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FORM AND FUNCTION: GASBLADDER EVOLUTION AND STRUCTURE;
SWIMBLADDERS AND BUOYANCY, RESPIRATION
AND SOUND PRODUCTION

General topics:

1. Lungs versus swimbladders

2. Evolutionary history of gasbladders

3. Gasbladders as hydrostatic organs

4. Structure of swimbladders

5. Biological significance of neutral buoyancy
6. Gasbladders as respiratory organs

7. The role of gasbladders in sound production

8. Bio-acoustic studies on reef fishes



1. LUNGS VERSUS SWIMBLADDERS

Practically all living vertebrates have a gas-filled organ lying somewhere among the viscera of
the trunk region. Living jawless fishes (lampreys and hagfishes), sharks, rays, and chimaeras, a
few bony fishes, and one family of salamanders do not, and most available evidence indicates
that they never did (but see p. 3, below). This means that gasbladders most probably evolved
within a lineage that give rise to the Teleostomi, that is, the Actinopterygii (bony fishes) and
Sarcopterygii (coelacanths, lungfishes, and all terrestrial vertebrates).
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Phylogenetic relationships of jawed vertebrates indicating the most likely point of origin of gasbladders: 1.
Polypteriformes, 2. Acipenseriformes, 3. Lepisosteiformes, 4. Amiiformes,
5. Teleostei, 6. Crossopterygii, 7. Dipnoi, 8. Tetrapoda.

There are two kinds of gas-filled structures:

1. Lungs Tetrapods
Sturgeon
2. Swimbladders and many.

- Teleosts

Although homologous, i.e., they share an identical evolutionary origin, they perform very
different functions: lungs are used for respiration while swimbladders function to provide
buoyancy. Both arise developmentally as out-pouchings of the embryonic foregut, but beyond
that they differ considerably in anatomical details. One of the most significant anatomical
differences between the two is that lungs arise from the ventral margin of the foregut, while
swimbladders emerge from the dorsal margin. '



2.  EVOLUTIONARY HISTORY OF GASBLADDERS

Evidence supports the notion that lungs evolved earlier than swimbladders despite the fact that
swimbladders are best developed in fishes while lungs are best developed in tetrapods.

Two kinds of evidence:

Phylogenetic evidence: some surviving fishes that have functional lungs are not closely related
to early tetrapods, but come from extremely ancient lineages. Examples include the bichir (genus
Polypterus), gars (Lepisosteus), and the bowfin (4mia); all have functional lungs used for aerial
respiration.

Anatomical evidence: certain morphological details of the gas bladders of primitive living
fishes, such as sturgeons, paddlefishes, gars, and the bowfin, are very much like those of lungs of
certain tetrapods; e.g., they have alveoli resembling those found in the lungs of amphibians.

Lepisosteus
and Amia

A few paleontologists, €.g., Robert H. Denison, would like to believe there’s fossil evidence as
well. Remains of the extinct placoderm genus Bothriolepis, dating from about 380 million
years ago, appear to have had paired sacs or pouches that extended posteriorly but opened
anteriorly into the pharynx; an important detail is that these pouches seem to arise from the
ventral margin of the foregut just like modern lungs. Denison argues that these structures
represent the earliest known lung, no doubt capable of retaining air gulped in through the mouth.
But this idea has not received widespread acceptance, although no one has yet come up with an
alternative interpretation of these structures.
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Bothriolepis canadensis. Restoration in lateral view.
In any case, despite the fact that lungs are most characteristic of tetrapods, lungs did not appear

on the scene with tetrapods—they are phylogenetically much older and probably originated
within early teleostome vertebrates.



Let's now take a closer look at the evolutionary history of gasbladders in all the major groups
of living vertebrates and trace the pattern of change with time.
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In this diagram, lungs and swimbladders are superimposed on a phylogeny of vertebrates. Most
evidence indicates that lungs evolved early in vertebrate history: perhaps they were present in
the earliest vertebrates (jawless forms); perhaps they were present in at least some, now extinct
placoderms (e.g., genus Bothriolepis, fossils of which date back to approximately 380 million
years before present); perhaps they originated in early gnathostomes and were later lost in the
lineage leading to sharks and their allies (Chondrichthyes). But most evidence indicates a
telestome origin. The subsequent evolutionary history of lungs is characterized by two
independent (non-homologous) modifications of lungs to form swimbladders in sturgeons
(Chondrostei) and teleosts. Lungs are retained and elaborated in the single living
crossopterygian (coelacanth) genus Latimeria, in lungfishes and in tetrapods. The notion that
swimbladders evolved independently in sturgeons and teleosts is based in part on anatomical
differences: the swimbladder of sturgeons originates from the stomach, while in primitive
teleosts the swimbladder develops from the esophagus.



3. GASBLADDERS AS HYDROSTATIC ORGANS
The primary function of gasbladders in the vast majority of living fishes is to provide neutral
buoyancy by serving as hydrostatic organs. When gasbladders function as hydrostatic organs,
they are called swimbladders.
The hydrostatic function of the swimbladder depends on its ability to:

1. Maintain a gas-filled space inside the body cavity of the fish

2. Vary the volume of gas in response to changing hydrostatic demands

The problems connected with these two functions are tremendous when you realize what
enormous pressures can be created and maintained inside the swimbladder of a fish.

Most natural water, as well as the arterial blood of fishes, has a partial pressure of oxygen of
about 0.2 atmospheres and a partial pressure of nitrogen of about 0.8 atmospheres. But, inside
the swimbladder these partial pressures may be 100 atmospheres and 20 atmospheres,
respectively.

Water Arterial blood Swimbladder
Partial pressure of Oxygen 0.2 atm 0.2 atm 100 atm
Partial pressure of Nitrogen 0.8 atm 0.8 atm 20 atm

There is even some evidence that swimbladders of certain deep-sea fishes are able to create and
maintain pressures as great as 200 atmospheres. The ability of the swimbladder to concentrate
these gases some 500 times in the case of oxygen and 25 times in the case of nitrogen is a unique
property of this organ

4. THE STRUCTURE OF SWIMBLADDERS

As hydrostatic organs, gasbladders are called swimbladders and come in two kinds:
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Physostomous swimbladders are connected to the foregut by a duct called the pneumatic duct.
Inflation often requires swallowing air at the surface and forcing it back into the bladder by way
of the pneumatic duct; deflation usually requires a release of air directly into the water by way
of the mouth (belching). But some fishes with this open type of swimbladder have an elaborate
system of blood vessels that function to force gases into the swimbladder via a gas gland and
remove gases by diffusion via the pneumatic duct. This type of swimbladder is characteristic of
sturgeons and primitive teleosts. Species that have this kind of a swimbladder are called
physostomes.
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Swimbladder of a physostomous fish, showing the relationships of the
gas gland, and the resorptive area on the pneumatic duct.

Physoclistous swimbladders are completely closed, separated from the gut through loss of the
pneumatic duct. The volume of gas inside the bladder is increased and decreased entirely
through secretion or resorption of gases from or to the blood. This type of swimbladder is
found only in derived teleosts. Species that have this kind of a swimbladder are called
physoclists.
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Swimbladder of a physoclistous fish, showing relationships of the gas gland and resorptive area.



Assuming that the goal is neutral buoyancy, most physostomes intending to swim at a certain
depth have to gulp sufficient air from the surface to attain neutral buoyancy at that depth and then
swim down to that depth; the fish is positively buoyant throughout the descent. Every adjustment
to an increased depth (again assuming neutral buoyancy is the goal) requires a visit to the surface
for another gulp of air. Every adjustment to a decrease in depth requires a release of gas directly
into the water from the mouth. In physoclists, without pneumatic ducts, things are a bit more

complex:

secretion or resorption of gases from or to the blood.

the volume of gas inside the bladder is increased or decreased entirely through

The physostomous condition is certainly the more primitive condition; the physoclistous
condition is clearly derived. The distribution of the two kinds of swimbladders among the major

groups of living teleosts is as follows:

Lophiiformes

Gobiesociformes

PARACANTHOPTERYGIH

(Botrochoidiforme9

;. =
G’erciform denvctives)

AQANTHOPTERYGII
Perciformes

CBeryciform derivatives

Beryciformey

}
/

Percopsiformes
J/
- N

Q\THER!NOMORPHAD

{ Anguilliformes )

% /i
? (' Ctenothrissiformes
: Neoscopelid-like

(fish (e.g., Sardinioides)

(Noioconthiformeg

ELOPOMORPHA

‘ Myct i
PROTACANTHOPTERYGII

Gonorynchiformes

Elopiformes

@s?eoglossifcrmea\

£~

OSTEOGLOSSOMORPHA
e )

_{ OSTARIOPHYSI

Ichthyo&ecfidoe
@LUPEOMORPH@\Q— )
T

Presumed Jurassic
Protoelopoid

Division | ™.

.. Division Il

Division Il

Pholidophoroid
holosteans

Diagram showing our conception of the evolutionary relationships of the principal

groups of teleostean fishes. Uncertain
mark.

relationships are shown by a broken line and question

7

Physoclists

Physostomes



5. THE BIOLOGICAL SIGNIFICANCE OF NEUTRAL BUOYANCY

A swimbladder serving as a hydrostatic organ provides neutral buoyancy, thus enabling the
fish to save energy in two ways:

1. The fish is able to remain motionless in mid-water—without neutral buoyancy the fish
would have to swim continuously to either counteract gravity or the tendency to float
up toward the surface.

2. A fish with neutral buoyancy requires much less power to swim horizontally at a given
speed than does a similar fish with negative or positive buoyancy.

6. GASBLADDERS AS RESPIRATORY ORGANS

Although hydrostasis is the primary function of gas-filled organs in the vast majority of modern-
day bony fishes, these structures often perform several additional functions:

Respiration function: in some species gasbladders have retained or have secondarily acquired a
respiratory function; i.e., they use their gas bladders as a lung.

A phylogenetically diverse array of fishes breathe air through their gasbladder. This trait has
evolved and been lost numerous times throughout the evolutionary history of fishes. Obviously,
air-breathing through the use of a gasbladder is restricted to those fishes that have retained a
connection between the esophagus and the bladder (physostomes). Functional lungs are
therefore found among relatively primitive fishes. There are many examples among pre-teleosts
and sarcopterygian fishes: the bichirs (Polypteridae), the gars (Lepisosteidae), the bowfin
(Amiidae), and the lungfishes (Dipnoi).

Family POLYPTERIDAE—bichirs. Freshwater; Africa.

Family LEPISOSTEIDAE—gars. Freshwater, occasionally brackish, very rarely in ma-
rine water; eastern North America, Central America (south to Costa Rica), and Cuba.
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Family AMIIDAE—bowfin. Freshwater; eastern North America.

Family PROTOPTERIDAE—African lungfishes. Freshwater; Africa.

Air breathing though the use of the swimbladder is also evident in a diverse assemblage of
primitive teleosts, for example, the bony tongue fishes (Osteoglossoidei), the tarpons
(Megalopidae), and the trahiras (Erythrinidae).

Family OSTEOGLOSSIDAE—osteoglossids or bonytongues.  Freshwater; circumtropi-
cal, South America, Africa, and Southeast Asia 1o northern Australia.

Family MEGALOPIDAE—tarpons. Mainly marine (enters freshwater); tropical and
subtropical oceans.

Family ERYTHRINIDAE—trahiras. Freshwater; South America.



7. THE ROLE OF GASBLADDERS IN SOUND PRODUCTION

Hearing is the most effective mechanism for long-range communication under water. Pressure
waves are very effectively propagated in water and this form of acoustic energy is the most
rapid and most effective means of long-range interactions between fishes. It seems that all fishes
have the capability of receiving acoustical stimuli.

Underwater sounds are made by fishes in a host of different ways, but most all can be categorized
in one of two ways:

1. Stridulatory mechanisms

2. Swimbladder mechanisms
Stridulatory sounds are produced by friction of teeth, fin spines, or various bones rubbing or
grinding against each other or similar hard parts of the head or body. Fishes well known for

grinding their pharyngeal teeth include the grunts (Pomadasyidae), the gouramies
(Anabantoidei), and the puffers (Tetraodontiformes).

Family HAEMULIDAE (Pomadasyidae)—grunts. Marine (many in brackish water,
rarely in freshwater); Atlantic, Indian, and Pacific.

Family TETRAODONTIDAE—puffers. Marine with several entering and occurring in
brackish and freshwater; tropical and subtropical; Atlantic, Indian, and Pacific.
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Other stridulators well equipped with special fin rays and spines designed to make sounds
include many of the catfishes (Siluroidei), the sticklebacks (Gasterosteioidei), and triggerfishes

(Balistidae).
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Right cleithrum and pectoral spine of a sea catfish (family Ariidae) showing
roughened flange with which stridulatory sounds are made.

Family ARIIDAE (Tachysuridae)—sea catfishes. Mainly marine; tropical and sub-
tropical.
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Swimbladder sound-producing mechanisms generally fall into two categories:

1. Indirectly the swimbladder acts as a resonator to change the quality of the sound emitted
by some other organ. For example, stridulation of pharyngeal teeth or moving the bones
of the pectoral girdle may set up vibrations that are picked up by the swimbladder and
amplified.

2. In a direct way, swimbladders are used to produce underwater sounds either by pushing
gas from the bladder out through the mouth (belching) or by contraction of either the
muscular wall of the bladder itself or of specialized muscles that cause the bladder to
resonate (drumming); the sound vibrations are then passed out through the body tissues.

Belches are produced by gas expulsion from the swimbladder by way of the pneumatic duct.
Obviously this ability is limited to physostomous fishes, i.e., relatively primitive bony fishes like
eels, catfishes, and characins.

Swimbladders can be used as drums in a number of ways: either by (1) beating the pectoral fins
against the side of the body, (2) beating the opercular apparatus against the body wall where it
covers the swimbladder, or (3) through use of sonic muscles.

In drums and croakers (family Sciaenidae) there are muscles that originate in the lateral body
musculature and insert on the swimbladder. Rapid contractions of these muscles—called
Extrinsic Sonic Muscles—causes them to beat against the sides of the swimbladder. The
vibrations take place in short bursts producing drum-like beats or knocking sounds. Very similar
situations are found in some catfishes (Siluroidei), squirrelfishes (Holocentridae), brotulids,
macrourids, and many deep-sea taxa.

In some fishes, the sonic muscles both originate from and insert on the walls of the
swimbladder— called Intrinsic Sonic Muscles. In these forms (for example, some toadfishes,
genus Opsanus, and sea robins, family Triglidae), the bladder can be dissected out and can
function as a sound producing mechanism all by itself just by stimulating the nerves that

innervate the sonic muscles.
Opsanus Batrachoididae
tau OYSTER TOADFISH 38 cm. (15 in.)

It is found in shallow waters along the e.
seaboard of N. America from Cape Cod to
Cuba, occasionally straying as far N. as Maine.
It is commonest on sandy or muddy bottoms,
hiding amongst eel grass. It eats a wide variety
of invertebrate animals and many small fishes.
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They have considerable noise-producing
ability and grunt loudly if handled and at
. night naturally. They spawn in summer, the
Swimbladder of a toadfish of the genus Opsanus, 1argge cggs (5 fnm my df;mmr) being laid in
showing intrinsic sonic muscles along outer edges. cavities under stones, in old tin cans, or dis-
carded shoes. The male guards the nest for
the 3 weeks of incubation. The skin is scaleless
and covered with thick mucus.
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