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FUNCTION: LOCOMOTORY MECHANISMS, MODES OF SWIMMING,
ANGUILLIFORM VERSUS CARANGIFORM SWIMMING,
UNDULATION VERSUS OSCILLATION,

THE FUNCTIONS OF FINS

General topics:

1. Forward progress versus directional control
2. Anguilliform locomotion

3. Subcarangiform locomotion

4. Carangiform locomotion

5. Thunniform locomotion

Ostraciiform locomotion

Swimming by means of fins
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Non-swimming locomotion
9. Directional control and the function of fins
10. Unpaired fins: dorsal, anal, and caudal

11. Paired fins: pectorals and pelvics



1. FORWARD PROGRESS VERSUS DIRECTIONAL CONTROL

Locomotion is usually thought of in terms of forces that give rise to forward progress, but
equally important is the control of forward progress, that is, the various forces that actually
determine where the animal will go. These two aspects of locomotion, forward progress and
directional control are obviously inseparable functions as far as the existence of a fish—or, for
that matter, almost any animal—is concerned, but for purposes of discussion, it’s convenient to
separate the two.

2. ANGUILLFORM LOCOMOTION

Almost all forward movement in fishes originates in the contraction of body musculature.
Sinusoidal undulation of the body—throwing the body into a series of successive S-shaped
curves—seems to be the basic or primitive mode of swimming in vertebrates. This notion is
supported by at least two independent lines of evidence:

1. Sideways undulation is used to varying degree by all the primitive living fishes, from
hagfishes and lampreys to many sharks and less-derived bony fishes such as the eels and
even salmon and trout.

2. Vertebrates are bilaterally symmetrical forms, with body segmentation developed
principally in the musculature and nervous system, suggesting a basic underlying
relationship to undulating locomotion.

Locomotion in an eel (or the larval stages of the herring, Clupea harengus, as shown here),
which greatly exaggerates the undulating mode of swimming, provides a good example.
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Anguilliform swimming by herring larva Clupea harengus, about 6.5 mm
long, with volk sac. Successive cinephotos (at 0.021 sec intervals) are displaced to the
right. Lower broken line represents a fixed position on background. Movements of snout
and tail tip indicated by dots. Position of wave crests shown by crosses and circles.
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As the eel moves forward, successive waves of muscular contraction pass backward along
alternate sides of the body. The moving body flexures press against the water behind them as
shown in the figure above. The lateral components of force on the two sides of the body cancel
each other out so that the resultant force is directed backward and the resulting movement is
forward.



To slow down or stop, the eel (or larval herring) can simply hold the curved body rigid. Water
then pushes against the anterior surface of each bend rather than the posterior surface. Backward
progression can be accomplished by passing the flexures along the body from tail to head.

This mode of swimming is called Anguilliform
locomotion, named after the true eels (Order
Anguilliformes), which demonstrate this kind of
locomotion so well. Anguilliform swimming involves
virtually the entire body length. The side to side amplitude
of the wave is relatively large along the body and increases
in size towards the tail. Because so much of the body
participates, there are increased drag and vortex (current) ANGUILLIFORM
forces associated with this type of swimming, making this a

relatively inefficient mode of locomotion. High speed is
impossible. Nevertheless, Anguilliform locomotion is an

obviously successful way to get around in water. Although .
considered to be primitive, it is found across many

unrelated and evolutionarily distant groups of fishes.

But it turns out that most fishes don’t swim this way—by far most are tail-waggers. Instead of
using more-or-less the entire body to push against the water and thereby propel themselves
forward, they rely on a much smaller part of the body. A smaller part of the body and tail
participates in sideways undulations, resulting in greatly reduced yaw (side to side movement) of
the head.

Forward movement of a tail-wagger or caudal swimmer appears totally different from that of
the eel, but in principle it is the same. The differences are due to the distribution of body bulk,
most of which is forward in a typical fish, and to the fact that the effect of contracting the body
muscles is concentrated in the tail region.



Throughout the evolutionary history of fishes there has been a gradual shift away from the
undulating type of locomotion found, for example, in hagfishes, lampreys, eels, and many
sharks, toward the caudal type of propulsion found in most bony fishes.

Gradation of swimming modes from (A) anguilliform, through (B) subcaran-
giform, and (C) carangiform, to (D) thunniform. The black silhouette (dorsal view) is
superimposed on successive positions one-half tail beat earlier (broken outline) and
one-half tail beat later (stippled). (A) Anguilla anguilla, 7 cm long, about 1.5 beats/sec.
(B) Gadus merlangus, 24 cm long, about 1.7 beats/sec. (C) Scomber scombrus, 40 ¢m
long, about 2.4 beatsisec. (D) Euthynnus affinis, fength unknown, perhaps about 40 cem,

about 2.4 beats/ser.

The basic advantage of caudal locomotion is that far greater speed can be attained than is

possible by undulation.

Caudal swimming is usually referred to as Carangiform locomotion, named after the jacks,
(bony fishes of the family Carangidae), which exemplify this mode of swimming especially well.
The extent to which this mode of swimming occurs in various fish taxa varies considerably and
at least four sub-categories are recognized: subcarangiform, carangiform, thunniform, and

ostraciiform.

3. SUBCARANGIFORM LOCOMOTION

In fishes that use subcarangiform locomotion, the
musculature of approximately two-thirds to one-half of the
body is involved in producing the propulsive wave
responsible for forward motion. In comparison with
anguilliform swimmers, side to side movement of the head
(yaw) is greatly reduced, but nevertheless, no one point on
the body moves constantly in, or parallel to, the direction
being traveled.
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Subcarangiform swimmers are a diverse group, including, for example, salmon and trout
(Salmonidae), minnows and carps (Cyprinidae), and cods (Gadidae). They typically have large
well-developed but flexible caudal fins that can be opened or shut to increase or reduce fin area
by as much as 10 percent during a single tail beat.

But, surprisingly, the caudal fin does not appear to be the major propulsive force during normal
forward swimming. Surgical amputation of the caudal fin has little adverse effect. Instead, the
large, well-developed caudal fin appears to have evolved in response to the need for rapid
acceleration, fast turning, and high-speed maneuverability.

4. CARANGIFORM LOCOMOTION

In this form of swimming, only the posterior part of the fish is capable of large flexure. Side to
side undulations are confined to the last third of the length of the body.

The caudal fin is stiff and often deeply forked, with
elongate upper and lower lobes. This fin design reduces the
amount of water that is displaced laterally and thereby
reduces turbulence and frictional drag, with no loss of
propulsive power.

To counteract yaw in the head region—which might l
otherwise result from such high amplitude flexures in the
posterior part of the body—two major evolutionary
developments have occurred: first, as bony fishes have
evolved they have become more laterally compressed and
deeper bodied (that is, there is a greater concentration of
body mass toward the anterior end of the fish), and the
median or unpaired fins (dorsal and anal) have become
stiffened by spines; and second, the depth of the caudal
peduncle has become greatly reduced. A narrow caudal
peduncle reduces the side to side movement of the water
and thereby reduces turbulence and drag, at the same time
increasing the frequency with which the tail can beat.

CARANGIFORM

Drag is further reduced by the development of keels on the side of the caudal peduncle, which
increase the hydrodynamic shape of the caudal peduncle and the ease with which it can pass
through the water.

Like the other modes of swimming, carangiform locomotion occurs in a broad array of fish taxa.
Examples include many of the herrings (Clupeidae), some characins (Characidae), the mackerels
(Scombridae), jacks (family Carangidae), and many more.



5. THUNNIFORM LOCOMOTION

Thunniform locomotion is carangiform locomotion developed to the extreme. It represents the
extreme end-point in an evolutionary trend toward greater speed in underwater locomotion
among fishes. Burst swimming speeds of greater than 20 meters per second have been recorded
in certain fishes that employ thunniform locomotion, and prolonged swimming speeds have been
observed in excess of 4 meters per second.

In thunniform swimmers, very little of the body

musculature is involved in providing forward progress. o S ]
Instead, thrust is generated almost exclusively by a high
(lunate), stiff, and deeply forked caudal fin mounted on an
extremely narrow caudal peduncle. This form of
swimming is found among several distinctly related groups, THUNNIFORM
but best exemplified by the tunas (suborder Scombroidei)
and the lamnid sharks (suborder Lamnoidei). It is also
found in many marine mammals (whales and dolphins) and
in the extinct marine reptiles (ichthosaurs).

Thunniform swimming by kawakawa Euthynnus affinis. Length unknown,
perhaps about 40 cm. Cinephoto intervals 0.06 sec.



6. OSTRACHFORM LOCOMOTION

Ostraciiform locomotion is restricted to those kinds of
fishes with bodies that are incapable of lateral flexure of
any kind. All propulsion comes from “wagging” the tail,
rather than by passing a wave of musculature contraction
down the length of the body. Ostraciiform swimmers vary
greatly in body shape. They are usually not streamlined and
tend to be slow swimmers. Not surprisingly, they tend to OSTRACIFORM
be fishes with bodies encased in armor, for example, the

box fishes (family Ostraciidae). But also included here are

the distantly related electric rays (Torpedinidae).
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Swimming by electric ray Torpedo nobiliana, approximating the ostraciiform
mode. Length about 150 ¢cm. Cinephoto intervals 0.5 sec.

7. SWIMMING BY MEANS OF PAIRED FINS OR UNPAIRED MEDIAN FINS

There are a wide variety of relatively unrelated
fishes that often swim without the use of body and
tail musculature at all. Instead, they propel
themselves by passing waves of movement down
their elongate dorsal and/or anal fins. This mode AMIIFORM

of swimming is sometimes called Tetraodontiform

locomotion. Typical among these are the bowfin Q2 B——1
(Amia calva), triggerfishes (Balistidae), filefishes

(Monacanthidae), puffers (Tetraodontidae), and GYMNOTIFORM

diverse kinds of fishes that are capable of producing
electric fields.

TETRAQDONTIFORM



Other fishes propel themselves by rapid undulation of the 3
pectoral fins (called Rajiform or Labriform locomotion), é
for example, the rays (Batiomorpha), sticklebacks (Gastero-

steidae), and the wrasses (Labridae).

LABRIFORM
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Lateral view of rajiform swimming by manta Mobula diabolis. Length un-
known. Successive cinephotos (at 0.64 sec intervals), of fish swimming from left to right,
are displaced upward. Vertical broken line represents a fixed position on background.

Still others, like the seahorses (Syngnathidae), use all their fins more-or-less at the same time,
dorsal, anal, and pectoral fins (pelvic and caudal fins are absent).

8. NON-SWIMMING LOCOMOTION

We usually think of fishes as animals that swim with body and fins, more-or-less free from the
bottom and other kinds of substrate, but it’s important to remember that many fishes spend much
or all of their time engaged in locomotory activities that do not involve swimming. Examples
include jet propulsion (water exhaled from the gill chambers, e.g., anglerfishes, order
Lophiiformes), terrestrial locomotion (fishes employing anguilliform motion over land, e.g.,
air-breathing catfishes, Clariidae; the climbing perch, Anabantidae; and mudskippers,
Periophthalmidae); walking on the bottom and burrowing (e.g., benthic anglerfishes,
Antennariidae, Chaunaciidae, and Ogcocephalidae; eels, Anguilliformes; and mudminnows,
Umbridae); and jumping (e.g., the basking shark, Ceforhinus; tarpon and their allies, Elopidae),
gliding (e.g., the flying fishes, Exocoetidae), and flying (e.g., the freshwater hatchetfishes,
Gasteropelecidae; the freshwater butterflyfish, Pantodon buchholzi).
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UNDULATION OSCILLATION

Modes of forward swimming in fish, arranged along the vertical axis according
to the propulsive contributions of body and fins (indicated by density of shading), and
along the horizontal axis according to a scale running from serpentine undulation (more
than one wavelength present) to oscillation (a rigid wigwag or fanlike motion). Species
illustrated are: (A) Anguilla anguilla, (B) Squalus acanthias, (C) Gadus morhua, (D)
Salmo gairdneri, (E) Caranx hippos, (F) Clupea harengus, (G) Isurus glaucus, (H)
Thunnus albacares, (I) Ostracion tuberculatum, (J) Amia calva, (K) Gymnotus carapo,
(L) Balistes capriscus, (M) Lagocephalus laevigatus, (N) Raja undulata, (O) Diodon
holocanthus, and (P) Cymatogaster aggregata.



9. DIRECTIONAL CONTROL AND THE FUNCTION OF FINS

The fins of fishes function primarily to control the direction of forward progress. Fins seem
to be just about the fishiest of fish characteristics. No fish is completely without fins, but there
are numerous examples of taxa in which pectoral and/or pelvic fins are absent (mostly eel or eel-
like burrowing forms) and in which dorsal and anal fins are greatly reduced to the extent that they
are essentially functionless.

Examples of nearly fin-less fishes include hagfishes (Myxinidae) and lampreys

(Petromyzontidae), a few groups of true eels (e.g., spaghetti eels, Moringuidae; some morays,
Muraenidae) and some swamp eels (family Synbranchidae):

Family Myxinidae, hagfishes Family Moringuidae, spaghetti eels

Although they often serve other functions, fish fins are basically concerned with locomotion and
as such they play a number of roles:

1. They often aid in forward movement

2. They guide the course of forward movement

3. They provide a system of brakes and/or a mechanism for backing up
Among bony fishes, increasing functional efficiency and specialization of the individual fins
seem to have been one of the major evolutionary themes.
Aslong as a fish moves only by undulation (e.g., an eel), the various requirements of locomotion

are distributed along the entire length of the body and there is little or no differentiation of the
fins.
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