The hydrodynamic regimes (dashed
lines) quantified by experimentally measuring drag on preserved fish of different ontogenetic stages are shown
to the right. Modified from McHenry and Lauder.186
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B. LOCOMOTOR PERFORMANCE 

The study of the performance abilities of fishes (i.e., the ability of different species to perform
specific tasks, such as traversing a section of fast-moving stream, negotiating an underwater maze,
or responding to an imposed destabilizing stimulus) is one of the most understudied aspects of fish
locomotion and yet holds great promise to clarify the comparative locomotor abilities of fishes.
Exemplary studies of this kind have been conducted by Webb and colleagues,103,226,227,283,286 who
have tested fishes of different body shapes and fin positions for their ability to maneuver around
bends and through small vertical and horizontal openings.

A further critical area for the examination of locomotor performance in fishes requires moving
them out of small laboratory flow tanks and into large-scale test facilities that mimic field conditions
or into the field itself where the fluid dynamic challenges facing fishes can be severe. Castro-Santos
and Haro42–44,125 describe locomotion research using a large-scale (24 m long by 1 m square) flume
using diverted Connecticut river water to achieve flow speeds of up to 4.5 m s–1. An additional
important feature of this test platform is that fishes ascend through the flow volitionally as part of
their annual upstream migration, and not in response to laboratory prodding. Fishes use swimming
speeds much higher than those studied in the laboratory for much longer periods and adopt novel
behavioral strategies when faced with such severe locomotor challenges.44

Field studies of fishes navigating severe rapids and currents (up to 5 m s–1) also provide a great
deal of insight into the locomotor performance envelope, the energetic requirements for such intense
activity, and behavioral strategies that fishes employ when faced with severe natural obstacles.236,237

We know remarkably little about the routine locomotor behavioral repertoire in fishes, natural
locomotor budgets, and the habitats that fishes use when performing specific locomotor behaviors.

C. LOCOMOTOR ECOLOGY, BEHAVIOR, AND EVOLUTION

The study of locomotor ecology and behavior of fishes has enjoyed a renaissance recently, as the
experimental systems exemplified by Trinidad guppies and North American sticklebacks have been
developed to shed light on patterns of natural selection and the evolutionary response to predation. These
studies are part of a broader trend toward the experimental study of selection and evolution.19,83,209,210,221

Locomotor performance has clear variables (e.g., maximum acceleration, critical speed) that can be
quantified and tracked over generations. Escape responses are rapid and well-defined events, making
fish locomotion an excellent experimental system for the study of selection. Recent studies on guppy
locomotion in the context of population differentiation and selection include those pioneered by Reznick
and colleagues,45,104,197,200 while analyses of stickleback morphology and locomotor performance provide
a fascinating case study of recent population differentiation.16,92,170,192,224,225,240,243,245,265 The study of
intraspecific differentiation in locomotor function and its environmental and historical correlates will
continue to be an important avenue for future investigation.

A second significant new effort in fish locomotor ecology and behavior involves the study of
migratory patterns in large pelagic fishes such as tunas and sharks. The advent of pop-up tags with
information that can be downloaded via satellite is providing a wealth of new data on where fish
go, their long-term average speeds, and sites of reproduction.27–29,33,182 There is still much to learn
about the movements of fishes in the open ocean, and tracking and telemetry of behavioral and
physiological data will provide a wealth of new information over the next decade.

D. COMPUTATIONAL MODELING

Although experimental kinematic and hydrodynamic analyses of fish locomotion provide consid-
erable insight into the mechanisms by which propulsive forces are generated, these approaches are
limited to what can be practically measured in freely swimming fishes. For example, it will most
likely not be possible for many years to experimentally measure the pressure distribution on the
surface of fish fins at more than one or two locations simultaneously.

au: intraspe-
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The ability to directly calculate such pressures as a continuous function of fin surface area,
as well as wake properties and relevant lift, drag, and added mass forces, would be a tremendous
advantage in understanding not only the fundamental mechanisms of propulsion but also the
results of mathematical manipulations which enable alternative kinematic patterns and morphol-
ogies (including those not found in nature) to be analyzed. Such approaches are just now
becoming feasible as exemplified by the recent detailed work on anguilliform locomotion and
pectoral fin propulsion.180,181,187,206,302

E. ENERGETICS

Energetics studies of fish locomotion are hardly new and have played an important role in studies
of fish locomotion since the early work of Brett35–38 (also see15,86,110,111,157,158,275,285). But several
recent studies have made noteworthy contributions. Van den Thillart et al.254 and van Ginneken et
al.255 measured the energy cost of locomotion in European eels (Anguilla anguilla) “migrating” for
three months at 0.5 Ls–1 in their laboratory flow tank. They demonstrated that the energy cost of
locomotion was very low (37 mg O2 kg-1 h–1) and was met primarily via the mobilization of fat
stores. The amount of body fat present in their eels was more than sufficient to power migration
over the 6000-km distance between the spawning grounds and the European coast. 

The energetics costs of different gaits in fishes have only recently been addressed. Liao et al.173,174

showed that trout adopting the Karman gait in a vortex street are able to greatly reduce muscle
activity compared with freestream locomotion, suggesting that they achieve considerable energy
savings. Korsmeyer et al.157 studied parrotfish and triggerfish locomotor energetics as they transi-
tioned between pectoral and dorsal fin locomotion, respectively, and body and caudal fin oscillatory
propulsion. They concluded that median and paired fin locomotion is relatively efficient and that
use of the body incurs additional costs beyond what would be predicted based on the cost of
swimming with pectoral or dorsal fins at higher speeds.

In recent years, a wide diversity of papers have appeared on the locomotor physiology of tuna
and their relatives, with the result that a great deal is now known about the kinematics of swimming,
the physiology of tuna muscle fibers, and energetics costs of locomotion in tuna and related
scombrids.4,27,54–58,63,66,113–115,229,230 Indeed, our understanding of tuna physiology and the conver-
gences with lamnid sharks20–22,65 now exceeds that of most other fish groups.

Finally, the important issue raised by Webb285 concerning the energetics cost of maintaining
stability in fishes has yet to be fully addressed. Swimming at less than 1.0 Ls–1 appears to incur
elevated metabolic costs, perhaps due to the need to maintain body stability at these slow speeds.
This is certainly consistent with the large lateral forces generated by pectoral and dorsal fins
described earlier in this chapter. But a direct link between the generation of stabilizing hydrody-
namic forces with median and paired fins and increased costs of low-speed swimming has not yet
been established. Coordinated experimental hydrodynamic and energetic analyses of fish locomotor
gaits would be a valuable future direction for research.

F. LOCOMOTION IN MODEL FISH SYSTEMS

Zebrafish have become a model system for the study of vertebrate development, and future studies
of zebrafish locomotion will benefit greatly from the libraries of mutants that provide a diverse
array of morphologies and physiological functions.116,201 Interest in zebrafish locomotion is
already well established, with analyses of locomotor dynamics, muscle function, developing
sensory systems, and development of the skeleton and musculature, to cite just a few areas of
current interest.24,39–41,88,91,185,186,190,204,205,247,289 Other model fish systems, such as guppies and
sticklebacks, are developing into major research areas in developmental and evolutionary biology.
The potential for zebrafish to clarify issues in locomotor biomechanics and physiology remains
largely untapped.

2022_C001.fm  Page 34  Tuesday, June 7, 2005  3:25 PM



Locomotion 35

ACKNOWLEDGMENTS

Preparation of this chapter and the research reported herein were supported in part by grants from
the National Science Foundation (IBN-0316675) and the Office of Naval Research. I am extremely
grateful to all members of my laboratory over the years for numerous discussions and collaborations
that have been essential to the formulation of the ideas and experiments described in this chapter.

REFERENCES

1. Aleev, Y. G., Function and Gross Morphology in Fish. Keter Press, Jerusalem, 1969.
2. Aleev, Y. G., Nekton. Junk Publishers, The Hague, 1977.
3. Alexander, R. M., The orientation of muscle fibers in the myomeres of fishes. J. Mar. Biol. Ass. U.K.

49, 263–290, 1969.
4. Altringham, J. and Block, B., Why do tuna maintain elevated slow muscle temperatures? Power output

of muscle isolated from endothermic and ectothermic fish. J. Exp. Biol. 200, 2617–2627, 1997.
5. Altringham, J. D. and Johnston, I. A., Modelling muscle power output in a swimming fish. J. Exp.

Biol. 148, 395–402, 1990.
6. Altringham, J. D., Wardle, C. S., and Smith, C. I., Myotomal muscle function at different locations

in the body of a swimming fish. J. Exp. Biol. 182, 191–206, 1993.
7. Altringham, J. D., Fish swimming: patterns in muscle function. J. Exp. Biol. 202, 3397–3403, 1999.
8. Anderson, E. J., McGillis, W., and Grosenbaugh, M. A., The boundary layer of swimming fish. J.

Exp. Biol. 204, 81–102, 2001.
9. Arita, G. S., A re-examination of the functional morphology of the soft-rays in teleosts. Copeia 1971,

691–697, 1971.
10. Arnold, G. P., Webb, P. W., and Holford, B. H., The role of the pectoral fins in station-holding of

Atlantic salmon parr (Salmo salar L.). J. Exp. Biol. 156, 625–629, 1991.
11. Arreola, V. and Westneat, M. W., Mechanics of propulsion by multiple fins: kinematics of aquatic

locomotion in the burrfish (Chilomycterus schoepfi). Phil. Trans. R. Soc. Lond. B 263, 1689–1696,
1997.

12. Azizi, E., Gillis, G. B., and Brainerd, E., Morphology and mechanics of myosepts in a swimming
salamander (Siren lacertina). Comp. Biochem. Physiol. A 133, 967–978, 2002.

13. Bartol, I. K., Gordon, A. M., Gharib, M., Hove, J. R., Webb, P., and Weihs, D., Flow patterns around
the carapaces of rigid-bodied, multipropulsor boxfishes (Teleostei: Ostraciidae). Int. Comp. Biol. 42,
971–980, 2002.

14. Bartol, I. K., Gharib, M., Weihs, D., Webb, B., Hove, J. R., and Gordon, A. M., Hydrodynamic stability
of swimming in ostraciid fishes: role of the carapace in the smooth trunkfish Lactophrys triqueter
(Teleostei: Ostraciidae). J. Exp. Biol. 206, 725–744, 2003.

15. Beamish, F. W. H., Swimming capacity, in Fish Physiology, Hoar, W. S. and Randall, D. J., (Eds.),
Academic Press, New York, 101–187, 1978.

16. Bell, M. and Foster, S. A., (Eds), The Evolutionary Biology of the Three-spined Stickleback. Oxford
Univ. Press, Oxford, 1994.

17. Bellwood, D. R. and Fisher, R., Relative swimming speeds in reef fish larvae. Mar. Ecol. Prog. Ser.
211, 299–303, 2001.

18. Bellwood, D. R. and Wainwright, P. C., Locomotion in labrid fishes: implications for habitat use and
cross-shelf biogeography on the Great Barrier Reef. Coral Reefs 20, 139–150, 2001.

19. Bennett, A. F. and Lenski, R. E., Experimental evolution and its role in evolutionary physiology. Amer.
Zool. 39, 346–362, 1999.

20. Bernal, D., Dickson, K. A., Shadwick, R. E., and Graham, J. B., Review: Analysis of the evolutionary
convergence for high performance swimming in lamnid sharks and tunas. Comp. Biochem. Physiol.
A 129, 695–726, 2001.

21. Bernal, D., Sepulveda, C., and Graham, J. B., Water-tunnel studies of heat balance in swimming mako
sharks. J. Exp. Biol. 204, 4043–4054, 2001.

22. Bernal, D., Smith, D., Lopez, G., Weitz, D., Grimminger, T., Dickson, K. A., and Graham, J. B.,
Comparative studies of high performance swimming in sharks II. Metabolic biochemistry of locomotor
and myocardial muscle in endothermic and ectothermic sharks. J. Exp. Biol. 206, 2845–2857, 2003.

2022_C001.fm  Page 35  Tuesday, June 7, 2005  3:25 PM



36 The  Physiology of Fishes

23. Biewener, A. A. and Gillis, G. G., Dynamics of muscle function during locomotion: accommodating
variable conditions. J. Exp. Biol. 202, 3387–3396, 1999.

24. Bird, N. and Mabee, P., Developmental morphology of the axial skeleton of the zebrafish, Danio rerio
(Ostariophysi: Cyprinidae). Devel. Dynam. 228, 337–357, 2003.

25. Blake, R. W., The mechanics of labriform locomotion. I. Labriform locomotion in the angelfish
(Pterophyllum eimekei): an analysis of the power stroke. J. Exp. Biol. 82, 255–271, 1979.

26. Blake, R. W., Fish Locomotion. Cambridge Univ. Press, Cambridge, 1983.
27. Block, B. and Stevens, E. D., (Eds), Tuna: physiology, ecology, and evolution. Academic Press, San

Diego, 2001.
28. Block, B. A., Booth, D., and Carey, F. G., Direct measurement of swimming speeds and depth of blue

marlin. J. Exp. Biol. 166, 267–284, 1992.
29. Block, B. A., Dewar, H., Blackwell, S. B., Williams, T. D., Prince, E. D. et al., Migratory

movements, depth preferences, and thermal biology of Atlantic bluefin tuna. Science 293, 1310–1314,
2001.

30. Bone, Q., On the function of the two types of myotomal muscle fibre in elasmobranch fish. J. Mar.
Biol. Ass. U.K. 46, 321–349, 1966.

31. Bone, Q., Locomotor muscle, in Fish Physiology. Vol. VII. Locomotion, Hoar, W. S. and Randall, D. J.,
(Eds.), Academic Press, New York, 361–424, 1978.

32. Bone, Q., Kiceniuk, J., and Jones, D. R., On the role of the different fibre types in fish myotomes at
intermediate swimming speeds. Fish. Bull. 76, 691–699, 1978.

33. Boustany, A. M., Davis, S. F., P., P., Anderson, S. D., Le Boeuf, B. J., and Block, B. A., Satellite
tagging — Expanded niche for white sharks. Nature 415, 35–36, 2002.

34. Breder, C. M., The locomotion of fishes. Zoologica N. Y. 4, 159–256, 1926.
35. Brett, J. R., The energy required for swimming by young sockeye salmon with a comparison of the

drag force on a dead fish. Trans. Roy. Soc. Can. 27, 1637–1652, 1963.
36. Brett, J. R., The respiratory metabolism and swimming performance of young sockeye salmon. J.

Fish. Res. Bd. Can. 21, 1183–1226, 1964.
37. Brett, J. R. and Sutherland, D. B., Respiratory metabolism of pumpkinseed (Lepomis gibbosus) in

relation to swimming speed. J. Fish. Res. Bd. Can. 22, 405–409, 1965.
38. Brett, J. R., Energy expenditure of sockeye salmon, Oncorhynchus nerka, during sustained perfor-

mance. J. Fish. Res. Bd. Can. 30, 1799–1809, 1973.
39. Budick, S. and O’Malley, D. M., Locomotor repertoire of the larval zebrafish: swimming, turning and

prey capture. J. Exp. Biol. 203, 2565–2579, 2000.
40. Buss, R. R. and Drapeau, P., Physiological properties of zebrafish embryonic red and white muscle

fibers during early development. J. Neurophysiol. 84, 1545–1557, 2000.
41. Buss, R. R. and Drapeau, P., Activation of embryonic red and white muscle fibers during fictive

swimming in the developing zebrafish. J. Neurophysiol. 87, 1244–1251, 2002.
42. Castro-Santos, T. and Haro, A., Quantifying migratory delay: a new application of survival analysis

methods. Can. J. Fish. Aquat. Sci. 60, 986–996, 2003.
43. Castro-Santos, T., Quantifying the combined effects of attempt rate and swimming capacity on passage

through velocity barriers. Can. J. Fish. Aquatic Sci. 61, 1602–1615, 2004.
44. Castro-Santos, T. and Haro, A., Biomechanics and fisheries conservation, in Fish Biomechanics,

Shadwick, R. and Lauder, G. V., (Eds.), Academic Press, San Diego, in press.
45. Chappell, M. A. and Odell, J. P., Predation intensity does not cause microevolutionary change in

maximum speed or aerobic capacity in Trinidadian guppies (Poecilia reticulata Peters). Physiol.
Biochem. Zool. 77, 27–38, 2004.

46. Childress, S., Mechanics of Flying and Swimming. Cambridge Univ. Press, Cambridge, 1981.
47. Coughlin, D., Zhang, G., and Rome, L., Contraction dynamics and power production of pink muscle

of the scup (Stenotomus chrysops). J. Exp. Biol. 199, 2703–2712, 1996.
48. Coughlin, D., Aerobic muscle function during steady swimming in fish. Fish and Fisheries 3, 63–78,

2002.
49. Coughlin, D. J., Valdes, L., and Rome, L., Muscle length changes during swimming in scup: sonomi-

crometry verifies the anatomical high-speed cine technique. J. Exp. Biol. 199, 459–463, 1995.
50. Coughlin, D. J. and Rome, L. C., The roles of pink and red muscle in powering steady swimming in

scup, Stenotomus chrysops. Amer. Zool. 36, 666–677, 1996.

au: page 
numbers cor-
rect? 98 
pages?

au: can you 
update?

2022_C001.fm  Page 36  Tuesday, June 7, 2005  3:25 PM



Locomotion 37

51. Coughlin, D. J., Power production during steady swimming in largemouth bass and rainbow trout. J.
Exp. Biol. 203, 617–629, 2000.

52. Czuwala, P. J., Blanchette, C., Varga, S., Root, R. G., and Long, J. H., A mechanical model for the
rapid body flexures of fast-starting fish, in International Symposium of Unmanned Untethered
Submersible Technology, Autonomous Underwater Systems Institute, Lee, N.H., 415–426, 1999.

53. Davies, M., Johnston, I., and van de Wal, J., Muscle fibers in rostral and caudal myotomes of the
Atlantic cod (Gadus morhua L.) have different mechanical properties. Physiol. Zool. 68, 673–697,
1995.

54. Dewar, H. and Graham, J. B., Studies of tropical tuna swimming performance in a large water tunnel.
I. Energetics. J. Exp. Biol. 192, 13–31, 1994.

55. Dickson, K. A., Unique adaptations of the metabolic biochemistry of tunas and billfishes for life in
the pelagic environment. Env. Biol. Fish. 42, 65–97, 1995.

56. Dickson, K. A., Locomotor muscle of high performance fishes: what do comparisons of tunas with
ectothermic sister taxa reveal? Comp. Biochem. Physiol. A 113, 39–49, 1996.

57. Dickson, K. A., Johnson, N., Donley, J., Hoskinson, J., Hansen, M., and Tessier, J., Ontogenetic
changes in characteristics required for endothermy in juvenile black skipjack tuna (Euthynnus linea-
tus). J. Exp. Biol. 203, 3077–3087, 2000.

58. Dickson, K. A., Donley, J., Sepulveda, C., and Bhoopat, L., Effects of temperature on sustained
swimming performance and swimming kinematics of the chub mackerel Scomber japonicus. J. Exp.
Biol. 205, 969–980, 2002.

59. Domenici, P. and Blake, R. W., The effect of size on the kinematics and performance of angelfish
(Pterophyllum eimekei) escape responses. Can. J. Zool. 71, 2319–2326, 1993.

60. Domenici, P. and Batty, R. S., Escape manoeuvres of schooling Clupea harengus. J. Fish. Biol. 45,
97–110, 1994.

61. Domenici, P. and Blake, R. W., The kinematics and performance of fish fast-start swimming. J. Exp.
Biol. 200, 1165–1178, 1997.

62. Domenici, P., Standen, E. M., and Levine, R. P., Escape manoeuvres in the spiny dogfish (Squalus
acanthias). J Exp Biol 207, 2339–2349, 2004.

63. Donley, J. and Dickson, K. A., Swimming kinematics of juvenile Kawakawa tuna (Euthynnus affinis)
and chub mackerel (Scomber japonicus). J. Exp. Biol. 203, 3103–3116, 2000.

64. Donley, J. and Shadwick, R., Steady swimming muscle dynamics in the leopard shark Triakis semi-
fasciata. J. Exp. Biol. 206, 1117–1126, 2003.

65. Donley, J., Sepulveda, C., Konstantinidis, P., Gemballa, S., and Shadwick, R., Convergent evolution
in mechanical design of lamnid sharks and tunas. Nature 429, 61–65, 2004.

66. Dowis, H. J., Sepulveda, C., Graham, J. B., and Dickson, K. A., Swimming performance studies on
the eastern Pacific bonito Sarda chiliensis, a close relative of the tunas (Family Scombridae) II.
Kinematics. J. Exp. Biol. 206, 2749–2758, 2003.

67. Drucker, E. and Jensen, J., Pectoral fin locomotion in the striped surfperch. I. Kinematic effects of
swimming speed and body size. J. Exp. Biol. 199, 2235–2242, 1996.

68. Drucker, E. G., The use of gait transition speed in comparative studies of fish locomotion. Amer. Zool.
36, 555–566, 1996.

69. Drucker, E. G. and Jensen, J. S., Kinematic and electromyographic analysis of steady pectoral fin
swimming in the surfperches. J. Exp. Biol. 200, 1709–1723, 1997.

70. Drucker, E. G. and Lauder, G. V., Locomotor forces on a swimming fish: three-dimensional vortex
wake dynamics quantified using digital particle image velocimetry. J. Exp. Biol. 202, 2393–2412, 1999.

71. Drucker, E. G. and Lauder, G. V., A hydrodynamic analysis of fish swimming speed: wake structure
and locomotor force in slow and fast labriform swimmers. J. Exp. Biol. 203, 2379–2393, 2000.

72. Drucker, E. G. and Lauder, G. V., Wake dynamics and fluid forces of turning maneuvers in sunfish.
J. Exp. Biol. 204, 431–442, 2001.

73. Drucker, E. G. and Lauder, G. V., Locomotor function of the dorsal fin in teleost fishes: experimental
analysis of wake forces in sunfish. J. Exp. Biol. 204, 2943–2958, 2001.

74. Drucker, E. G. and Lauder, G. V., Experimental hydrodynamics of fish locomotion: functional insights
from wake visualization. Int. Comp. Biol. 42, 243–257, 2002.

75. Drucker, E. G. and Lauder, G. V., Wake dynamics and locomotor function in fishes: interpreting
evolutionary patterns in pectoral fin design. Int. Comp. Biol. 42, 997–1008, 2002.

2022_C001.fm  Page 37  Tuesday, June 7, 2005  3:25 PM



38 The  Physiology of Fishes

76. Drucker, E. G. and Lauder, G. V., Function of pectoral fins in rainbow trout: behavioral repertoire
and hydrodynamic forces. J. Exp. Biol. 206, 813–826, 2003.

77. Eaton, R. C., Neural Mechanisms of Startle Behavior. Plenum Press, New York, 1984.
78. Eaton, R. C., DiDomenico, R., and Nissanov, J., Flexible body dynamics of the goldfish C-start:

implications for reticulospinal command mechanisms. J. Neurosci. 8, 2758–2768, 1988.
79. Ellerby, D. J., Altringham, J. D., Williams, T., and Block, B. A., Slow muscle function of Pacific

bonito (Sarda chiliensis) during steady swimming. J. Exp. Biol. 203, 2001–2013, 2000.
80. Ellerby, D. J. and Altringham, J., Spatial variation in fast muscle function of the rainbow trout

Oncorhynchus mykiss during fast-starts and sprinting. J. Exp. Biol. 204, 2239–2250, 2001.
81. Ellerby, D. J., Spierts, I., and Altringham, J., Fast muscle function in the European eel (Anguilla

anguilla L.) during aquatic and terrestrial locomotion. J. Exp. Biol. 204, 2231–2238, 2001.
82. Enders, E. C., Boisclair, D., and Roy, A. G., The effect of turbulence on the cost of swimming for

juvenile Atlantic salmon (Salmo salar). Can. J. Fish. Aquatic Sci. 60, 1149–1160, 2003.
83. Endler, J., Natural Selection in the Wild. Princeton Univ. Press, Princeton, N.J., 1986.
84. Ferry, L. A. and Lauder, G. V., Heterocercal tail function in leopard sharks: a three-dimensional

kinematic analysis of two models. J. Exp. Biol. 199, 2253–2268, 1996.
85. Fincham, A. M. and Spedding, G. R., Low cost, high resolution DPIV for measurement of turbulent

fluid flow. Exp. Fluids 23, 449–462, 1997.
86. Freadman, M. A., Swimming energetics of striped bass, Morone saxatilis and bluefish, Pomatomus

saltatrix: gill ventilation and swimming metabolism. J. Exp. Biol. 83, 217–230, 1979.
87. Fricke, H. and Hissmann, K., Locomotion, fin coordination and body form of the living coelacanth

Latimeria chalumnae. Env. Biol. Fish. 34, 329–356, 1992.
88. Fuiman, L. A. and Webb, P. W., Ontogeny of routine swimming activity and performance in zebra

danios (Teleostei: Cyprinidae). Anim. Behav. 36, 250–261, 1988.
89. Fuiman, L. A., The interplay of ontogeny and scaling in the interactions of fish larvae and their

predators. J. Fish. Biol. 45, 55–79, 1996.
90. Fulton, C. J., Bellwood, D. R., and Wainwright, P. C., The relationship between swimming ability

and habitat use in wrasses (Labridae). Mar. Biol. 139, 25–33, 2001.
91. Gahtan, E., Sankrithi, N., Campos, J., and O’Malley, D., Evidence for a widespread brain stem escape

network in larval zebrafish. J. Neurophysiol. 87, 608–614, 2002.
92. Garenc, C., Silversides, F. G., and Guderley, H., Burst swimming and its enzymatic correlates in the

threespine stickleback (Gasterosteus aculeatus): full-sib heritabilities. Can. J. Zool. 76, 680–688,
1998.

93. Geerlink, P. J. and Videler, J., Joints and muscles of the dorsal fin of Tilapia nilotica L. (Fam.
Cichlidae). Neth. J. Zool. 24, 279–290, 1974.

94. Geerlink, P. J., Pectoral fin kinematics of Coris formosa (Teleostei: Labridae). Neth. J. Zool. 33, 515–531,
1983.

95. Geerlink, P. J., The role of pectoral fins in braking of mackerel and saithe. Neth. J. Zool. 37, 81–104,
1987.

96. Geerlink, P. J. and Videler, J., The relation between structure and bending properties of teleost fin
rays. Neth. J. Zool. 37, 59–80, 1987.

97. Gemballa, S. and Vogel, F., Spatial arrangement of white muscle fibers and myoseptal tendons in
fishes. Comp. Biochem. Physiol. 133, 1013–1037, 2002.

98. Gemballa, S., Ebmeyer, L., Hagen, K., Hannich, T., Hoja, K. et al., Evolutionary transformations of
mysoseptal tendons in gnathostomes. Proc. Roy. Soc. Lond. B 270, 1229–1235, 2003.

99. Gemballa, S. and Treiber, K., Cruising specialists and accelerators — are different types of fish
locomotion driven by differently structured myosepts? Zoology 106, 203–222, 2003.

100. Gemballa, S. and Röder, K., From head to tail: the myoseptal system in basal actinopterygians. J.
Morphol. 259, 155–171, 2004.

101. Geraudie, J. and Meunier, F. J., Elastoidin actinotrichia in coelacanth fins: a comparative study with
teleosts. Tissue and Cell 12, 637–645, 1980.

102. Geraudie, J. and Landis, W. J., The fine structure of the developing pelvic fin dermal skeleton in the
trout Salmo gairdneri. Amer. J. Anat. 163, 141–156, 1982.

103. Gerstner, C. L., Maneuverability of four species of coral-reef fish that differ in body and pectoral-fin
morphology. Can. J. Zool. 77, 1102–1110, 1999.

2022_C001.fm  Page 38  Tuesday, June 7, 2005  3:25 PM



Locomotion 39

104. Ghalambor, C., Walker, J. A., and Reznick, D., Multi-trait selection, adaptation, and constraints on
the evolution of burst swimming performance. Int. Comp. Biol. 43, 431–438, 2003.

105. Gibb, A., Jayne, B. C., and Lauder, G. V., Kinematics of pectoral fin locomotion in the bluegill sunfish
Lepomis macrochirus. J. Exp. Biol. 189, 133–161, 1994.

106. Gibb, A. C., Dickson, K. A., and Lauder, G. V., Tail kinematics of the chub mackerel Scomber
japonicus: testing the homocercal tail model of fish propulsion. J. Exp. Biol. 202, 2433–2447,
1999.

107. Gillis, G. B., Undulatory locomotion in elongate aquatic vertebrates: anguilliform swimming since
Sir. James Gray. Amer. Zool. 36, 656–665, 1996.

108. Gillis, G. B., Anguilliform locomotion in an elongate salamander (Siren intermedia): effects of speed
on axial undulatory movements. J. Exp. Biol. 200, 767–784, 1997.

109. Gillis, G. B., Environmental effects on undulatory locomotion in the American eel Anguilla rostrata:
kinematics in water and on land. J. Exp. Biol. 201, 949–961, 1998.

110. Goolish, E. M., Aerobic and anaerobic scaling in fish. Biol. Rev. Cam. Phil. Soc. 66, 33–56, 1991.
111. Gordon, M. S., Chin, H. G., and Vojkovich, M., Energetics of swimming in fishes using different

modes of locomotion. I. Labriform swimmers. Fish. Physiol. Biochem. 6, 341–352, 1989.
112. Gosline, W. A., Functional Morphology and Classification of Teleostean Fishes. Univ. of Hawaii

Press, Honolulu, 1971.
113. Graham, J. B. and Dickson, K. A., The evolution of thunniform locomotion and heat conservation in

scombrid fishes: new insights based on the morphology of Allothunnus fallai. Zool. J. Linn. Soc. Lond.
129, 419–466, 2000.

114. Graham, J. B. and Dickson, K. A., Anatomical and physiological specializations for endothermy, in
Tuna: physiology, ecology, and evolution, Block, B. and Stevens, E. D., (Eds.), Academic Press, San
Diego, 121–165, 2001.

115. Graham, J. B. and Dickson, K. A., Tuna comparative physiology. J Exp Biol 207, 4015–4024, 2004.
116. Granato, M., vanEeden, F. J. M., Schach, U., Trowe, T., Brand, M. et al., Genes controlling and

mediating locomotion behavior of the zebrafish embryo and larva. Development 123, 399–413, 1996.
117. Gray, J., Studies in animal locomotion. I. The movement of fish with special reference to the eel. J.

Exp. Biol. 10, 88–104, 1933.
118. Gray, J., The locomotion of fishes, in Essays in Marine Biology, Marshall, S. M. and Orr, A. P., (Eds.),

Oliver and Boyd, Edinburgh, 1–16, 1953.
119. Gray, J., Animal Locomotion. Weidenfeld and Nicolson, London, 1968.
120. Greene, C. W. and Greene, C. H., The skeletal musculature of the king salmon. Bull. U.S. Bureau

Fish. 33, 21–60, 1914.
121. Hale, M., The development of fast-start performance in fishes: escape kinematics of the Chinook

salmon (Oncorhynchus tsawytscha). Amer. Zool. 36, 695–709, 1996.
122. Hale, M., S- and C-start escape responses of the muskellunge (Esox masquinongy) require alternative

neuromotor mechanisms. J. Exp. Biol. 205, 2005–2016, 2002.
123. Hale, M., Long, J., McHenry, M. J., and Westneat, M., Evolution of behavior and neural control of

the fast-start escape response. Evolution 56, 993–1007, 2002.
124. Hanke, W. and Bleckmann, H., The hydrodynamic trails of Lepomis gibbosus (Centrarchidae),

Colomesus psittacus (Tetraodontidae) and Thysochromis ansorgii (Cichlidae) investigated with scan-
ning particle image velocimetry. J. Exp. Biol. 207, 1585–1596, 2004.

125. Haro, A., Castro-Santos, T., Noreika, J., and Odeh, M., Swimming performance of upstream migrant
fishes in open-channel flow: a new approach to predicting passage through velocity barriers. Can. J.
Fish. Aquatic Sci. 61, 1590–1601, 2004.

126. Harris, J. E., The role of the fins in the equilibrium of the swimming fish. I. Wind tunnel tests on a
model of Mustelus canis (Mitchell). J. Exp. Biol. 13, 476–493, 1936.

127. Harris, J. E., The mechanical significance of the position and movements of the paired fins in the
Teleostei. Pap. Tortugas Lab. 31, 173–189, 1937.

128. Harris, J. E., The role of the fins in the equilibrium of the swimming fish. II. The role of the pelvic
fins. J. Exp. Biol. 16, 32–47, 1938.

129. He, P. and Wardle, C. S., Tilting behavior of the Atlantic mackerel, Scomber scombrus, at low
swimming speeds. J. Fish. Biol. 29, 223–232, 1986.

130. Hertel, H., Structure, Form and Movement. Reinhold, New York, N.Y., 1966.

2022_C001.fm  Page 39  Tuesday, June 7, 2005  3:25 PM



40 The  Physiology of Fishes

131. Hoar, W. S. and Randall, D. J., (Eds), Fish Physiology. Vol. VII. Locomotion. Academic Press, New
York, 1978.

132. Hove, J. R., O’Bryan, L. M., Gordon, M. S., Webb, P. W., and Weihs, D., Boxfishes (Teleostei:
Ostraciidae) as a model system for fishes swimming with many fins: kinematics. J. Exp. Biol. 204,
1459–1471, 2001.

133. Hudson, R. C. L., On the function of the white muscle in teleosts at intermediate swimming speeds.
J. Exp. Biol. 58, 509–522, 1973.

134. Hunt von Herbing, I., Effects of temperature on larval fish swimming performance: the importance
of physics in biology. J. Fish. Biol. 61, 865–876, 2002.

135. Hunt von Herbing, I. and Keating, K., Temperature-induced changes in viscosity and its effects on
swimming speed in larval haddock, in The Big Fish Bang, Browman, H. I. and Skiftesvik, A., (Eds.),
Institute of Marine Research, Bergen, 23–34, 2003.

136. Hunter, J. R. and Zweifel, J. R., Swimming speed, tail beat frequency, tail beat amplitude, and size
in jack mackerel, Trachurus symmetricus, and other fishes. Fish. Bull. 69, 253–266, 1971.

137. Jayne, B. C. and Lauder, G. V., Red and white muscle activity and kinematics of the escape response
of the bluegill sunfish during swimming. J. Comp. Physiol. A. 173, 495–508, 1993.

138. Jayne, B. C. and Lauder, G. V., Comparative morphology of the myomeres and axial skeleton in four
genera of centrarchid fishes. J. Morphol. 220, 185–205, 1994.

139. Jayne, B. C. and Lauder, G. V., How swimming fish use slow and fast muscle fibers: implications for
models of vertebrate muscle recruitment. J. Comp. Physiol. A 175, 123–131, 1994.

140. Jayne, B. C. and Lauder, G. V., Speed effects on midline kinematics during steady undulatory
swimming of largemouth bass, Micropterus salmoides. J. Exp. Biol. 198, 585–602, 1995.

141. Jayne, B. C. and Lauder, G. V., Are muscle fibers within fish myotomes activated synchronously?
Patterns of recruitment within deep myomeric musculature during swimming in largemouth bass. J.
Exp. Biol. 198, 805–815, 1995.

142. Jayne, B. C. and Lauder, G. V., Red muscle motor patterns during steady swimming in largemouth
bass: effects of speed and correlations with axial kinematics. J. Exp. Biol. 198, 1575–1587, 1995.

143. Jayne, B. C. and Lauder, G. V., New data on axial locomotion in fishes: how speed affects diversity
of kinematics and motor patterns. Amer. Zool. 36, 642–655, 1996.

144. Jayne, B. C., Lozada, A., and Lauder, G. V., Function of the dorsal fin in bluegill sunfish: motor
patterns during four locomotor behaviors. J. Morphol. 228, 307–326, 1996.

145. Johnson, T. P., Syme, D. A., Jayne, B. C., Lauder, G. V., and Bennett, A. F., Modeling red muscle
power output during steady and unsteady swimming in largemouth bass (Micropterus salmoides).
Amer. J. Physiol. 267, R481–R488, 1994.

146. Johnston, I., (Ed.). Fish Physiology. Vol. 18. Muscle Development and Growth. Academic Press, San
Diego, 2001.

147. Johnston, I. A., Muscle action during locomotion: a comparative perspective. J. Exp. Biol. 160,
167–185, 1991.

148. Johnston, I. A., Franklin, C. E., and Johnson, T. P., Recruitment patterns and contractile properties of
fast muscle fibres isolated from rostral and caudal myotomes of the short-horned sculpin. J. Exp. Biol.
185, 251–265, 1993.

149. Johnston, I. A. and Temple, G. K., Thermal plasticity of skeletal muscle phenotype in ectothermic
vertebrates and its significance for locomotory behaviour. J. Exp. Biol. 205, 2305–2322, 2002.

150. Johnston, I. A., Abercromby, M., Vieira, V. L. A., Sigursteindottir, R. J., Kristjansson, B. K., Sibthorpe,
D., and Skulason, S., Rapid evolution of muscle fibre number in post-glacial populations of Arctic
charr Salvelinus alpinus. J. Exp. Biol. 207, 4343–4360, 2004.

151. Josephson, R. K., Mechanical power output from striated muscle during cyclic contraction. J. Exp.
Biol. 114, 493–512, 1985.

152. Katz, S. L., Shadwick, R. E., and Rapoport, H. S., Muscle strain histories in swimming milkfish in
steady and sprinting gaits. J. Exp. Biol. 202, 529–541, 1999.

153. Kemp, N. E. and Park, J. H., Regeneration of lepidotrichia and actinotrichia in the tailfin of the teleost
Tilapia mossambica. Devel. Biol. 22, 321–342, 1970.

154. Knower, T., Shadwick, R. E., Katz, S. L., Graham, J. B., and Wardle, C. S., Red muscle activation
patterns in yellowfin (Thunnus albacares) and skipjack (Katsuwonus pelamis) tunas during steady
swimming. J. Exp. Biol. 202, 2127–2138, 1999.

2022_C001.fm  Page 40  Tuesday, June 7, 2005  3:25 PM



Locomotion 41

155. Kocher, T. D. and Stepien, C. A., (Eds), Molecular Systematics of Fishes. Academic Press, San Diego,
1997.

156. Koob, T. J. and Long, J. H., The vertebrate body axis: evolution and mechanical function. Amer. Zool.
40, 1–18, 2000.

157. Korsmeyer, K., Steffensen, J., and Herskin, J., Energetics of median and paired fin swimming, body
and caudal fin swimming, and gait transition in parrotfish (Scarus schlegeli) and triggerfish (Rhine-
canthus aculeatus). J. Exp. Biol. 205, 1253–1263, 2002.

158. Korsmeyer, K. E. and Dewar, H., Tuna metabolism and energetics, in Tuna: physiology, ecology, and
evolution, Block, B. and Stevens, E. D., (Eds.), Academic Press, San Diego, 35–78, 2001.

159. Lanzing, W. J. R., The fine structure of fins and finrays of Tilapia mossambica (Peters). Cell Tissue
Res. 173, 349–356, 1976.

160. Lauder, G. V. and Liem, K. F., The evolution and interrelationships of the actinopterygian fishes. Bull.
Mus. Comp. Zool. Harvard 150, 95–197, 1983.

161. Lauder, G. V., Caudal fin locomotion in ray-finned fishes: historical and functional analyses. Amer.
Zool. 29, 85–102, 1989.

162. Lauder, G. V. and Jayne, B. C., Pectoral fin locomotion in fishes: testing drag-based models using
three-dimensional kinematics. Amer. Zool. 36, 567–581, 1996.

163. Lauder, G. V. and Long, J., (Eds), Symposium volume. Aquatic locomotion: new approaches to
invertebrate and vertebrate biomechanics. Amer. Zool. Vol. 36, 535–735, 1996.

164. Lauder, G. V., Function of the caudal fin during locomotion in fishes: kinematics, flow visualization,
and evolutionary patterns. Amer. Zool. 40, 101–122, 2000.

165. Lauder, G. V. and Drucker, E., Forces, fishes, and fluids: hydrodynamic mechanisms of aquatic
locomotion. News Physiol. Sci. 17, 235–240, 2002.

166. Lauder, G. V., Nauen, J., and Drucker, E. G., Experimental hydrodynamics and evolution: function
of median fins in ray-finned fishes. Int. Comp. Biol. 42, 1009–1017, 2002.

167. Lauder, G. V., Drucker, E. G., Nauen, J., and Wilga, C. D., Experimental hydrodynamics and evolution:
caudal fin locomotion in fishes, in Vertebrate Biomechanics and Evolution, Bels, V., Gasc, J.-P. and
Casinos, A., (Eds.), Bios Scientific Publishers, Oxford, 117–135, 2003.

168. Lauder, G. V. and Drucker, E. G., Morphology and experimental hydrodynamics of fish fin control
surfaces. IEEE J. Oceanic Eng. 29, 556–571, 2004.

169. Lauder, G. V. and Tytell, E. D., Three Gray classics on the biomechanics of animal movement. J.
Exp. Biol. 207, 1597–1599, 2004.

170. Lavin, P. A. and McPhail, J. D., Parapatric lake and stream sticklebacks on northern Vancouver
Island — disjunct distribution or parallel evolution. Can. J. Zool. 71, 11–17, 1993.

171. Liao, J., Swimming in needlefish (Belonidae): anguilliform locomotion with fins. J. Exp. Biol. 205,
2875–2884, 2002.

172. Liao, J., Beal, D. N., Lauder, G. V., and Triantafyllou, M. S., The Kármán gait: novel body kinematics
of rainbow trout swimming in a vortex street. J. Exp. Biol. 206, 1059–1073, 2003.

173. Liao, J., Beal, D. N., Lauder, G. V., and Triantafyllou, M. S., Fish exploiting vortices decrease muscle
activity. Science 302, 1566–1569, 2003.

174. Liao, J., Neuromuscular control of trout swimming in a vortex street: implications for energy economy
during the Karman gait. J. Exp. Biol. 207, 3495–3506, 2004.

175. Lighthill, J., Note on the swimming of slender fish. J. Fluid Mech. 9, 305–317, 1960.
176. Lighthill, J., Aquatic animal propulsion of high hydromechanical efficiency. J. Fluid Mech. 44,

265–301, 1970.
177. Lighthill, J., Large-amplitude elongated body theory of fish locomotion. Proc. Roy. Soc. Lond. B 179,

125–138, 1971.
178. Lighthill, M. J., Hydromechanics of aquatic animal propulsion: a survey. Ann. Rev. Fluid Mech. 1,

413–446, 1969.
179. Lindsey, C. C., Form, function, and locomotory habits in fish, in Fish Physiology. Vol. VII. Locomotion,

Hoar, W. S. and Randall, D. J., (Eds.), Academic Press, New York, 1–100, 1978.
180. Liu, H., Wassersug, R. J., and Kawachi, K., A computational fluid dynamics study of tadpole swim-

ming. J. Exp. Biol. 199, 1245–1260, 1996.
181. Liu, H., Computational biological fluid dynamics: digitizing and visualizing animal swimming and

flying. Int. Comp. Biol. 42, 1050–1059, 2002.

au: please 
check page 
numbers. 
103 pages?

au: pl. check 
page num-
bers. 200 
pages?

au: please 
double-
check

2022_C001.fm  Page 41  Tuesday, June 7, 2005  3:25 PM



42 The  Physiology of Fishes

182. Lutcavage, M. E., Brill, R. W., Skomal, G. B., Chase, B. C., Goldstein, J. L., and Tutein, J., Tracking
adult North Atlantic bluefin tuna (Thunnus thynnus) in the northwest Atlantic determined using
ultrasonic telemetry. Mar. Biol. 137, 347–358, 2000.

183. Magnuson, J. J., Hydrostatic equilibrium of Euthynnus affinis, a pelagic teleost without a gas bladder.
Copeia 1970, 56–85, 1970.

184. Magnuson, J. J., Locomotion by scombrid fishes: hydromechanics, morphology, and behavior, in Fish
Physiology. Vol. VII. Locomotion, Hoar, W. S. and Randall, D. J., (Eds.), Academic Press, New York,
239–313, 1978.

185. McCutchen, C. W., Froude propulsive efficiency of a small fish, measured by wake visualization, in
Scale Effects in Animal Locomotion, Pedley, T. J., (Ed.), Academic Press, London, 1977.

186. McHenry, M. J. and Lauder, G. V., Ontogeny of gliding performance in zebrafish (Danio rerio). J.
Exp. Biol. in press, 2005.

187. Mittal, R., Computational modeling in biohydrodynamics: trends, challenges, and recent advances.
IEEE J. Oceanic Eng. 29, 595–604, 2004.

188. Montes, G. S., Becerra, J., Toledo, O. M., Gordilho, M. A., and Junqueira, L. C., Fine structure and
histochemistry of the tail fin ray in teleosts. Histochemistry 75, 363–376, 1982.

189. Muller, U. K., Van den Heuvel, B., Stamhuis, E. J., and Videler, J. J., Fish foot prints: morphology
and energetics of the wake behind a continuously swimming mullet (Chelon labrosus Risso). J. Exp.
Biol. 200, 2893–2906, 1997.

190. Muller, U. K. and van Leeuwen, J. L., Swimming of larval zebrafish: ontogeny of body waves and
implications for locomotory development. J. Exp. Biol. 207, 853–868, 2004.

191. Müller, U. K., Stamhuis, E. J., and Videler, J. J., Hydrodynamics of unsteady fish swimming and the
effects of body size: comparing the flow fields of fish larvae and adults. J. Exp. Biol. 203, 193–206,
2000.

192. Nagel, L. and Schluter, D., Body size, natural selection, and speciation in sticklebacks. Evolution 52,
209–218, 1998.

193. Nauen, J. C. and Lauder, G. V., Locomotion in scombrid fishes: visualization of flow around the
caudal peduncle and finlets of the Chub mackerel Scomber japonicus. J. Exp. Biol. 204, 2251–2263,
2001.

194. Nauen, J. C. and Lauder, G. V., Quantification of the wake of rainbow trout (Oncorhynchus mykiss)
using three-dimensional stereoscopic digital particle image velocimetry. J. Exp. Biol. 205, 3271–3279,
2002.

195. Nauen, J. C. and Lauder, G. V., Hydrodynamics of caudal fin locomotion by chub mackerel, Scomber
japonicus (Scombridae). J. Exp. Biol. 205, 1709–1724, 2002.

196. Nelson, J. S., Fishes of the World, 3rd edition. John Wiley & Sons, New York, 1994.
197. Odell, J. P., Chappell, M. A., and Dickson, K. A., Morphological and enzymatic correlates of aerobic

and burst performance in different populations of Trinidadian guppies Poecilia reticulata. J. Exp. Biol.
206, 3707–3718, 2003.

198. Osse, J. and Drost, M., Hydrodynamics and mechanics of fish larvae. Pol. Archiv. Hydrobiol. 36,
455–465, 1989.

199. Osse, J. and Boogaart, J., Body size and swimming types in carp larvae; effects of being small. Neth.
J. Zool. 50, 233–244, 2000.

200. O’Steen, S. O., Cullum, A. J., and Bennett, A. F., Rapid evolution of escape ability in Trinidadian
guppies (Poecilia reticulata). Evolution 56, 776–784, 2002.

201. Patton, E. E. and Zon, L. I., The art and design of genetic screens: zebrafish. Nat. Rev. Genet. 2,
956–966, 2001.

202. Peake, S. and Farrell, A. P., Locomotory behaviour and post-exercise physiology in relation to
swimming speed, gait transition and metabolism in free-swimming smallmouth bass (Micropterus
dolomieu). J. Exp. Biol. 207, 1563–1575, 2004.

203. Pedley, T. J., (Ed.), Scale Effects in Animal Locomotion. Academic Press, London, 1977.
204. Plaut, I. and Gordon, M. S., Swimming metabolism of wild-type and cloned zebrafish Brachydanio

rerio. J. Exp. Biol. 194, 209–223, 1994.
205. Plaut, I., Effects of fin size on swimming performance, swimming behavior and routine activity of

zebrafish Danio rerio. J. Exp. Biol. 203, 813–820, 2000.

au: please 
double-
check

au: please 
update

2022_C001.fm  Page 42  Tuesday, June 7, 2005  3:25 PM



Locomotion 43

206. Ramamurti, R., Sandberg, W. C., Lohner, R., Walker, J. A., and Westneat, M., Fluid dynamics of
flapping aquatic flight in the bird wrasse: three-dimensional unsteady computations with fin defor-
mation. J. Exp. Biol. 205, 2997–3008, 2002.

207. Rayner, M. D. and Keenan, M. J., Role of red and white muscles in the swimming of skipjack tuna.
Nature 214, 392–393, 1967.

208. Reif, W. E. and Weishampel, D. B., Anatomy and mechanics of the lunate tail in lamnid sharks. Zool.
Jb. Anat. 114, 221–234, 1986.

209. Reznick, D. and Travis, J., The empirical study of adaptation in natural populations, in Adaptation,
Rose, M. R. and Lauder, G. V., (Eds.), Academic Press, San Diego, 243–289, 1996.

210. Reznick, D. N. and Endler, J. A., The impact of predation on life history evolution in Trinidadian
guppies (Poecilia reticulata). Evolution 36, 160–177, 1982.

211. Rome, L., Loughna, P. T., and Goldspink, G., Muscle fiber activity in carp as a function of swimming
speed and muscle temperature. Amer. J. Physiol. 247, R272–R279, 1984.

212. Rome, L., Loughna, P. T., and Goldspink, G., Temperature acclimation: improved sustained swimming
performance in carp at low temperatures. Science 228, 194–196, 1985.

213. Rome, L., The mechanical design of the fish muscular system, in Mechanics and Physiology of Animal
Swimming, Maddock, L., Bone, Q., and Rayner, J. M. V., (Eds.), Cambridge Univ. Press, Cambridge,
75–97, 1994.

214. Rome, L., Swank, D., and Coughlin, D., The influence of temperature on power production during
swimming. II. Mechanics of red muscle fibres in vivo. J. Exp. Biol. 203, 333–345, 2000.

215. Rome, L. and Swank, D., The influence of thermal acclimation on power production during
swimming. I. In vivo stimulation and length change pattern of scup red muscle. J. Exp. Biol. 204,
409–418, 2001.

216. Rome, L. C., Funke, R. P., Alexander, R. M., Lutz, G., Aldridge, H., Scott, F., and Freadman, M.,
Why animals have different muscle fibre types. Nature 335, 824–827, 1988.

217. Rome, L. C., Influence of temperature on muscle recruitment and muscle function in vivo. Amer. J.
Physiol. 259, R210–R222, 1990.

218. Rome, L. C., Funke, R. P., and Alexander, R. M., The influence of temperature on muscle velocity
and sustained performance. J. Exp. Biol. 154, 163–???, 1990.

219. Rome, L. C., Choi, I., Lutz, G., and Sosnicki, A., The influence of temperature on muscle function
in the fast-swimming scup. I. Shortening velocity and muscle recruitment during swimming. J. Exp.
Biol. 163, 259–279, 1992.

220. Rome, L. C., Swank, D., and Corda, D., How fish power swimming. Science 261, 340–343, 1993.
221. Rose, M. R., Nusbaum, T. J., and Chippindale, A. K., Laboratory evolution: the experimental won-

derland and the Cheshire cat syndrome, in Adaptation, Rose, M. R. and Lauder, G. V., (Eds.), Academic
Press, San Diego, 221–241, 1996.

222. Rosen, D. E., Teleostean interrelationships, morphological function, and evolutionary inference. Amer.
Zool. 22, 261–273, 1982.

223. Rosenberger, L. and Westneat, M. W., Functional morphology of undulatory pectoral fin locomo-
tion in the stingray Taeniura lymma (Chondrichthyes: Dasyatidae). J. Exp. Biol. 202, 3523–3539,
1999.

224. Schluter, D. and McPhail, J. D., Ecological character displacement and speciation in sticklebacks.
Amer. Nat. 140, 85–108, 1992.

225. Schluter, D., Adaptive radiation in sticklebacks: size, shape, and habitat use efficiency. Ecology 74,
699–709, 1993.

226. Schrank, A. J. and Webb, P. W., Do body and fin form affect the abilities of fish to stabilize swimming
during maneuvers through vertical and horizontal tubes? Env. Biol. Fish. 53, 365–371, 1998.

227. Schrank, A. J., Webb, P. W., and Mayberry, S., How do body and paired-fin positions affect the ability
of three teleost fishes to maneuver around bends? Can. J. Zool. 77, 203–210, 1999.

228. Schultz, W. W. and Webb, P. W., Power requirements for swimming: do new methods resolve old
questions? Int. Comp. Biol. 42, 1018–1025, 2002.

229. Sepulveda, C. and Dickson, K. A., Maximum sustainable speeds and cost of swimming in juvenile
Kawakawa tuna (Euthynnus affinis) and chub mackerel (Scomber japonicus). J. Exp. Biol. 203,
3089–3101, 2000.

au: correct?

au: please 
provide page 
number

2022_C001.fm  Page 43  Tuesday, June 7, 2005  3:25 PM



44 The  Physiology of Fishes

230. Sepulveda, C., Dickson, K. A., and Graham, J. B., Swimming performance studies on the eastern
Pacific bonito Sarda chiliensis, a close relative of the tunas (Family Scombridae) II. Energetics. J.
Exp. Biol. 206, 2739–2748, 2003.

231. Shadwick, R., Steffensen, J., Katz, S., and Knower, T., Muscle dynamics in fish during steady
swimming. Amer. Zool. 38, 755–770, 1998.

232. Shadwick, R. E., Katz, S. L., Korsmeyer, K. E., Knower, T., and Covell, J. W., Muscle dynamics in
skipjack tuna: timing of red muscle shortening in relation to activation and body curvature during
steady swimming. J. Exp. Biol. 202, 2139–2150, 1999.

233. Spierts, I. and Van Leeuwen, J., Kinematics and muscle dynamics of C- and S-starts of carp (Cyprinus
carpio L.). J. Exp. Biol. 202, 393–406, 1999.

234. Springer, V. G. and Johnson, G. D., Study of the dorsal gill-arch musculature of teleostome fishes,
with special reference to the Actinopterygii. Bull. Biol. Soc. Wash. 11, 1–260, 2004.

235. Stamhuis, E., Videler, J., van Duren, L. A., and Muller, M., Applying digital particle image velocimetry
to animal-generated flows: traps, hurdles, and cures in mapping steady and unsteady flows in Re
regimes between 10-2 and 105. Exp. Fluids 33, 801–813, 2002.

236. Standen, E. M., Hinch, S. G., Healey, M. C., and Farrell, A. P., Energetic costs of migration
through the Fraser River Canyon, British Columbia, in adult pink (Oncorhynchus gorbuscha) and
sockeye (O. nerka) salmon as assessed by EMG telemetry. Can. J. Fish. Aquatic Sci. 59,
1809–1818, 2002.

237. Standen, E. M., Hinch, S. G., and Rand, P. S., Influence of river speed on path selection by migrating
adult sockeye salmon (Oncorhynchus nerka). Can. J. Fish. Aquatic Sci. 61, 905–912, 2004.

238. Stiassny, M., Parenti, L., and Johnson, G. D., (Eds). Interrelationships of Fishes. Academic Press,
San Diego, 1996.

239. Sutterlin, A. M. and Waddy, S., Possible role of the posterior lateral line in obstacle entrainment by
Brook trout (Salvelinus fontinalis). J. Fish. Res. Bd. Can. 32, 2441–2446, 1975.

240. Swain, D. P., The functional basis of natural selection for vertebral traits of larvae in the stickleback
Gasterosteus aculeatus. Evolution 46, 987–997, 1992.

241. Swank, D. and Rome, L., The influence of thermal acclimation on power production during
swimming. II. Mechanics of scup red muscle under in vivo conditions. J. Exp. Biol. 204, 419–430,
2001.

242. Syme, D. A. and Shadwick, R., Effects of longitudinal body position and swimming speed on
mechanical power of deep red muscle from skipjack tuna (Katsuwonus pelamis). J. Exp. Biol. 205,
189–200, 2002.

243. Taylor, E. B. and McPhail, J. D., Prolonged and burst swimming in anadromous and freshwater
threespine stickleback, Gasterosteus aculeatus. Can. J. Zool. 64, 416–420, 1986.

244. Taylor, G. I., Analysis of the swimming of long and narrow animals. Proc. Roy. Soc. Lond. A 214,
158–183, 1952.

245. Thompson, C. E., Taylor, E. B., and McPhail, J. D., Parallel evolution of lake-stream pairs of threespine
sticklebacks (Gasterosteus) inferred from mitochondrial DNA variation. Evolution 51, 1955–1965,
1997.

246. Thomson, K. S., On the heterocercal tail in sharks. Paleobiology 2, 19–38, 1976.
247. Thorsen, D. H., Cassidy, J. J., and Hale, M. E., Swimming of larval zebrafish: fin-axis coordination

and implications for function and neural control. J. Exp. Biol. 207, 4175–4183, 2004.
248. Thys, T., Blank, J., and Schachat, F., Rostral-caudal variation in troponin T and parvalbumin

correlates with differences in relaxation rates of cod axial muscle. J. Exp. Biol. 201, 2993–3001,
1998.

249. Thys, T., Blank, J., Coughlin, D., and Schachat, F., Longitudinal variation in muscle protein
expression and contraction kinetics of largemouth bass axial muscle. J. Exp. Biol. 204, 4249–4257,
2001.

250. Tytell, E. D. and Lauder, G. V., Muscle activity patterns in the escape response of Polypterus senegalus:
variation during stage 1 and 2. J. Exp. Biol. 205, 2591–2603, 2002.

251. Tytell, E. D., The hydrodynamics of eel swimming II. Effect of swimming speed. J. Exp. Biol. 207,
3265–3279, 2004.

252. Tytell, E. D., Kinematics and hydrodynamics of linear acceleration in eels, Anguilla rostrata. Proc.
Roy. Soc. Lond. B 271, 2535–2540, 2004.

au: please 
check

2022_C001.fm  Page 44  Tuesday, June 7, 2005  3:25 PM



Locomotion 45

253. Tytell, E. D. and Lauder, G. V., The hydrodynamics of eel swimming. I. Wake structure. J. Exp. Biol.
207, 1825–1841, 2004.

254. van den Thillart, G., Van Ginneken, V., Korner, F., Heijmans, R., van der Linden, R., and Gluvers,
A., Endurance swimming of European eel. J. Fish. Biol. 65, 312–318, 2004.

255. Van Ginneken, V., Guido, E., and Thillart, V. d., Eel fat stores are enough to reach the Sargasso.
Nature 403, 156–157, 2000.

256. Van Leeuwen, J., A mechanical analysis of myomere shape in fish. J. Exp. Biol. 202, 3405–3414,
1999.

257. Van Leeuwen, J. L., Lankheet, M. J. M., Akster, H. A., and Osse, J. W. M., Function of red axial
muscles of carp (Cyprinus carpio): recruitment and power output during swimming in different modes.
J. Zool. Lond. 220, 123–145, 1990.

258. Videler, J., Stamhuis, E., Muller, U. K., and van Duren, L. A., The scaling and structure of aquatic
animal wakes. Int. Comp. Biol. 42, 988–996, 2002.

259. Videler, J. J., Fish Swimming. Chapman and Hall, New York, 1993.
260. Vogel, F. and Gemballa, S., Locomotory design of cyclostome fishes: spatial arrangement and archi-

tecture of myosepta and lamellae. Acta Zool. 81, 267–283, 2000.
261. Vogel, S., Life in Moving Fluids. The Physical Biology of Flow. 2nd Edition. Princeton Univ. Press,

Princeton, 1994.
262. Wainwright, P., Bellwood, D. R., and Westneat, M., Ecomorphology of locomotion in labrid fishes.

Env. Biol. Fish. 65, 47–62, 2002.
263. Wainwright, S. A., To bend a fish, in Fish Biomechanics, Webb, P. and Weihs, D., (Eds.), Praeger

Press, New York, 68–91, 1983.
264. Wakeling, J. M., Biomechanics of fast-start swimming in fish. Comp. Biochem. Physiol. 131, 31–40,

2001.
265. Walker, J. A., Ecological morphology of lacustrine threespine stickleback Gasterosteus aculeatus L.

(Gasterosteidae) body shape. Biol. J. Linn. Soc. 61, 3–50, 1997.
266. Walker, J. A. and Westneat, M. W., Labriform propulsion in fishes: kinematics of flapping aquatic

flight in the bird wrasse Gomphosus varius (Labridae). J. Exp. Biol. 200, 1549–1569, 1997.
267. Walker, J. A. and Westneat, M. W., Mechanical performance of aquatic rowing and flying. Proc. Roy.

Soc. Lond. B 267, 1875–1881, 2000.
268. Walker, J. A. and Westneat, M., Performance limits of labriform propulsion and correlates with fin

shape and motion. J. Exp. Biol. 205, 177–187, 2002.
269. Walker, J. A. and Westneat, M., Kinematics, dynamics, and energetics of rowing and flapping pro-

pulsion in fishes. Int. Comp. Biol. 42, 1032–1043, 2002.
270. Walker, J. A., Kinematics and performance of maneuvering control surfaces in teleost fishes. IEEE

J. Oceanic Eng. 29, 572–584, 2004.
271. Walker, J. A., Dynamics of pectoral fin rowing in a fish with an extreme rowing stroke: the threespine

stickleback (Gasterosteus aculeatus). J. Exp. Biol. 207, 1925–1939, 2004.
272. Wardle, C. S. and Videler, J. J., The timing of the electromyogram in the lateral myotomes of mackerel

and saithe at different swimming speeds. J. Fish. Biol. 42, 347–359, 1993.
273. Webb, J. F. and Shirey, J. E., Postembryonic development of the cranial lateral line canals and

neuromasts in zebrafish. Devel. Dynam. 228, 370–385, 2003.
274. Webb, P. W., Kinematics of pectoral fin propulsion in Cymatogaster aggregata. J. Exp. Biol. 59,

697–710, 1973.
275. Webb, P. W., Hydrodynamics and energetics of fish propulsion. Bull. Fish Res. Bd. Can. 190, 1–159,

1975.
276. Webb, P. W. and Weihs, D., Fish Biomechanics. Praeger Publishers, New York, 1983.
277. Webb, P. W. and Blake, R. W., Swimming, in Functional Vertebrate Morphology, Hildebrand, M.,

Bramble, D. M., Liem, K. F., and Wake, D. B., (Eds.), Harvard Univ. Press, Cambridge, M.A.,110–128,
1985.

278. Webb, P. W. and Weihs, D., Functional locomotor morphology of early life history stages of fishes.
Trans. Amer. Fish. Soc. 115, 115–127, 1986.

279. Webb, P. W., Station-holding by three species of benthic fishes. J. Exp. Biol. 145, 303–320, 1989.
280. Webb, P. W., Swimming, in The Physiology of Fishes, Evans, D. H., (Ed.), CRC Press, Boca Raton,

Florida, 47–73, 1993.

au: ok?

au: please 
check

2022_C001.fm  Page 45  Tuesday, June 7, 2005  3:25 PM



46 The  Physiology of Fishes

281. Webb, P. W., The biology of fish swimming, in Mechanics and Physiology of Animal Swimming,
Maddock, L., Bone, Q., and Rayner, J. M. V., (Eds.), Cambridge Univ. Press, Cambridge, 45–62, 1994.

282. Webb, P. W., Gerstner, C. L., and Minton, S., Station-holding by the mottled sculpin, Cottus bairdi
(Teleostei: Cottidae), and other fishes. Copeia 1996, 488–493, 1996.

283. Webb, P. W., Laliberte, G. D., and Schrank, A. J., Does body and fin form affect the maneuverability
of fish traversing vertical and horizontal slits? Env. Biol. Fish. 46, 7–14, 1996.

284. Webb, P. W., Entrainment by river chub Nocomis micropogon and smallmouth bass Micropterus
dolomieu on cylinders. J. Exp. Biol. 201, 2403–2412, 1998.

285. Webb, P. W., Swimming, in The Physiology of Fishes, 2nd Edition, Evans, D. H., (Ed.), CRC Press,
Boca Raton, Florida, 3–24, 1998.

286. Webb, P. W., Response latencies to postural disturbances in three species of teleostean fishes. J. Exp.
Biol. 207, 955–961, 2004.

287. Webb, P. W., Maneuverability — general issues. IEEE J. Oceanic Eng. 29, 547–555, 2004.
288. Weihs, D., The mechanism of rapid starting of slender fish. Biorheology 10, 343–350, 1973.
289. Westerfield, M., McMurray, J. V., and Eisen, J. S., Identified motoneurons and their innervation of

axial muscles in the zebrafish. J. Neurosci. 6, 2267–2277, 1986.
290. Westneat, M. and Wainwright, S. A., Mechanical design for swimming: muscle, tendon, and bone, in

Tuna: Physiology, Ecology, and Evolution, Block, B. and Stevens, E. D., (Eds.), Academic Press, San
Diego, 271–311, 2001.

291. Westneat, M., Thorsen, D. H., Walker, J. A., and Hale, M., Structure, function, and neural control of
pectoral fins in fishes. IEEE J. Oceanic Eng. 29, 674–683, 2004.

292. Westneat, M. W., Functional morphology of aquatic flight in fishes: kinematics, electromyography,
and mechanical modeling of labriform locomotion. Amer. Zool. 36, 582–598, 1996.

293. Westneat, M. W. and Walker, J. A., Motor patterns of labriform locomotion: kinematic and electromyo-
graphic analysis of pectoral fin swimming in the labrid fish Gomphosus varius. J. Exp. Biol. 200,
1881–1893, 1997.

294. Wilga, C. and Lauder, G. V., Biomechanics of locomotion in sharks, rays and chimeras, in Biology
of Sharks and Their Relatives, Carrier, J. C., Musick, J. A., and Heithaus, M. R., (Eds.), CRC Press,
Boca Raton, Florida, 139–164, 2004.

295. Wilga, C. D. and Lauder, G. V., Locomotion in sturgeon: function of the pectoral fins. J. Exp. Biol.
202, 2413–2432, 1999.

296. Wilga, C. D. and Lauder, G. V., Three-dimensional kinematics and wake structure of the pectoral fins
during locomotion in leopard sharks Triakis semifasciata. J. Exp. Biol. 203, 2261–2278, 2000.

297. Wilga, C. D. and Lauder, G. V., Functional morphology of the pectoral fins in bamboo sharks,
Chiloscyllium plagiosum: benthic versus pelagic station holding. J. Morphol. 249, 195–209, 2001.

298. Wilga, C. D. and Lauder, G. V., Function of the heterocercal tail in sharks: quantitative wake dynamics
during steady horizontal swimming and vertical maneuvering. J. Exp. Biol. 205, 2365–2374, 2002.

299. Wilga, C. D. and Lauder, G. V., Hydrodynamic function of the shark’s tail. Nature 430, 850, 2004.
300. Willert, C. E. and Gharib, M., Digital particle image velocimetry. Exp. Fluids 10, 181–193, 1991.
301. Winterbottom, R., A descriptive synonymy of the striated muscles of the Teleostei. Proc. Acad. Nat.

Sci. Phil. 125, 225–317, 1974.
302. Wolfgang, M. J., Anderson, J. M., Grosenbaugh, M., Yue, D., and Triantafyllou, M., Near-body flow

dynamics in swimming fish. J. Exp. Biol. 202, 2303–2327, 1999.
303. Wu, T., Brokaw, C. J., and Brennen, C., Swimming and Flying in Nature. Plenum, New York, 1975.

2022_C001.fm  Page 46  Tuesday, June 7, 2005  3:25 PM


