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Foreword

Earth is teeming with life. No one knows exactly how many
distinct organisms inhabit our planet, but more than 5 mil-
lion different species of animals and plants could exist, rang-
ing from microscopic algae and bacteria to gigantic elephants,
redwood trees and blue whales. Yet, throughout this won-
derful tapestry of living creatures, there runs a single thread:
Deoxyribonucleic acid or DNA. The existence of DNA, an
elegant, twisted organic molecule that is the building block
of all life, is perhaps the best evidence that all living organ-
isms on this planet share a common ancestry. Our ancient
connection to the living world may drive our curiosity, and
perhaps also explain our seemingly insatiable desire for in-
formation about animals and nature. Noted zoologist, E.O.
Wilson, recently coined the term “biophilia” to describe this
phenomenon. The term is derived from the Greek bios mean-
ing “life” and philos meaning “love.” Wilson argues that we
are human because of our innate affinity to and interest in the
other organisms with which we share our planet. They are,
as he says, “the matrix in which the human mind originated
and is permanently rooted.” To put it simply and metaphor-
ically, our love for nature flows in our blood and is deeply en-
grained in both our psyche and cultural traditions.

Our own personal awakenings to the natural world are as
diverse as humanity itself. I spent my early childhood in rural
Iowa where nature was an integral part of my life. My father
and I spent many hours collecting, identifying and studying
local insects, amphibians and reptiles. These experiences had
a significant impact on my early intellectual and even spiri-
tual development. One event I can recall most vividly. I had
collected a cocoon in a field near my home in early spring.
The large, silky capsule was attached to a stick. I brought the
cocoon back to my room and placed it in a jar on top of my
dresser. I remember waking one morning and, there, perched
on the tip of the stick was a large moth, slowly moving its
delicate, light green wings in the early morning sunlight. It
took my breath away. To my inexperienced eyes, it was one
of the most beautiful things I had ever seen. I knew it was a
moth, but did not know which species. Upon closer exami-
nation, I noticed two moon-like markings on the wings and
also noted that the wings had long “tails”, much like the ubiq-
uitous tiger swallow-tail butterflies that visited the lilac bush
in our backyard. Not wanting to suffer my ignorance any
longer, I reached immediately for my Golden Guide to North
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American Insects and searched through the section on moths
and butterflies. It was a luna moth! My heart was pounding
with the excitement of new knowledge as I ran to share the
discovery with my parents.

I consider myself very fortunate to have made a living as
a professional biologist and conservationist for the past 20
years. I've traveled to over 30 countries and six continents to
study and photograph wildlife or to attend related conferences
and meetings. Yet, each time I encounter a new and unusual
animal or habitat my heart still races with the same excite-
ment of my youth. If this is biophilia, then I certainly possess
it, and it is my hope that others will experience it too. I am
therefore extremely proud to have served as the series editor
for the Gale Group’s rewrite of Grzimek’s Animal Life Ency-
clopedia, one of the best known and widely used reference
works on the animal world. Grzimek’s is a celebration of an-
imals, a snapshot of our current knowledge of the Earth’s in-
credible range of biological diversity. Although many other
animal encyclopedias exist, Grzimek’s Animal Life Encyclopedia
remains unparalleled in its size and in the breadth of topics
and organisms it covers.

The revision of these volumes could not come at a more
opportune time. In fact, there is a desperate need for a deeper
understanding and appreciation of our natural world. Many
species are classified as threatened or endangered, and the sit-
uation is expected to get much worse before it gets better.
Species extinction has always been part of the evolutionary
history of life; some organisms adapt to changing circum-
stances and some do not. However, the current rate of species
loss is now estimated to be 1,000-10,000 times the normal
“background” rate of extinction since life began on Earth
some 4 billion years ago. The primary factor responsible for
this decline in biological diversity is the exponential growth
of human populations, combined with peoples’ unsustainable
appetite for natural resources, such as land, water, minerals,
oil, and timber. The world’s human population now exceeds
6 billion, and even though the average birth rate has begun
to decline, most demographers believe that the global human
population will reach 8-10 billion in the next 50 years. Much
of this projected growth will occur in developing countries in
Central and South America, Asia and Africa-regions that are
rich in unique biological diversity.

Grzimek’s Animal Life Encyclopedia



Finding solutions to conservation challenges will not be
easy in today’s human-dominated world. A growing number
of people live in urban settings and are becoming increasingly
isolated from nature. They “hunt” in super markets and malls,
live in apartments and houses, spend their time watching tele-
vision and searching the World Wide Web. Children and
adults must be taught to value biological diversity and the
habitats that support it. Education is of prime importance now
while we still have time to respond to the impending crisis.
There still exist in many parts of the world large numbers of
biological “hotspots”-places that are relatively unaffected by
humans and which still contain a rich store of their original
animal and plant life. These living repositories, along with se-
lected populations of animals and plants held in profession-
ally managed zoos, aquariums and botanical gardens, could
provide the basis for restoring the planet’s biological wealth
and ecological health. This encyclopedia and the collective
knowledge it represents can assist in educating people about
animals and their ecological and cultural significance. Perhaps
it will also assist others in making deeper connections to na-
ture and spreading biophilia. Information on the conserva-
tion status, threats and efforts to preserve various species have
been integrated into this revision. We have also included in-
formation on the cultural significance of animals, including
their roles in art and religion.

It was over 30 years ago that Dr. Bernhard Grzimek, then
director of the Frankfurt Zoo in Frankfurt, Germany, edited
the first edition of Grzimek’s Animal Life Encyclopedia. Dr. Grz-
imek was among the world’s best known zoo directors and
conservationists. He was a prolific author, publishing nine
books. Among his contributions were: Serengeti Shall Not Die,
Rbinos Belong to Everybody and He and I and the Elephants. Dr.
Grzimek’s career was remarkable. He was one of the first
modern zoo or aquarium directors to understand the impor-
tance of zoo involvement in i situ conservation, that is, of
their role in preserving wildlife in nature. During his tenure,
Frankfurt Zoo became one of the leading western advocates
and supporters of wildlife conservation in East Africa. Dr.
Grzimek served as a Trustee of the National Parks Board of
Uganda and Tanzania and assisted in the development of sev-
eral protected areas. The film he made with his son Michael,
Serengeti Shall Not Die, won the 1959 Oscar for best docu-
mentary.

Professor Grzimek has recently been criticized by some
for his failure to consider the human element in wildlife con-
servation. He once wrote: “A national park must remain a pri-
mordial wilderness to be effective. No men, not even native
ones, should live inside its borders.” Such ideas, although con-
sidered politically incorrect by many, may in retrospect actu-
ally prove to be true. Human populations throughout Africa
continue to grow exponentially, forcing wildlife into small is-
lands of natural habitat surrounded by a sea of humanity. The
illegal commercial bushmeat trade-the hunting of endangered
wild animals for large scale human consumption-is pushing
many species, including our closest relatives, the gorillas,
bonobos and chimpanzees, to the brink of extinction. The
trade is driven by widespread poverty and lack of economic
alternatives. In order for some species to survive it will be
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necessary, as Grzimek suggested, to establish and enforce a
system of protected areas where wildlife can roam free from
exploitation of any kind.

While it is clear that modern conservation must take the
needs of both wildlife and people into consideration, what will
the quality of human life be if the collective impact of short-
term economic decisions is allowed to drive wildlife popula-
tions into irreversible extinction? Many rural populations
living in areas of high biodiversity are dependent on wild an-
imals as their major source of protein. In addition, wildlife
tourism is the primary source of foreign currency in many de-
veloping countries and is critical to their financial and social
stability. When this source of protein and income is gone,
what will become of the local people? The loss of species is
not only a conservation disaster; it also has the potential to
be a human tragedy of immense proportions. Protected ar-
eas, such as national parks, and regulated hunting in areas out-
side of parks are the only solutions. What critics do not realize
is that the fate of wildlife and people in developing countries
is closely intertwined. Forests and savannas emptied of wildlife
will result in hungry, desperate people, and will, in the long-
term lead to extreme poverty and social instability. Dr. Grz-
imek’s early contributions to conservation should be recognized,
not only as benefiting wildlife, but as benefiting local people
as well.

Dr. Grzimek’s hope in publishing his Animal Life Encyclo-
pedia was that it would “...disseminate knowledge of the ani-
mals and love for them”, so that future generations would
“...have an opportunity to live together with the great diver-
sity of these magnificent creatures.” As stated above, our goals
in producing this updated and revised edition are similar.
However, our challenges in producing this encyclopedia were
more formidable. The volume of knowledge to be summa-
rized is certainly much greater in the twenty-first century than
it was in the 1970’s and 80’s. Scientists, both professional and
amateur, have learned and published a great deal about the
animal kingdom in the past three decades, and our under-
standing of biological and ecological theory has also pro-
gressed. Perhaps our greatest hurdle in producing this revision
was to include the new information, while at the same time
retaining some of the characteristics that have made Grzimek’s
Animal Life Encyclopedia so popular. We have therefore strived
to retain the series’ narrative style, while giving the informa-
tion more organizational structure. Unlike the original Grz-
imek’s, this updated version organizes information under
specific topic areas, such as reproduction, behavior, ecology
and so forth. In addition, the basic organizational structure is
generally consistent from one volume to the next, regardless
of the animal groups covered. This should make it easier for
users to locate information more quickly and efficiently. Like
the original Grzimek’s, we have done our best to avoid any
overly technical language that would make the work difficult
to understand by non-biologists. When certain technical ex-
pressions were necessary, we have included explanations or
clarifications.

Considering the vast array of knowledge that such a work
represents, it would be impossible for any one zoologist to
have completed these volumes. We have therefore sought
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specialists from various disciplines to write the sections with
which they are most familiar. As with the original Grzimek’s,
we have engaged the best scholars available to serve as topic
editors, writers, and consultants. There were some complaints
about inaccuracies in the original English version that may
have been due to mistakes or misinterpretation during the
complicated translation process. However, unlike the origi-
nal Grzimek’s, which was translated from German, this revi-
sion has been completely re-written by English-speaking
scientists. This work was truly a cooperative endeavor, and I
thank all of those dedicated individuals who have written,
edited, consulted, drawn, photographed, or contributed to its
production in any way. The names of the topic editors, au-
thors, and illustrators are presented in the list of contributors
in each individual volume.

The overall structure of this reference work is based on
the classification of animals into naturally related groups, a
discipline known as taxonomy or biosystematics. Taxonomy
is the science through which various organisms are discov-
ered, identified, described, named, classified and catalogued.
It should be noted that in preparing this volume we adopted
what might be termed a conservative approach, relying pri-
marily on traditional animal classification schemes. Taxon-
omy has always been a volatile field, with frequent arguments
over the naming of or evolutionary relationships between var-
ious organisms. The advent of DNA fingerprinting and other
advanced biochemical techniques has revolutionized the field
and, not unexpectedly, has produced both advances and con-
fusion. In producing these volumes, we have consulted with
specialists to obtain the most up-to-date information possi-
ble, but knowing that new findings may result in changes at
any time. When scientific controversy over the classification
of a particular animal or group of animals existed, we did our
best to point this out in the text.

Readers should note that it was impossible to include as
much detail on some animal groups as was provided on oth-
ers. For example, the marine and freshwater fish, with vast

numbers of orders, families, and species, did not receive as
detailed a treatment as did the birds and mammals. Due to
practical and financial considerations, the publishers could
provide only so much space for each animal group. In such
cases, it was impossible to provide more than a broad overview
and to feature a few selected examples for the purposes of il-
lustration. To help compensate, we have provided a few key
bibliographic references in each section to aid those inter-
ested in learning more. This is a common limitation in all ref-
erence works, but Grzimek’s Encyclopedia of Animal Life is still
the most comprehensive work of its kind.

I am indebted to the Gale Group, Inc. and Senior Editor
Donna Olendorf for selecting me as Series Editor for this pro-
ject. It was an honor to follow in the footsteps of Dr. Grz-
imek and to play a key role in the revision that still bears his
name. Grzimek’s Animal Life Encyclopedia is being published
by the Gale Group, Inc. in affiliation with my employer, the
American Zoo and Aquarium Association (AZA), and I would
like to thank AZA Executive Director, Sydney ]J. Butler; AZA
Past-President Ted Beattie (John G. Shedd Aquarium,
Chicago, IL); and current AZA President, John Lewis (John
Ball Zoological Garden, Grand Rapids, MI), for approving
my participation. I would also like to thank AZA Conserva-
tion and Science Department Program Assistant, Michael
Souza, for his assistance during the project. The AZA is a pro-
fessional membership association, representing 205 accred-
ited zoological parks and aquariums in North America. As
Director/William Conway Chair, AZA Department of Con-
servation and Science, I feel that I am a philosophical de-
scendant of Dr. Grzimek, whose many works I have collected
and read. The zoo and aquarium profession has come a long
way since the 1970s, due, in part, to innovative thinkers such
as Dr. Grzimek. I hope this latest revision of his work will
continue his extraordinary legacy.

Silver Spring, Maryland, 2001
Michael Hutchins
Series Editor
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How to use this book

Grzimek’s Animal Life Encyclopedia is an internationally
prominent scientific reference compilation, first published in
German in the late 1960s, under the editorship of zoologist
Bernhard Grzimek (1909-1987). In a cooperative effort be-
tween Gale and the American Zoo and Aquarium Association,
the series has been completely revised and updated for the
first time in over 30 years. Gale expanded the series from 13
to 17 volumes, commissioned new color paintings, and up-
dated the information so as to make the set easier to use. The
order of revisions is:

Volumes 8-11: Birds I-IV

Volume 6: Amphibians

Volume 7: Reptiles

Volumes 4-5: Fishes I-IT

Volumes 12-16: Mammals I-V

Volume 3: Insects

Volume 2: Protostomes

Volume 1: Lower Metazoans and Lesser Deuterostomes
Volume 17: Cumulative Index

Organized by taxonomy

The overall structure of this reference work is based on
the classification of animals into naturally related groups, a
discipline known as taxonomy—the science in which various
organisms are discovered, identified, described, named, clas-
sified, and catalogued. Starting with the simplest life forms,
the lower metazoans and lesser deuterostomes, in volume 1,
the series progresses through the more advanced classes, cul-
minating with the mammals in volumes 12-16. Volume 17 is
a stand-alone cumulative index.

Organization of chapters within each volume reinforces
the taxonomic hierarchy. In the case of the volumes on Fishes,
introductory chapters describe general characteristics of fishes,
followed by taxonomic chapters dedicated to order and, in a
few cases, suborder. Readers should note that in a few in-
stances, taxonomic groups have been split among more than
one chapter. For example, the order Cypriniformes is split
among two chapters, each covering particular families. Species
accounts appear at the end of the taxonomic chapters. To help
the reader grasp the scientific arrangement, order and subor-
der chapters have distinctive symbols:

Grzimek’s Animal Life Encyclopedia

® = Order Chapter
O = Suborder Chapter

The order Perciformes, which has the greatest number of
species by far of any fishes order—and in fact is the largest
order of vertebrates—has been split into separate chapters
based on suborder. Some of these suborder chapters are again
divided into multiple chapters in an attempt to showcase the
diversity of species within the group. For instance, the sub-
order Percoidei has been split among four chapters. Readers
should note that here, as elsewhere, the text does not neces-
sarily discuss every single family within the group; in the case
of Percoidei, there are more than 70 families. Instead, the text
highlights the best-known and most significant families and
species within the group. Readers can find the complete list
of families for every order in the “Fishes family list” in the
back of each Fishes volume.

As chapters narrow in focus, they become more tightly for-
matted. Introductory chapters have a loose structure, remi-
niscent of the first edition. Chapters on orders and suborders
are more tightly structured, following a prescribed format of
standard rubrics that make information easy to find. These
taxonomic chapters typically include:

Scientific name of order or suborder
Common name of order or suborder
Class
Order
Number of families
Main chapter
Evolution and systematics
Physical characteristics
Distribution
Habitat
Feeding ecology and diet
Behavior
Reproductive biology
Conservation status
Significance to humans
Species accounts
Common name
Scientific name
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Family

Taxonomy

Other common names

Physical characteristics

Distribution

Habitat

Feeding ecology and diet

Behavior

Reproductive biology

Conservation status

Significance to humans
Resources

Books

Periodicals

Organizations

Other

Color graphics enhance understanding

Grzimek’s features approximately 3,500 color photos, in-
cluding nearly 250 in the Fishes volumes; 3,500 total color
maps, including more than 200 in the Fishes volumes; and
approximately 5,500 total color illustrations, including
nearly 700 in the Fishes volumes. Each featured species of
animal is accompanied by both a distribution map and an il-
lustration.

All maps in Grzimek’s were created specifically for the pro-
ject by XNR Productions. Distribution information was pro-
vided by expert contributors and, if necessary, further
researched at the University of Michigan Zoological Museum
library. Maps are intended to show broad distribution, not
definitive ranges.

All the color illustrations in Grzimek’s were created specif-
ically for the project by Michigan Science Art. Expert con-
tributors recommended the species to be illustrated and
provided feedback to the artists, who supplemented this in-
formation with authoritative references and animal specimens
from the University of Michigan Zoological Museum library.
In addition to illustrations of species, Grzimek’s features draw-
ings that illustrate characteristic traits and behaviors.

About the contributors

All of the chapters were written by ichthyologists who
are specialists on specific subjects and/or families. The vol-
umes’ subject advisors, Dennis A. Thoney and Paul V.
Loiselle, reviewed the completed chapters to insure consis-
tency and accuracy.

Standards employed

In preparing the volumes on Fishes, the editors relied pri-
marily on the taxonomic structure outlined in Fishes of the
World, 3rd edition, by Joseph S. Nelson (1994), with some
modifications suggested by expert contributors for certain tax-
onomic groups based on more recent data. Systematics is a
dynamic discipline in that new species are being discovered
continuously, and new techniques (e.g., DNA sequencing) fre-
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quently result in changes in the hypothesized evolutionary
relationships among various organisms. Consequently, con-
troversy often exists regarding classification of a particular an-
imal or group of animals; such differences are mentioned in
the text.

Grzimek’s has been designed with ready reference in mind,
and the editors have standardized information wherever fea-
sible. For Conservation Status, Grzimek’s follows the TUCN
Red List system, developed by its Species Survival Commis-
sion. The Red List provides the world’s most comprehensive
inventory of the global conservation status of plants and an-
imals. Using a set of criteria to evaluate extinction risk, the
TUCN recognizes the following categories: Extinct, Extinct
in the Wild, Critically Endangered, Endangered, Vulnerable,
Conservation Dependent, Near Threatened, Least Concern,
and Data Deficient. For a complete explanation of each cat-
egory, visit the IUCN web page at <http://www.iucn.org/
themes/ssc/redlists/categor.htm>.

In addition to IUCN ratings, chapters may contain other
conservation information, such as a species’ inclusion on one
of three Convention on International Trade in Endangered
Species (CITES) appendices. Adopted in 1975, CITES is a
global treaty whose focus is the protection of plant and ani-
mal species from unregulated international trade.

In the Species accounts throughout the volume, the edi-
tors have attempted to provide common names not only in
English but also in French, German, Spanish, and local di-
alects. Readers can find additional information on fishes
species on the Fishbase Web site: <http://www.fishbase.org>.

Grzimek’s provides the following standard information on
lineage in the Taxomomy rubric of each Species account:
[First described as] Acipenser brevirostrum [by] LeSueur, [in]
1818, [based on a specimen from] Delaware River, United
States. The person’s name and date refer to earliest identifi-
cation of a species, although the species name may have
changed since first identification. However, the entity of fish
is the same.

Readers should note that within chapters, species accounts
are organized alphabetically by family name and then alpha-
betically by scientific name. In each chapter, the list of species
to be highlighted was chosen by the contributor in consulta-
tion with the appropriate subject advisor: Dennis A. Thoney,
who specializes in marine fishes; and Paul V. Loiselle, who
specializes in freshwater fishes.

Anatomical illustrations

While the encyclopedia attempts to minimize scientific jar-
gon, readers will encounter numerous technical terms related
to anatomy and physiology throughout the volume. To assist
readers in placing physiological terms in their proper context,
we have created a number of detailed anatomical drawings.
These can be found on pages 6 and 7, and 15-27 in the “Struc-
ture and function” chapter. Readers are urged to make heavy

use of these drawings. In addition, selected terms are defined
in the Glossary at the back of the book.
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Appendices and index

In addition to the main text and the aforementioned Glos-
sary, the volume contains numerous other elements. For
Further Reading directs readers to additional sources of in-
formation about fishes. Valuable contact information for Or-
ganizations is also included in an appendix. An exhaustive
Fishes family list records all recognized families of fishes ac-
cording to Fishes of the World, 3rd edition, by Joseph S. Nel-
son (1994). And a full-color Geologic time scale helps readers
understand prehistoric time periods. Additionally, the volume
contains a Subject index.
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What is a fish?

What is a fish?

"The concept of “fish” certainly is more steeped in tradition
than backed by scientists, despite the fact that countless ichthy-
ologists (i.e., scientists who study fish) have written innumer-
able pages on the subject. The reality that fishes in the broadest
sense have long played important roles in the promotion of
industry and commerce, geographic exploration, politics, art,
religion, and myth mandates that the definition of fish can vary
according to human perspective and sometimes despite sci-
ence. For example, from a chef’s point of view, fishes come in
two basic varieties—shellfish and finfish. Scientists eschew
such groupings of distantly related creatures. However, lest
they be hoisted with their own petards, ichthyologists might
tread gently on the many concepts of fish, for they must ac-
knowledge science’s inability to form an absolute taxonomic
definition of “fish” based on biological characteristics that are
shared by all fishes and yet not shared with any “nonfish.”

A starry moray eel (Gymnothorax nudivomer) peering out from its home
near the Philippines. (Photo by Robert Yin/Corbis. Reproduced by per-
mission.)
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This whale shark (Rhincodon typus) measures 40 ft (12 m). Whale
sharks are the largest fish on the earth today. (Photo by Amos Na-
choum/Corbis. Reproduced by permission.)

Defining characteristics

Widespread views of the particular characteristics that de-
fine fishes, of course, are biased by general familiarity with
extant (i.e., living) species and, in particular, with the wide-
spread and well-known bony fishes. Thus, the notion of a fish
as an aquatic ectothermic vertebrate possessing gills, paired
and unpaired fins, and scales usually suffices as a casual defi-
nition of fish. Reasonable as this definition may seem, some
of these characteristics are shared with other groups of ani-
mals that are not considered fishes, while others of them are
not common to all fishes. For example, although most fish live
in water, some fishes, such as the walking catfish (Clarias ba-
trachus) or African lungfish (Protopterus species) can spend con-
siderable periods out of water. Furthermore, other fishes may
spend much briefer, yet highly significant periods out of wa-
ter, which allow them to feed (e.g., mudskippers, Periophthalmus

3



What is a fish?

Vol. 4: Fishes |

W@ 2005

Mouth morphology comparison among fishes. 1. Northern anchovy (Engraulis mordax); 2. Peacock flounder (Bothus lunatus); 3. White sturgeon
(Acipenser transmontanus); 4. Yellow seahorse (Hippocampus kuda); 5. Chinese sucker (Myxocyprinus asiaticus); 6. Bobtail snipe eel (Cyema
atrum); 7. Secretary blenny (Acanthemblemaria maria); 8. Tiger shark (Galeocerdo cuvier); 9. Pebbled butterflyfish (Chaetodon multicinctus); 10.
Blackspotted wrasse (Macropharyngodon meleagris); 11. Clown triggerfish (Balistoides conspicillum); 12. Swordfish (Xiphias gladius); 13. Sock-
eye salmon (Oncorhynchus nerka); 14. King mackerel (Scomberomorus cavalla); 15. Sea lamprey (Petromyzon marinus); 16. Paddlefish (Polyo-
don spathula); 17. Red-bellied piranha (Pygocentrus nattereri); 18. Longnose gar (Lepisosteus osseus); 19. Minnow (Culter alburnus); 20. Catfish
(Ancistrus triradiatus); 21. Pelican eel (Eurypharynx pelecanoides); 22. Krgyer's deep sea anglerfish (Ceratias holboelli); 23. Bicolor parrotfish
(Cetoscarus bicolor); 24. Green moray (Gymnothorax funebris). (lllustration by Bruce Worden)

spp., and the arowanas, Osteoglossum spp.) or flee from preda-
tors (e.g., flyingfishes, Exocoetidae).

Similarly, whereas most fishes cannot control their body
temperature other than through behavioral mechanisms in-
volving migrations or local movements to and from waters of
varying warmth, some lamnids (Lamnidae) and tunas (Thun-
nus spp.) and the swordfish (Xiphias gladius) can maintain body
temperatures that are several degrees higher than the water
that surrounds them for significant periods. Certainly, most
fishes possess a well-developed vertebral column; however,
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hagfishes (Myxinidae) lack well-defined vertebrae, and there
is disagreement among scientists regarding whether this
characteristic exists because the ancestors of these fishes were
similar or, antithetically, because vertebrae were “lost” from
this lineage through evolutionary modification. In fact, so
different are hagfishes from other fishes that Aristotle con-
sidered them members of another, illegitimate taxonomic
group—worms. Unlike worms, fishes are chordates (phylum
Chordata), and they possess skeletal components that form a
cranium (i.e., a brain case). This characteristic (as well as many
others) distinguishes them from some fishlike chordates, such
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The Hawaiian anthias (Pseudanthias ventralis) is one of many fishes
that has vibrant, incredible colors. (Photo by Mark Smith/Photo Re-
searchers, Inc. Reproduced by permission.)

A pike (Esox lucius) with a newly caught frog. (Photo by Animals Ani-
mals ©C. Milkins, OSF. Reproduced by permission.)

sideways thrust

Forward
Movement

resultant thrust

/!

backward thrust

Fish use their tails to propel themselves through the water. A. A crucian carp’s fin action for stabilizing and maneuvering. a. Anguilliform lo-
comotion (eel); b. Carangiform locomotion (tuna); c. Ostraciform locomotion (boxfish). The blue area on these fish shows the portion of the
body used in locomotion. (lllustration by Patricia Ferrer)

Grzimek’s Animal Life Encyclopedia 5



What is a fish?

Placoid

Vol. 4: Fishes |

Elasmoid

Scale types and patterns in fish. Clockwise from top: Placoid, cycloid, ctenoid, ganoid, cosmoid. (lllustration by Brian Cressman)

as the lancelets (Amphioxiformes), but, of course, amphibians,
reptiles, birds, and mammals also have a cranium.

Gills cannot be used as an unequivocal characteristic defin-
ing fishes, because some amphibians have and use gills for at
least a portion of their lives. Furthermore, whereas most fishes
obtain oxygen from water through conventional gills, some
fishes significantly supplement gill respiration by acquiring oxy-
gen from the water or atmosphere via modified portions of the
gills (e.g., the walking catfish) or skin (e.g., the European eel,
Anguilla anguilla) or specialized tissues in the mouth (e.g., the
North American mudsucker goby, Gillichthys mirabilis), gut (e.g.,
plecostomuses, Plecostormus species), swim bladder (e.g., the
bowfin, Amia calva), or lungs (e.g., the Australian lungfish, Neo-
ceratodus forsteri). Complicating matters still further, some fishes
are obligate air breathers and must have access to the atmos-
phere or they will drown (e.g., the electric eel, Electrophorus elec-
tricus and the South American lungfish, Lepidosiren paradoxa).

At first glance, fins seem to define fishes. Several unrelated
groups of nonfishes (e.g., lancelets, sea snakes, and some am-
phibians) possess finlike modifications associated with their
tails that facilitate locomotion in water. Furthermore, although
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some fishes, such as hagfishes and lampreys (Petromyzontidae),
lack paired fins, the paired appendages of amphibians, reptiles,
birds, and mammals are considered homologous to the paired
fins of fishes. Likewise, the scales that cover many common
bony fishes are not a universally acceptable distinguishing fea-
ture, because numerous unrelated groups of fishes lack scales,
for example, the hagfishes, the lampreys, and the North Amer-
ican freshwater catfishes (Ictaluridae). Moreover, those fishes
that possess scales may be more or less covered by one of sev-
eral basic scale types, for example, the placoid scales of sharks,
the ganoid scales of gars, and the bony ridge scales of salmon
and basses. These differences in the scales of fishes point to
the fact that some other aquatic chordates, such as sea snakes,
also have scales, even though the outer coverings of reptiles,
birds, and mammals are heavily keratinized, whereas those of
fishes are not.

Superclass Pisces as a polyphyletic group

Given that no one characteristic distinguishes all fishes from
all other organisms, even the most committed ichthyologist
must admit that the superclass Pisces (an assemblage that in-
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Tooth morphology and tooth-bearing structures typical of fishes: A. Bowfin (Amia calva); B. Mooneye (Hiodon tergisus); C. Sand shark (Odontaspis
taurus); D. Parrotfish (Scarus guacamaia); E. Northern pikeminnow (Ptychocheilus oregonensis); F. Sea lamprey (Petromyzon marinus); G. Tooth

forms and functions. (lllustration by Bruce Worden)

cludes all fishes) represents an unnatural or polyphyletic group.
In fact, given our scientific understanding of fishes as of 2002,
the only measure allowing them to stand together as a natural
or monophyletic group requires the inclusion of all other cra-
niates (i.e., amphibians, reptiles, birds, and mammals). Most
biologists probably would agree that the consideration of all
craniates as fishes would be of little scientific value and would
betray the longstanding and widespread conception of a fish.
In light of this situation, uncompromising cladists returning
from a fishing trip for salmon are condemned to telling oth-
ers of having been “salmoning” rather than “fishing.”

Grzimek’s Animal Life Encyclopedia

General definition of fish

Despite the seemingly hopeless conundrum of defining
“fish” scientifically, many scientists and non-scientists prob-
ably would agree that a general definition for this loose group
of animals can be established. For these reasonable folks, a
fish can be defined as an ectothermic chordate that lives pri-
marily in water and possesses a cranium, gills that are useful
virtually throughout life, and appendages (if present) in the
form of fins. Those not willing to endorse this definition
might rest easy by considering “fish” as the raison d’étre for

ichthyologists.



What is a fish? Vol. 4: Fishes |

Resources

Books Helfman, Gene S., B. Bruce Collette, and Doug E. Facey. The

Beard, J. A. Fames Beard’s New Fish Cookery. New York: Diversity of Fishes. Malden, MA: Blackwell Science, 1997.
Galahad Books, 1976. Kurlansky, Mark. Cod: A Biography of the Fish That Changed the

graphy g

Bond, Carl E. Biology of Fishes. 2nd edition. Philadelphia, PA: World. New York: Walker and Company, 1997.
Saunders College Publishing, 1996. Moyle, P. B., and J. J. Cech Jr. Fishes: An Introduction to

Bone, Q., N. B. Marshall, and J. H. S. Blaxter. Biology of Fishes. Lchthyology. Upper Saddle River, NJ: Prentice Hall, 1996.
2nd edition. Glasgow: Blackie Academic and Professional, Nelson, J. S. Fishes of the World. 3rd edition. New York: John
1995. Wiley and Sons, 1994.

George W. Benz, PhD

8 Grzimek’s Animal Life Encyclopedia



Evolution and systematics

Origin of fishes

Fishes are the most primitive members of the subphylum
Craniata. The subphylum was previously called Vertebrata,
but Janvier (1981) demonstrated that the most primitive mem-
bers of the taxon possess a cranium but lack arcualia, or rudi-
mentary vertebral elements. Thus the taxon is better termed
Craniata than Vertebrata. Vertebrata is reserved for a subset
of Craniata that possesses vertebral elements, in addition to
a cranium. Two recently discovered fossils from China (Shu
et al, 1999) extend the fossil record of fishes back to the early
Cambrian, 530 million years ago (mya). These early forms are
either the direct ancestors or the indirect ancestors to nearly
all of the vertebrates, and their discovery suggests that verte-
brates were part of the great explosion of metazoan life in the
Cambrian. The fossils are small, about 0.98 to 1.1 in (25 to
28 mm) long, and possess a cartilaginous cranium, five to nine
gill pouches, a large heart located behind the last pair of gill
pouches and possibly enclosed in a pericardium, a notochord,
zigzag-shaped muscle blocks or myomeres, and a dorsal fin
(one of the two forms) supported by fin rays or radials. The
more generalized fossil, Myllokunmingia, is thought to be the
sister group of craniates except for the hagfishes. The other
fossil, Haikouichthys, is considered to be a close relative of the
lampreys. Unlike most other jawless fishes, these early forms
lacked scales or bony armor. Until near the end of the twen-
tieth century, evidence of vertebrates in the Cambrian was
inconclusive. Carapace fragments thought to represent Os-
tracoderms, a group of armored, jawless fishes abundant in
the Ordovician to the Devonian, were present in the Cam-
brian, but other experts consider the fragments to represent
the carapaces of arthropods. Isolated, tooth-like elements, or
conodonts, were common in the fossil record, but these ele-
ments could not be assigned to an organism. In the mid-1980s
conodonts were discovered to be specialized feeding elements
of soft-bodied, eel-like fossils possessing a notochord, dorsal
nerve cord, V-shaped myomeres, and large eyes. Conodonts
are considered to be the sister group of the remainder of ver-
tebrates other than lampreys.

Other recent discoveries illustrate that craniates and ver-
tebrates were rather diverse by the middle Ordovician (450
mya) (Young 1997, Sansom et al. 1996), with both jawless and
jawed forms represented. Despite the occurrence of jawed
fishes in the Ordovician, jawless forms dominated until the
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late Silurian. Ostracoderms are classified into about 10 to 12
major groups with poorly resolved relationships (Janvier
1999). However, it appears that this group is the sister group
of the jawed fishes (gnathostomes). Most of the fossils rep-
resenting these taxa possessed mineralized exoskeletons (ex-
cept for the Famoytins, and possibly Eupbanerops), head shields
(except for Anaspida, Endeiolepis, and Thelodonti) and mul-
tiple gill openings (except in Heterostraci), and lacked paired
fins (except for the Anaspida, Osteostraci, Pituriaspida, and
Thelodonti).

Modern jawless fishes

Myxiniformes (hagfishes) and Petromyzontiformes (lam-
preys) are modern jawless fishes that first appear in the Penn-
sylvanian (300 mya) and the late Mississippian (330 mya),
respectively. Based on the structure of their pouch-like gills
and several other characteristics, the two taxa were previously
thought to form a monophyletic group, but as of 2002 they
are considered to be paraphyletic, in that they do not share a
common ancestor. Hagfishes are hypothesized to be the sis-
ter group to the remainder of the vertebrates. They are slen-
der bodied and naked, lack fins with exception of the caudal
fin, have degenerate eyes, four pairs of tentacles around the
mouth and nasal openings, an esophago-cutaneous duct lead-
ing from the exterior to the esophagus, one semicircular canal
in the inner ear, gill pouches posterior to the head, and ventro-
lateral slime glands. They are additionally distinguished from
the vertebrates in lacking vertebral elements. Modern hag-
fishes are limited to soft bottom marine habitats and feed on
soft-bodied, burrowing invertebrates and carrion. Lampreys
are considered to be the next branch of the craniate tree and
are slender bodied and naked, have two dorsal fins, a sucker
surrounding the mouth, a rasping and sucker device (termed
a tongue) that can be protruded from the mouth, two semi-
circular canals in the inner ear, and a dorsally located naso-
hypophysial opening on the head. Lampreys occur in fresh
and marine waters, and some are anadromous, spending most
of their adult lives in salt water and then migrating to fresh-
water streams and rivers to reproduce. Larvae are fossorial,
or live in soft bottoms and filter feed on algae and detritus.
Adults either are ectoparasites on ray-finned fishes or do not
feed after metamorphosis from the larval to the adult stage.
According to this phylogenetic scenario, the lack of a bony
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A side-by-side view of a contemporary white shark tooth (left) and a
megalodon tooth. The megalodon was a prehistoric great white shark.
(Photo by Jeffrey L. Rotman/Corbis. Reproduced by permission.)

skeleton and scales in hagfishes and lampreys is primitive
rather than a specialization related to their fossorial or para-
sitic life styles.

Origin of jawed fishes

Jawed fishes, Gnathostomata, possess true mandibular
jaws, paired fins, inner ears with three semicircular canals, and
gill arches internal to ectodermal gill filaments. Gnathos-
tomes date back to the Ordovician (450 mya) but did not dom-
inate aquatic regions of the world until the mid-to-late
Devonian. Thus, jawless and jawed fishes coexisted for about
100 million years. The earliest jawed fish fossils are chon-
drichthyans, one of the five major groups of gnathostomes.
Chondrichthyans today are represented by the chimaeras,
sharks, skates, and rays, and are distinguished from the other
four groups in lacking dermal bone, possessing cartilaginous
rather than bony endoskeletons, and having distinctive gill fil-
aments, multiple gill openings (except for the chimaeroids),
horny unsegmented fin rays (ceratotrichia), and embryos en-
capsulated in leathery capsules. The Placodermi, likely the
sister group of the chondrichthyans, appear in the early Sil-
urian (420 mya). They assumed a wide variety of body forms
and dominated fresh and salt waters in the Devonian before
their extinction by the Mississippian. Some, such as Rhenan-
iformes and Ptyctodontiformes, were very similar in structure
to modern chondrichthyans, such as rays and chimaeroids.
Placoderms had bony head and shoulder plates, with the head
shield movably articulating with the trunk shield, but lacked
true teeth. Acanthodii first appeared in the early Silurian,
reached peak diversity in the Devonian, and apparently be-
came extinct in the Permian. They were small, slender, and
elongate fishes that possessed dermal or endochondral bone,
bony covering over gill slits, stout spines preceding fins, and
scales covering most of the body. Some forms may have pos-
sessed endochondral bone, but most apparently had carti-
laginous endoskeletons. The last two groups of fishes, the

10

Vol. 4: Fishes |

Actinopterygii and Sarcopterygii, together comprise the Os-
teichthyes, and are thought to be the sister group of the acan-
thodians. The Osteichthyes have bony endoskeletons
(endochondral bone) and lungs or swim bladders. The
actinopterygians first appear in the late Silurian (410 mya) and
today constitute the great majority of fishes. This group is
distinguished by possessing ganoid or elasmoid scales, pec-
toral fin radials directly connected to scapulocoracoid or
shoulder girdle, and nostrils located high on the head. Sar-
copterygii are known from the Devonian (400 mya). They are
distinguished in possessing true tooth enamel, reduction of
branchial skeleton, and presence of a pulmonary vein. The
reduced branchial skeleton and pulmonary vein suggest that
they relied, at least in part on aerial respiration.

Chondrichthyans

Although fossil evidence in the form of scales has pushed
the origin of chondrichthyans back to the Ordovician, carti-
laginous fishes do not become abundant in the fossil record
until the Carboniferous period. Throughout their history
chondrichthyans have undergone several major radiations but
today display only a modest radiation in body shape and are
represented by a relatively small number of species. The Pa-
leozoic cartilaginous fishes resemble recent forms but gener-
ally had terminal jaws, lacked vertebral centra, had fin radials
that extended to the fin margins, and lacked skeletal connec-
tions between the halves of their pectoral and pelvic girdles.
All but the earliest taxon, Cladoselache possessed male intro-
mittent organs, suggesting that like their modern counterparts,
they practiced internal fertilization and development. In the
early Carboniferous, elasmobranchs underwent their second
radiation. Male stethacanthid sharks, present from the late De-
vonian to the Permian, had bony, brush-like structures along
the margin of the dorsal fin or modified dorsal fin spines bear-
ing denticles, tooth-like scales (or placoid scales) that form dis-
tinctive patterns on the skin of various species of sharks. Some
edestoid sharks had complex, coiled tooth whorls extending
from their lower jaws that functioned in some unknown man-
ner. Holocephalans, distinguished by possessing gill covers,
upper jaw fused to the cranium, and crushing dentition, were
described from the Upper Devonian and assumed a wide va-
riety of forms in the Carboniferous, some resembling modern
ray-finned fishes. Chondrichthyans suffered large number of
extinctions at the end of the Permian, as did much of the
world’s biota, as the result of either extensive volcanic activ-
ity or a large asteroid’s striking Earth. The final radiation of
chondrichthyans began in the Jurassic, evolving from a lineage
that survived the end of the Paleozoic extinction event(s).
Nearly all modern families are represented in the fossil record
by the end of the Mesozoic. Modern chondrichthyans gener-
ally possess subterminal jaws, vertebral centra, fin radials that
fall short of the fin margins, and cartilaginous connections be-
tween the halves of their pectoral and pelvic girdles.

The recent chondrichthyans consist of two natural groups,
the Holocephali, or chimaeroids, and the Neoselachii, or
sharks and rays. In total, there are about 900 to 1000 living
chondrichthyans. The chimaeroids number about 45 species
and resemble some of their more conservative Carboniferous
relatives. Anatomical research in the 1980s and 1990s con-
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cluded that the Neoselachii consisted of two basal groups, the
Galeomorphii and Squalea, distinguished by a number of
technical aspects of their skeletal structure and musculature.
In this scenario the rays (Rajiformes) made up a terminal node
of the Squalea. Molecular studies, however, suggest that
sharks and rays are sister groups that in turn are the sister
group of the chimaeroids. The division of sharks into Gale-
omorphii and Squalea is supported by the molecular studies.

The galeomorphs consist of four orders: Heterodontif-
ormes (horn sharks), Orectolobiformes (wobbegons, nurse
sharks, whale sharks), Lamniformes (sand tigers, basking
sharks, thresher sharks, mackerel sharks), and Carcharhini-
formes (catsharks, hound sharks, requiem sharks, and ham-
merheads). These sharks vary from benthic to pelagic and are
best represented in tropical to warm, temperate seas. The
Squalea consist of four major groups: Hexanchiformes (frill
sharks, cowsharks), Squaliformes (sleeper sharks, dogfish
sharks), Squatiniformes (angelsharks), and Pristiophoriformes
(sawsharks). For the most part, these squalean sharks are as-
sociated with sea bottoms, often in deep water, and in tem-
perate to boreal seas, although the Squatiniformes and
Pristiophoriformes are exceptions in being distributed in trop-
ical to warm temperate seas.

The rays differ from the sharks in being depressed to var-
ious degrees and having the pectoral fins attached to the cra-
nium rather than free of the cranium, gills located on the
ventral side of the body rather than laterally, and anterior trunk
vertebrae fused into a tube (synarchial) rather than lacking a
synarchial. Rays include the Torpedinoidei (electric rays), Pris-
toidei (sawfishes); Rhinidae, Rhinobatidae, Platyrhinidae (gui-
tarfishes); Rajidae (skates); and Myliobatoidei (stingrays). Rays
are, for the most part, associated with the sea bottoms in shal-
low to deep water.

Actinopterygians

Unlike the chondrichthyans, the ray-finned fishes have un-
dergone significant morphological evolution since their first
appearance in the Silurian. The earliest forms, in many re-
spects, resembled the early chondrichthyans in possessing a
heterocercal tail, having pectoral fins inserting low on the
flank, and pelvic fins inserting behind the pectoral fins on the
lower abdominal region. Unlike the early sharks, they pos-
sessed a single dorsal fin, endochondral bone, scales that grew
throughout the life of the individual, and segmented and
paired fin rays (lepidotrichia) rather than ceratotrichia. The
scales had peg and socket articulations and consisted of a
ganoine exterior, dentinous layer, and a basal spongy bone.
The jaw teeth were set in sockets of the dermal jaw bones,
the upper jaw was fused with the dermal bones covering the
head, and the jaws were obliquely suspended to the cranium
by the palatoquadrate bone. These primitive fishes are rep-
resented by several relic fishes today: Polypteridae (bichirs),
Acipenseridae (sturgeons), and Polyodontidae (paddlefishes).
The latter two groups, however, are highly modified from
their Devonian ancestors.

By the end of the Paleozoic, numerous taxa of ray-finned
fishes, classified as Neopterygii, appear in the fossil record.
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Fossil of the primitive fish Osteolepis macrolepidotys, from the Mid-
dle Devonian period, around 30 million years ago. This specimen was
found in Old Red Sandstone in the Sandwick fish beds at Quoyloo,
Orkney, Scotland. (Photo by Sinclair Stammers/Science Photo Li-
brary/Photo Researchers, Inc. Reproduced by permission.)

Neopterygii differ in a number of respects from the earlier
forms. The upper jaw is partially freed from the cheek bones,
the jaws are perpendicularly suspended from the cranium, the
number of fin rays are reduced to equal the number of sup-
porting bones, and for the most part, ganoid scales are re-
placed by thin, elasmoid membranous scales. The elements
of the upper jaw are fused medially. Branchial bones sup-
porting the gill filaments develop pharyngeal teeth that assist
in processing food. Today the basal neopterygians are repre-
sented by Lepisosteidae (gars) and Amiidae (bowfins). Gars
have specialized jaws, but both they and the bowfin retain
many primitive structures of the early neopterygians (upper
jaw partially attached to dermal head bones, heterocercal or
abbreviated heterocercal caudal fins, and lungs rather than
swim bladders).

Teleostei, ray-finned fishes with an externally symmetri-
cal or homocercal caudal fin and upper dermal jaw bones free
of other dermal head bones, arose from a neopterygian an-
cestor in the mid-to-late Triassic (220-200 mya). There are
a large number of fossil Triassic and Cretaceous teleosts,
many with uncertain phylogenetic relationships, and four
modern lineages of teleosts: Osteoglossomorpha, Elopomor-
pha, Clupeomorpha, and Euteleostei. The osteoglossomorphs
are distinguished in that the primary jaw teeth are located on
the parasphenoid bone along the middle of the roof of the
mouth and on the tongue. In addition, the caudal fin skele-
ton is very specialized. The taxon includes Osteoglossidae
(bony tongues), Hiodontids (mooneyes), Notopteridae (feath-
erfin knifefishes), and Mormyridae (elephantfishes). All species
are limited to freshwaters and most are tropical in distribu-
tion. The elopomorphs are distinguished by possessing rib-
bon-like leptocephalus larvae and numerous branchiostegal
rays uniting the hyoid (second gill arch) with the opercular
bones. The group includes Elopiformes (ladyfishes and tar-
pons), Albuliformes (bonefishes), Anguilliformes (eels), and
Saccopharyngiformes (gulper eels). Nearly all of the elopo-
morphs are marine fishes and range from shallow to deep-
water and from benthic to pelagic. The clupeomorphs are
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distinguished by their otophysic connection between exten-
sions of the swimbladder and the inner ear within the cra-
nium. The taxon includes the Ostariophysi (ininnows, tetras,
catfishes, and gymnotid eels) and the Clupeiformes (herring
and anchovies). Ostariophysians dominate the freshwaters of
the world. Clupeiforms range from marine to freshwater; the
great majority are pelagic and consume plankton.

About half of living fishes are classified in Acanthoptery-
gii that arose from an euteleostean ancestor in the Triassic or
early Cretaceous. Because of the large number of taxa and
vast morphological variation, the taxon is not well defined.
Acanthopterygii are distinguished, in part, by having the pha-
ryngeal teeth confined to the anterior gill arches, the swal-
lowing muscle (retractor dorsalis) inserting on the upper
segment of the third gill arch, and the ligament supporting the
pectoral girdle attaching to the base of the cranium. Acan-
thopterygians comprise three major taxa: Mugilomorpha,
Atherinomorpha, and Percomorpha. The mugilomorphs in-
clude the mullets, largely pelagic fishes found in shallow fresh
and marine waters. Atherinomorphs include Atheriniformes
(rainbowfishes and silversides), Beloniformes (needlefishes,
sauries, halfbeaks, and flyingfishes), and Cyprinodontiformes
(rivulines, killifishes, poeciliids, and pupfishes) and are sur-
face swimming fishes found in both fresh and marine waters.
The percomorphs comprise nine orders, 229 families, 2,144
genera, and over 12,000 species that dominate coastal marine
waters, including coral reefs, but that are also well represented
in most other aquatic habitats.
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Sarcopterygii

Sarcopterygii, lobe-finned fishes, are the line of fishes that
gave rise to the tetrapods (amphibians, reptiles, birds, and
mammals), and the fishes of this lineage are better represented
in the fossil record than in modern aquatic habitats. Sar-
copterygians include Coelacanthimorpha (coelacanths),
Porolepimorpha (including the Dipnoi or lungfishes), and Os-
teolepimorpha (rhipidistians). Coelacanths are well repre-
sented in the fossil record from the Devonian to the Upper
Cretaceous, and two species are known in modern times. The
taxon is distinguished by having a hinged cranium, possess-
ing a three-lobed caudal fin, and lacking internal nares.
Porolepimorpha first appear in the lower Devonian and are
widespread in the fossil record untl the end of the Car-
boniferous Period. The group, which includes the Dipnoi, is
distinguished by either having slight mobility between the
anterior and posterior sections of the cranium or by lacking
mobility within the cranium, and in lacking true choanae or
internal nares. Today Dipnoi are represented by six species
in three families in freshwaters of Australia, South America,
and Africa. Rhipidistians occur from the middle Devonian to
the Lower Permian in the fossil record and are distinguished
by possessing a hinged cranium, internal nares, and either a
heterocercal or diphycercal caudal fin (fin equally developed
above and below distal extension of body axis). Like some of
their close sarcopterygian relatives, rhipidistians possessed
pectoral fin bones that are homologues of the humerus, ulna,
and radius of tetrapods.
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Structure and function

Introduction

Fishes are phenomenally diverse in their anatomical and
physiological characteristics. They have evolved spectacular
and myriad anatomical and functional specializations to ac-
complish basic biological functions, such as feeding, moving,
and reproducing. Through this diversity in structure and
function, fishes have adapted to live successfully in a wide
range of aquatic environments.

Body shape and external morphological features
Fishes vary in size by several orders of magnitude. The lar-
val stages of many species are very small, many only a few
millimeters in length. The largest fish species, the whale shark
(Rbincodon typus), may reach a length of more than 59 ft (18
m). There is diversity in body shape as well, including elon-
gate eels, fusiform tunas, dorsoventrally compressed fishes
(such as skates and rays), and laterally compressed fishes (in-
cluding flatfishes and many carangids). Body shapes are fas-
cinating for their functional ingenuity. The flatfishes can lie
against the bottom of the ocean, avoiding predators while be-
ing able to strike quickly at unsuspecting prey. The bullet-
shaped bodies of tunas minimize water resistance for these
high-performance cruising swimmers. Numerous unusual fish
species have body shapes that make us wonder whether they
are fish at all. Seahorses (genus Hippocampus), with their ta-
pering prehensile tails and often spiky body armor, or related
species, such as the leafy seadragon (Phycodurus eques), with
leaflike projections from its fins and body surface, are cam-
ouflaged to blend in with the vegetation in which they live.

Fishes have many forms of locomotion that often corre-
late with external morphological features. The primarily ax-
ial movement patterns are classified into several swimming
behaviors associated with backbone bending, including an-
guilliform, carangiform, and thunniform locomotion. An-
guilliform movements, named after the eel genus Anguilla,
typically are found in highly elongate species and involve ax-
ial bending along the entire axis of the fish. Carangiform
movements, named after the family Carangidae (the jacks),
entail more shallow body bends, with little bending near the
head. Thunniform locomotion, named after the tuna genus
Thunnus, involves movement of only the caudal backbone and
caudal fin. Thunniform swimmers have many adaptations for
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efficient swimming, such as fins that can be tucked into
grooves on the body to minimize drag, a narrow and stiff
caudal peduncle (the area just anterior to the caudal fin), and
a crescent-shaped caudal fin. The latter morphological fea-
ture minimizes drag on the tail while generating strong
propulsive forces.

Fin shape strongly affects the shape and function of a fish’s
external form as well as its locomotor ability. Fishes have two
sets of paired fins, the pectoral fins and pelvic fins, and sev-
eral fins on the body midline, including one or more dorsal
fins on the dorsal midline, a posterior caudal fin, and an anal
fin on the ventral midline. Many fishes swim primarily with
fin movements rather than with waves of axial bending. Os-
traciiform locomotion (named for the family Ostraciidae, or
boxfishes) involves movement of the caudal fin without ax-
ial bending. Amiiform locomotion, named for the basal
actinopterygian fish Amia calva, or bowfin, consists primar-
ily of waves of oscillation of a long dorsal fin. In contrast,
gymnotiform locomotion (named for the family Gymnotidae,
or knifefishes) comprises similar oscillations along an elon-
gate anal fin. Many fishes, including the triggerfishes (family
Balistidae) and pufferfishes (family Tetraodontidae), coordi-
nate movements of the dorsal and anal fins. The pectoral fins
are diverse in their morphological features and their function
in locomotion. In swimming, most fishes use pectoral fins to
turn and maneuver. The coral reef fish family Labridae and
its relatives mainly use pectoral fin locomotion, and thus this
type of swimming has been named labriform swimming. Some
labriform swimmers literally fly underwater with a graceful
up-and-down flapping motion, leaving their bodies straight
as they dart around the reef.

Fins perform many functions other than locomotion,
among them, feeding, defense, camouflage, breeding, and so-
cial display. Many species, such as the lumpfish (Cyclopterus
lumpus), have pelvic fins modified as suction disks to prevent
detachment from the substrate. Fins also are used for feed-
ing, or to deter predation, in a variety of ways. Sea robins
(family Triglidae) use sensory cells on the pectoral fins to find
marine invertebrates buried in sediment on the ocean floor.
Anglerfishes (order Lophiiformes) are named for the struc-
ture of the first dorsal spine, which has been modified into a
fishing pole and bait, called, respectively, the illicium and the
esca, held over the anglerfish’s mouth. With this complex
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Musculature of the yellow perch (Perca flavescens). Axial muscles are organized into nested cones that extend across several vertebral segments.
At the lateral midline they are divided by the horizontal septum into epaxial (dorsal) and hypaxial (ventral) regions. The jaw muscles include the
large adductor mandibulae and the levator arcus palatini muscles in the cheek region. (lllustration by Emily Damstra)

modified fin structure, they lure potential prey fish within
range of easy capture. Other fin adaptations are meant to de-
ter predators. As many fishermen have experienced, fin spines
of even small fishes, such as sunfish (genus Lepomsis), can be
painfully sharp.

Fin spines also may be associated with unpalatable or nox-
ious toxins that deter predators. Many members of the scor-
pionfishes (family Scorpaenidae) and related groups have
sharp and toxic spines that they use as defense. The stonefish
(genus Synanceia) has strong neurotoxins in its dorsal spines
that can be injected into predators. Fins are used in repro-
ductive behavior as well. In sharks and other elasmobranches
(sharks, skates, and rays), intromittent organs called claspers
have evolved from the pelvic fins. Similarly, the live-bearing
fishes (family Poeciliidae) and related groups have modified
anal fins that function as an intromittent organ called the
gonapodium.

The integument

The body’s covering, the skin and scales, provides a pro-
tective barrier to the external environment. As in other ver-
tebrates, the skin of fishes has a deep dermal layer and a
superficial epidermis. In fishes, glands in the epidermis se-
crete mucus that coats and protects the surface of the animal.
Scales are formed from the dermal and epidermal layers of
the skin. Chondrichthyans have placoid scales that are ho-
mologous to vertebrate teeth. At the base of each scale there
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is vasculature (blood vessels) covered with a dentine layer that
is surrounded by enamel. Placoid scales are not replaced, but
they increase in number with the growth of the fish. In some
fish, such as the spiny dogfish (genus Sgualus), placoid scales
have been modified into large spines. The Osteichthyan fishes
have several different scale types. Ganoid scales are found in
basal groups of ray-finned fishes; they are formed from bony
plates covered with a layer of ganoine and often create an inter-
connected armor over the surface of the body, as in bichirs
(family Polypteridae) and gars (family Lepisosteidae). The
scales of teleosts are derived from ganoid scales, losing the
layer of ganoine to leave a thin plate of bone. Teleost scales
are classified as ctenoid (toothed) and cycloid (circular) based
on the shape of the outer edge. Unlike most placoid or ganoid
scales, cycloid or ctenoid scales are arranged so as to overlap
their more caudal neighbors. Scales protect the skin and
deeper tissues from the environment. In many cases, as with
ganoid scales, they form a tough armor against predators. Cy-
cloid or ctenoid scales offer some protection from predators
while not burdening the fish with the weight of heavy armor.

There is an amazing diversity in skin color patterns and
their functions among fishes. Whereas some fishes use cryptic
coloration to blend into their environments, others use bright
colors or distinctive patterns to communicate. Cleaner fishes
that pick parasites off other fish have bright colors and dis-
tinctive patterns that are recognizable by other species. Often
color pattern is used to confuse or ward off predators. Toxic
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Lateral view of the skeleton of the yellow perch (Perca flavescens). The principal tooth-bearing jaw elements are the dentary and premaxilla. The
dentary, angular, and articular bones together form the lower jaw while the premaxilla and maxilla form the upper jaw. The jaws are connected to
the neurocranium, the region of the skull surrounding the brain, by a series of bones that together are called the suspensorium. The opercular
series, caudal and ventral to the suspensorium, covers the gills. The axial skeleton consists of a series of vertebrae. Each vertebra is composed
of a centrum, neural spine, and arch, through which the spinal cord runs, and hemal spine and arch, through which passes the dorsal aorta. At
the caudal end of the vertebral column the urostyle and mondified hemal spines called hypural bones support the muscles of the caudal fin.
Other median fins are supported by pterygiophores that extend toward the vertebrae from the fins. The paired pectoral and pelvic fins are sup-
ported by the fin girdles. The bones of the pectoral fin suspend the fins from the neurocranium and support the fin rays and muscles. The pelvic
girdle is not attached to the skull or vertebrae and its position varies among species. Soft rays and fin spines project from the base of the fins

to support the fin membranes. (lllustration by Emily Damstra)

lionfishes (genus Pterois) have distinctive red and white stripes
that warn potential predators. Eyespots on the caudal fin of
many species may confuse predators about a fish’s orientation.

Internal morphological features

Cranial features and feeding

Unlike mammals, which have highly fused skulls with ar-
ticulation only at attachments to the lower jaw and vertebral
column, the cranium of fishes has more than 40 independently
movable bony elements. These allow jaw protrusion, lateral
expansion of the jaws, depression of the branchiohyoid appa-
ratus and floor of the mouth, and movement of the gills and
the operculum, which covers the gills. These movable elements
are anchored to the neurocranium, which surrounds the brain
and articulates with the vertebrae. The neurocranium corre-
sponds to the chondrocranium, retained in chondrichthyan
fishes, and additional dermal bones (the dermatocranium). As
in other vertebrates, the neurocranium results from the fu-
sion of many bones during development. The primary pur-
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pose of the neurocranium is to protect and support the brain.
In addition, many species have a bone called the vomer, which
forms part of the lower surface of the neurocranium, bears
teeth, and aids in feeding.

The structure and function of fish jaws are astonishingly
diverse, reflecting a wide array of feeding strategies and prey
types that fishes exploit for food. This diversity results in large
part from the increased mobility in the lower and upper jaws
as well as the ability of fishes to incorporate other parts of
their cranial anatomy into the feeding apparatus. In fishes
both the upper and lower jaws articulate with the rest of the
cranial skeleton, of which many elements are mobile. In bony
fishes the primary jaws include the tooth-bearing premaxilla
and, in more basal groups, maxilla in the upper jaw and the
tooth-bearing dentary and the articular in the lower jaw. Dor-
sally, the premaxilla slides along the rostral end of the neu-
rocranium. The upper and lower jaws connect caudally with
each other and with the suspensorium, a group of bones sus-
pended from the neurocranium. In addition, the lower jaw is
connected to the series of opercular bones that covers the gills
and to the hyoid apparatus in the floor of the mouth.
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Several sets of bones form the floor of the mouth and wrap
around the buccal cavity to connect to other cranial elements.
The most rostral is the hyoid arch, involved in expansion of
the buccal cavity. Following the hyoid arch are the branchial
arches, which hold the gill structures, and, most caudally, the
pharyngeal jaws, which bear teeth and help the fish eat prey.
During feeding, jaw-depressor muscles rotate the lower
jaw ventrally, causing the jaws to protrude forward. Suction
forces are generated in the buccal cavity by dropping the floor
of the mouth and flaring the suspensorium. The opercular
bones seal the opercular opening to the gills. This combina-
tion of movements simultaneously leads to jaw protrusion,
suction of water, and movement of the prey into the mouth.

The functional organization of jaw morphological fea-
tures for feeding is a trade-off between the velocity of the
movement and the force exerted. A striking example of a
high-velocity feeding event involving extremely mobile jaws
is illustrated by the slingjaw wrasse (Epibulus insidiator), aptly
named for its ability to sling its jaws away from the rest of
its head during the capture of evasive prey. This mechanism
allows the rest of the body to remain still, minimizing the
chances of being detected by the prey. An alternative strat-
egy is seen in fishes that eat hard prey, such as mollusks, in-
cluding the sheepshead (Archosargus). These fish do not feed
on evasive prey, and so they do not need high-velocity jaw
movements; instead, they maximize the force for crushing

The slingjaw wrasse, Epibulus insidiator, has the greatest jaw protru-
sion known among fishes. The jaw’s bone and ligament structure, de-
picted here, comprise the lever action responsible for it. (lllustration
by Jonathan Higgins)
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Close-up of a Port Jackson shark’s (Heterodontus portusjacksoni) face.
Port Jackson sharks feed primarily on invertebrates such as sea
urchins, crabs, and starfish. (Photo by Jeffrey L. Rotman/Corbis. Re-
produced by permission.)

shells. The difference in feeding strategy is reflected in the
lengths of the lower jawbones, with long, slender bones be-
ing low force but high velocity and short, thick bones pro-
viding strong biting forces but less speed during jaw closing.

Teeth also vary markedly with a fish’s prey. The teeth of
predatory fish, including many carnivorous sharks, must cut
through their prey and thus are triangular and serrated, pro-
viding effective blades for slicing through tissues. Other
predators, including eels, which swallow prey whole, may have
elongated backward-pointing teeth that are effective in grasp-
ing prey and preventing the prey from struggling out of the
mouth. Many species have teeth adapted for biting or crush-
ing hard material, such as shells or coral. Parrotfishes (fam-
ily Scaridae) are named for their beaks, formed by fused teeth
that function to bite hunks out of coral. Parrotfishes also have
robust teeth on the pharyngeal jaws that contribute to the
crushing of coral for digestion.

The action of the mouth and teeth (ingestion) is the first
stage of digestion. From the buccal and pharyngeal spaces,
food is moved through the esophagus to the stomach and in-
testine. The esophagus secretes mucus to help move food
along its length, and it may stretch to accommodate large food
items. The digestive enzyme pepsin and hydrochloric acid be-
gin chemical digestion of the food and, in some groups, in-
cluding mullets (family Mugilidae), the stomach may be
modified into a grinding organ to continue physically pro-
cessing food. The intestines vary in length among species, with
the intestines of herbivores being substantially longer than
those of carnivores. In addition, the surface area of the in-
testines may be increased for better internal absorption. Sev-
eral organs are associated with the intestines. The pyloric
caecae, liver, gallbladder, and pancreas produce enzymes and
other substances that aid digestion in the intestines.

The axial system and locomotion

As suggested by their external morphological characteris-
tics and functions, fins have diverse internal structures. Skele-
tal fin girdles support pectoral and pelvic fins, and the fins
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Brain and spinal cord organization. (lllustration by Brian Cressman)

themselves consist of spines or rays that ar e connected by the
fin membrane. Muscles at its base actuate the fin and, partic-
ularly with the pectoral fins, allow complex movement. Me-
dian fins also have skeletal support, with muscles that raise or
lower the fins and segmentally arranged muscles on individ-
ual fin segments that allow for a wave of muscle activity to
propagate along the fin. The caudal fin, which generates much
of the thrust in axial swimming, is supported by a series of
laterally flattened bones and associated muscles in addition to

Southeastern African lungfish (Protopterus amphibius) using its pelvic
fin as a “leg.” (Photo by Tom McHugh/Steinhart Aquarium/Photo Re-
searchers, Inc. Reproduced by permission.)
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lateral body muscles. The caudal fin also is classified by the
size of the dorsal and ventral caudal fin lobes. The most com-
mon designations are homocercal, in which the dorsal and
ventral fin lobes are symmetrical (as in most bony fishes), and
heterocercal, in which the dorsal and ventral lobes of the cau-
dal fin are unequal in size. This type of tail is common in
sharks but also is found in ray-finned fishes, such as the stur-
geons and paddlefish (order Acipenseriformes).

Vertebrae have several components. The centrum is the
central structural element of the vertebra. The neural arch
above the centrum protects the spinal cord. In the trunk re-
gion, lateral processes extend from the ventrolateral centrum.
In the tail, processes form the haemal arch, which encloses
the large dorsal aorta. The arches extend to form spines in
the dorsal and ventral midlines, which, with connective tis-
sues, shape the vertical septum that divides the left and right
sides of the fish. Similarly, extending left and right from the
vertebrae is the sheet of connective tissue called the hori-
zontal septum, which divides the epaxial (dorsal) and hypax-
ial (ventral) regions of the lateral muscles, called the
myomeres.

Axial swimming movements are accomplished by contrac-
tions of the myomeres that connect through tendons to the
vertebral column. The myomeres are organized into inter-
digitating cones and bands of muscle separated by the con-
nective tissue myosepta. Myomere contraction transmits force
to the network of tendons, which bends the vertebral column.
Rostral-to-caudal (head-to-tail) propagating waves of muscle
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contraction generate the rostral-to-caudal waves of body
bending during swimming.

The axial muscles often contain two common types of
muscle fiber in fishes, each with a specific role in muscle func-
tion. Slow oxidative muscle functions in steady swimming.
Slow muscles obtain energy through oxygen metabolism and
are rich in myoglobin and vasculature that supplies oxygen,
giving the muscle a red appearance. Because it is constantly
supplied with oxygen, red muscle does not rapidly fatigue and
thus can function in slow, sustained locomotion. Tunas and
other large species that cruise steadily, searching for food,
often have red muscle as a considerable proportion of their
myomeres. In contrast to slow oxidative muscle, fast gly-
colytic muscle has a fast contraction time and uses glycogen
stores as fuel. This type of muscle also is called white mus-
cle, because with little vascularization and low levels of myo-
globin, the muscle appears paler than oxidative fibers.

Lateral view Efferent branchial
arteries
° — >
Afferent
branchial arteries
Dorsal view Mouth open

Buccal chamber
expanding

A\

Opercular
valve closed

Structure and function

Because glycogen stores are used up quickly, fast muscle fa-
tigues quickly and functions primarily in short swimming
bursts as, for example, when a fish is startled. In most fishes
the white muscle forms the major mass of the myomeres.

In addition to generating movement of axis, fins, or cra-
nial structures, muscles perform other functions in fishes. In
some species muscles have adapted to act as thermoregula-
tory, or “heater organs.” In tunas (family Scombridae) mus-
cle activity keeps the brain warm while they feed for squid
in cold, deep waters. Electrical currents generated during
muscle contraction have been harnessed by elephantnose
fishes as a communication signal or by torpedo rays as a tool
for disabling other species. This modification of muscle cells
into electrogenerative organs has evolved independently
many times in the evolution of fishes, and there is consider-
able diversity in the muscles that serve this function, in-
cluding eye muscles (stargazers, family Uranoscopidae), jaw

Dorsal aorta

Gill arches

Ventral aorta

Heart

Mouth closed

Buccal chamber
contracting

Opercular
valve open

Flow of water and gas exchange through gills. (lllustration by Barbara Duperron)
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The open mouth of a manta ray (Manta birostris) funnels food into its mouth while it swims, using two large, flap-like cephalic lobes that extend
forward from the eyes. (Photo by Ivor Fulcher/Corbis. Reproduced by permission.)

muscles (torpedo rays), and axial muscles (electric eels, genus

Electrophorus).

Neural control: The brain, spinal cord, and sense organs
The brain and spinal cord together form the central ner-
vous system. The brain is subdivided into three regions—
forebrain, midbrain, and hindbrain. The forebrain consists of
the telencephalon and the diencephalon. At the rostral end of
the telencephalon are the olfactory bulbs, which receive input
from the olfactory receptors. The olfactory bulbs have neu-
rons (the olfactory nerve, or cranial nerve I) that project into
the olfactory regions of the telencephalon, also called the ol-
factory lobe because of its importance in this chemical sense.
The olfactory bulb often is enlarged in fishes that rely heav-
ily on olfaction, including many species of sharks. The dien-
cephalon, which includes the epithalamus, thalmus, and
hypothalamus, functions primarily in the regulation of the in-
ternal body environment. The pineal organ, which contains
neurons and photoreceptors, is located at the distal end of the
epiphyseal stalk and is part of the epithalamus, which projects
from the dorsal surface of the diencephalon. In many species
the pineal organ senses light through the cranium and may
have numerous functions, including regulation of circadian
rhythms. The optic nerve (cranial nerve II), which runs from
the retina to the brain, enters the diencephalon and has inputs
to the thalamus and hypothalamus as well as to the midbrain.

The midbrain consists of the optic lobe and tegmentum;
both structures are involved in vision. The optic nerve has ex-
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tensive connections to the optic lobe, and, as with the olfac-
tory bulbs, a large optic lobe is associated with species that
use vision extensively. The tegmentum functions in the con-
trol of intrinsic eye muscles to focus the visual image. The
tegmentum also plays a part in motor control. For example,
the midbrain locomotor region, which generates rhythmic
swimming movements, is located in the tegementum.

The hindbrain includes the cerebellum, pons, and medulla
oblongata. The cerebellum, unlike the more rostral brain re-
gions, is a single structure rather than paired, bilateral lobes.
The cerebellum’s functions include maintaining equilibrium
and balance. The pons and medulla form the brain stem.
Many of the cranial nerves bring sensory information into the
medulla and transfer motor signals to the muscles. Most of
the cranial nerves enter the brain through the hindbrain. Cra-
nial nerves III (oculomotor), IV (trochlear), and VI (abducens)
control the six extraocular muscles that generate eye move-
ments. Cranial nerve V (trigeminal) receives sensory input
from and transfers motor signals to the mandible, and cranial
nerve VII (facial) brings in sensory input from the hyoid arch
and structures. Cranial nerve VIII (acoustic) contains sensory
fibers that are involved in hearing and equilibrium. Cranial
nerve IX (glossopharyngeal) serves the pharyngeal arch, pro-
viding both sensory information and motor output. Cranial
nerve X (vagus) innervates the more caudal branchial arches
as well as the lateral line and viscera.

The spinal cord runs the length of the vertebral column,
protected by the neural arch. As with the myomeres and ver-
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tebrae, the spinal cord is organized segmentally. At each body
segment, sensory neurons enter the cord through the dorsal
roots, and motor neurons exit through the ventral roots. In-
terneurons, located entirely within the central nervous system,
carry information between sensory and motor neurons and re-
lay information to and from other interneurons in the brain.

The nervous system takes in sensory information and
processes it to derive an appropriate response. Fishes use a
wide array of senses to survey their environments. Vision is
one of the best-understood sensory systems. The eyes of fishes
are very similar in structure to the eyes of other vertebrates,
with light coming in through the cornea and lens and pro-
jecting onto the retina, where rods, cones, and other nerve
cells receive, process, and transmit the visual image. Instead
of changing the shape of the lens, fishes focus the often near-
spherical lens by moving it closer to or farther away from the
retina. The organization and composition of the retina vary
with a fish’s visual environment. Deep-sea fishes have visual
pigments that absorb light maximally in lower, blue wave-
lengths, while shallow-water species absorb a broader distri-
bution of the light spectrum.

Herbivore

Carnivore

a) Esophagus
b) Stomach

c) Gall bladder
d) Spleen

Structure and function

Eye position is also indicative of a fish’s way of life. Bottom-
dwelling predators that surprise prey from below, such as flat-
fishes or stonefishes, have eyes positioned upward and close
together to provide binocular vision. Prey species generally
have eyes positioned laterally to best survey for predators. An-
ableps, the four-eyed fish, lives at the surface of the water. It
has four pupils to take in light dorsally through air and ven-
trally through water. The lens is shaped and positioned to fo-
cus the light from two sources on two regions of the retina,
allowing for simultaneous input from both visual environments.

Both smell and taste permit fish to sense chemical signals.
That fish may have an extremely well developed ability to sense
chemical signals is illustrated in salmon and trout, which dis-
tinguish their natal streams based on chemical cues. Whereas
olfactory receptors are localized in the olfactory epithelium
within the bilateral nares, taste receptors, or taste buds, are
more widespread, occurring not only in the mouth but also fre-
quently on the gill structures and external surfaces, including
the barbels, fins, and skin. Signals from the taste buds are trans-
mitted to the brain through several cranial nerves. Cutaneous
receptors have input through the facial nerve, whereas inputs

é%
e) Pyloric caeca  g) Anus >
f) Intestine h) Gizzard —S

Differences in digestive systems between herbivorous and carnivorous fishes. Although most structures are the same, the herbivore has a giz-

zard, as well as a longer intestine. (lllustration by Marguette Dongvillo)
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Fin morphology of fishes: a. Sea robin (Dactylopterus volitans): b. Catfish (Corydoras aeneus); c. Piked dogfish (Squalus acanthias); d. Mosquito-
fish (Gambusia affinis); e. Anglerfish (Lophius piscatorius); f. Lumpfish (Cyclopterus lumpus). (lllustration by Marguette Dongyvillo)

from receptors in the mouth travel to the brain through the
glossopharyngeal and vagus nerves. These nerves lead to the
brain’s medulla, and, as with olfaction, fishes that use taste ex-
tensively to find prey have enlarged regions of the medulla cor-
responding to cranial nerves VII, IX, or X.

The primary mechanoreceptive systems are the ear, func-
tioning in hearing and equilibrium, and the lateral line that
senses contact at the surface of the body. The inner ears of
elasmobranches and bony fishes are organized into three semi-
circular canals and three chambers, each containing an otolith,
or ear stone, that rests on sensory hair cells associated with
nerve cells. Two of the chambers, the saccule and the laguna,
function in hearing. Vibrations from the environment lead to
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movement of the chambers and the otoliths. The difference
in movement is sensed by the hair cells and is processed as
hearing. Ostariophysan fishes, including goldfish, catfishes,
and others, have a series of bones called Webberian ossicles
that connect the ear to the swim bladder. Vibrations are am-
plified through the swim bladder and improve hearing at high
frequencies. Similarly, an otolith in the third chamber, the
utricle, allows the fish to sense orientation in the water. This
dense otolith lies upon sensory hair cells. When the body tips
and the otolith moves, stimulation to those cells changes as
well, signaling the change in orientation.

The sensory hair cells in the semicircular canals allow
fishes to sense orientation and acceleration. Each canal is as-
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sociated with an ampulla in which hair cells are located. In-
stead of an otolith, gel covers the cells. When fluid, called en-
dolymph, in the semicircular canals moves as the result of a
change in acceleration of the fish, the endolymph moves the
gel and thus stimulates the sensory cells. The three semicir-
cular canals are positioned approximately at right angles to
one another to sense vertical, lateral, or forward movement.

Water movement on the surface of the fish is sensed
through neuromasts. These structures can be found individ-
ually on the surface of the body, or they may sit below scales
in canals called lateral lines. Neuromasts include a cupula of
gel consistency and sensory hair cells, which project hairs into
the cupula and synapse with nerve cells below the surface of
the body. Movement of the cupula causes the hair cells to de-
flect, signaling a perturbation of the fluid around the fish.

Electroreception occurs in many groups of fishes and has
numerous functions, including sensing murky environments;
sensing prey, such as fishes that sleep buried in sand; or, in
species that also generate electrical signals, receiving signals
from other animals. Electrical input is received in pit organs
on the surface of the body. Pit organs are filled with gel that
conducts electrical current and, at their base, contain elec-
troreceptor cells that synapse with sensory neurons.

Homeostasis

The autonomic nervous system and the endocrine system
function together to regulate an animal’s physiology. The au-
tonomic nervous system, which includes a series of ganglia
lateral to the spinal cord, receives input from the central ner-
vous system to adjust the function of numerous tissues. Blood
pressure is regulated through vasodilation or vasoconstriction,
affecting numerous functions from digestion to oxygen up-
take at the gills. The endocrine system similarly has broad ef-
fects on physiology, but through hormones rather than nerve
activity. Controlled primarily through the hypothalamus and
the pituitary, the endocrine system has many functions, in-
cluding osmoregulation, growth, and metabolism.

Circulation and gas exchange

The circulatory system carries blood from the heart
through the gills and to the body tissues before returning to
the heart. The fish heart is unlike the mammalian heart, where
left and right sides function to take deoxygenated blood from
the body to the lungs and separately take deoxygenated blood
from the lungs to the body. The heart of fishes is a single se-
ries of four chambers, with deoxygenated blood running
through the heart to the gills and straight out to the body
without returning to the heart. The four chambers of the
heart are the sinus venosus, atrium, ventricle, and conus ar-
teriosus. The chambers of the heart are separated by valves
to prevent blood from flowing in the wrong direction during
ventricular pumping.

The gills are the primary respiratory organs of fishes. Gills
are located lateral to the mouth cavity. In bony fishes, they
are covered by the opercula. Chondricthyan fishes and lam-
preys do not have an operculum; instead, each gill vents to
the surface of the body individually through gill slits. During
ventilation, water flows into the mouth, across the gill, and
through the gill slits or opercular opening. When negative
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Osmoregulation/homeostasis in freshwater and marine fish. (lllustra-
tion by Jonathan Higgins)

pressure is generated in the mouth, the opercula or gill slits
close over the gills to prevent water from flowing into the
mouth through the opercular openings. The gills are formed
from membranes and blood vessels lying over branchial
arches. On each arch, lamellae project outside the buccal cav-
ity. The lamellae have smaller processes called secondary
lamellae, which are highly vascularized for oxygen exchange.

Fishes have a diverse array of other respiratory structures
in addition to the gills. In larval fishes, gas exchange com-
monly occurs across the skin. Many fishes have accessory
breathing organs. Numerous fishes have “lungs” in which air
is stored. These fishes include many basal bony fishes, such
as bowfins (order Amiiformes), gars (order Lepisosteiformes),
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Structure and function of the swim bladder. The fish becomes less buoyant (descends) as gas is absorbed into the bloodstream and leaves the
swim bladder. The fish ascends as gas is removed from the bloodstream and enters the swim bladder, enlarging it. (lllustration by Jacqueline
Mahannah)

and reedfish (order Polypteriformes), which gulp air at the
surface of the water. Several species that can breathe air in-
clude some catfishes (genus Clarius) and gouramis (family Os-
phronemidae), which have evolved structures associated with
the gills for this function

Buoyancy control in the fluid environment

Gas exchange also occurs in the swim bladder, a sac full of
gases that lies dorsally in the body cavity and functions pri-
marily in buoyancy control. An increase in the amount of
gases in this structure makes fish more buoyant, and a de-
crease makes them less buoyant. In many fishes, gas can en-
ter the gas bladder only through the gas gland and rete
mirabile (“wonderful net”), a highly vascularized tissue that,
as in the gill filaments, provides a large surface area for gas
exchange. The gas gland acts by acidifying the blood, de-
creasing the solubility of dissolved gases and thus increasing
the available molecules for exchange into the swim bladder.
A membrane called the oval controls the amount of gas in the
bladder. Unlike the rest of the bladder, which is lined with
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the amino acid guanine to prevent resorption of gases, the
oval is highly permeable. The loss of gas from the bladder
through the oval is controlled by muscles that can either ob-
struct the oval, preventing gas release, or free it for gas ex-
change. Some fishes have a pneumatic duct that runs from
the alimentary canal to the swim bladder. This allows them
to gulp air at the surface and store it in the gas bladder.

Many fishes have other adaptations to make them more
buoyant, including morphological structures that are built for
lightness. Some groups, including chondrichthyan fishes, do
not have swim bladders and instead augment their buoyancy
with fat stores. Another strategy in negatively buoyant fishes
may be to alter body movements during locomotion to pro-
duce lift and upward thrust as well as forward thrust.

Osmoregulation and excretion

Living in water provides a set of challenges for osmoreg-
ulation, and fishes have developed a diverse array of strate-
gies for manipulating their osmotic concentrations of various
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substances. Almost all fishes maintain osmotic levels that are
lower (saltwater fishes) or higher (freshwater fishes) than the
fluid in the environments around them. The lone exception
is the hagfishes (family Myxinidae). Hagfishes, one of the most
basal lineages of vertebrates, have internal salt concentrations
at about the level of seawater, as do marine invertebrates. Ma-
rine elasmobranchs (sharks, rays, and skates) are isosmotic but
with substantially lower salt concentrations in their bodies.
They maintain this balance by retaining high concentrations
of urea and trimethyl amine oxide (TMAOQ) in the blood. The
urea increases the osmotic concentrations to the level of sea-
water. To keep salt concentrations low relative to the envi-
ronment, elasmobranchs secrete salt through the kidneys and
a special gland, the rectal gland, which connects to the ali-
mentary canal. The rectal gland concentrates and eliminates
both salt and chloride ions from the body tissues.

Teleost fishes are not isosmotic and have evolved mecha-
nisms to regulate retention or elimination of ions. Marine
teleosts with lower ionic concentrations than the fluid that sur-
rounds them are constantly loosing water to the environment.
They counter this loss by drinking and filtering saltwater. Salt
and chloride ions are transported from the blood through the

Water flow

Bone

Cartilage — |

Gill arch

Structure and function

gill membranes, while magnesium and sulfates are filtered
from the blood by the kidneys. Freshwater teleosts have the
opposite problem of maintaining salts in an environment
where the normal concentrations are low. In particular, water
can move into the bloodstream through the alimentary canal
and the gills, diluting internal concentrations. Again, the gills
and the kidneys are critical to this balance. The gills actively
take up some solutes from the water, and freshwater teleosts
produce copious amounts of dilute urine.

Reproduction

Fishes demonstrate a wide range of reproductive strate-
gies. Fishes may be males, females, or, in many species, her-
maphrodites, with both male and female sex organs. There
are several types of hermaphroditism, and simultaneous her-
maphrodites may act as both male and female in a single
breeding event. Hamlets, small species of sea bass (family Ser-
ranidae), breed in pairs, with individuals taking turns as male
and female. Other simultaneous hermaphrodites, including
numerous deep-sea species, are self-fertilizing. Serial her-
maphrodites may be female at one time in their life history

Blood vessels

Primary lamellae

Efferent blood vessel

Direction of blood flow

Microstructure of gills, showing water flow and blood flow. (lllustration by Barbara Duperron)
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Swims with fins
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Fishes’ body and fin shapes determine their type of locomotion: a. Thunniform locomotion, bigeye tuna (Thunnus obesus); b. Carangiform, blue
trevally (Carangoides ferdau); c. Subcarangiform, rainbow trout (Oncorhynchus mykiss); d. Anguilliform, green moray (Gymnothorax funebris);
e. Gymnotiform, clown featherback (Chitala ornata); f. Amiiform, bowfin (Amia calva); g. Rajiform, southern stingray (Dasyatis americana); h.
Tetraodontiform, mola (Mola mola); i. Labriform, bridled parrotfish (Scarus frenatus). (lllustration by Marguette Dongyvillo)

and male at another. Protandrous species, including some dam-
selfishes (family Pomacentridae), are first male and then be-
come female as they age. Protogynous species, including many
wrasses (family Labridae) and other perciformes, on the other
hand, begin as females and become males. One of the more un-
usual strategies is that demonstrated by several families of an-
glerfishes. Smaller, parasitic males latch onto females with their
mouths and fuse permanently with the female’s body. The male
obtains nutrition through the female’ bloodstream and provides
sperm for reproduction. Males of the seahorses and pipefishes
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(family Syngnathidae) have pouches or specialized body sur-
faces that hold eggs while the embryos are developing.

Despite these variations in modes of reproduction, the ba-
sic reproductive structures are similar among taxa, with eggs
being produced in the ovaries and sperm being produced in
the testes. Ovaries and testes are held in places in the ab-
domen with mesenteries—the mesovaria for ovaries and
mesorchia for the testes. The paths that the sperm and eggs
take vary among species. Sperm or eggs may be released into
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the body cavity, as in Agnathans (lamprey and hagfish), and
leave through pores in the abdomen. However, in most
species, eggs are carried in the oviducts, which may be con-
tinuous with the ovary—as in many teleosts—or may be sep-
arated by a small space across which the eggs travel.

While in most fish species eggs and sperm are released
by the parents and fertilization and development occur ex-
ternally, a number of groups of bony fishes as well as sharks
and other species in the class Chondrichthyes have internal
fertilization. Sharks demonstrate a range of parental care
prior to laying eggs or birthing pups. Many species, in-
cluding skates (order Rajiformes), are oviparous, with the

Structure and function

embryo relying completely on its yolk for sustenance.
Oviparous species lay eggs that develop externally to the
mother. In ovoviviparous species, such as the whale shark,
the embryos depend on the yolk for nutrition but remain
inside the mother through the embryonic period. Embryos
hatch within the mother and are born free-swimming. Vi-
viparous species similarly retain their embryos, but those
embryos obtain nutrition both from the yolk sac and from
the mother. Nutrition from the mother may be obtained
via a placental structure connected to the mother’s circula-
tory system, as in hammerheads (family Sphyrnidae), or
from nutrient-rich fluids secreted by cells of the uterus, as
in manta rays (Manta birostris).
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Sense organs of fishes visual, auditory, and lateral line systems. (lllustration by Marguette Dongvillo)
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Life history and reproduction

Types of reproduction

The vast array of adaptations that has evolved in fishes has
given them the ability to inhabit a wide range of different habi-
tats, including open seas and oceans, lakes, ponds, estuaries,
rivers, tide pools, springs, deserts, forests, mudflats, and moun-
tains. In addition, they have evolved the ability to exist in ex-
treme areas with regard to temperature (e.g., the Antarctic),
low oxygen, pH, and tremendous pressure. In fact, fishes ex-
hibit the greatest vertical distribution of any group of verte-
brates. As the result of selective pressures associated with these
different environments, fishes have evolved three types of re-
production: bisexual, hermaphroditic, and parthenogenetic.

Bisexual

Bisexual reproduction is the most common form observed
in fishes. In this type of reproduction, the sexes are separate
(“dioecious”) within the species. Species that are involved in
bisexual reproduction may exhibit slight to very pronounced
secondary sexual characteristics, or sexual dimorphism. Char-
acteristic of these secondary sexual traits is that they usually
are expressed in only one sex (typically the male), do not oc-
cur until maturation, may intensify during the breeding sea-
son, and generally do not enhance individual survival.
Secondary sexual traits may consist of differences in body
size, body parts (e.g., elongated fins), body ornamentation
(e.g., nodules on the head), dentition, color pattern, and body
shape and, possibly, differences in acoustic, chemical, and
electrical attributes between the sexes. Bisexual mating sys-
tems include monogamy, polygamy, and promiscuity.

Hermaphroditic

The second type of reproduction in fishes involves sex re-
versal, where fishes function as male or female simultaneously
or sequentially. Sequential hermaphrodites function as males
during one part of their lives and females during another.
There are two distinct forms of sequential hermaphrodites—
protandric and protogynous. Protandric hermaphrodites are
individuals that start out as male and later in life undergo in-
ternal morphological changes and become fully functional fe-
males. Protandric hermaphrodites are widespread among the
sea basses (Serranidae). All wrasses (Labridae) appear to be
protogynous hermaphrodites, in that all males are derived
from females. Environmental factors or, more specifically, so-
cial cues influence sex change in wrasses. The social system
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adopted by wrasses consists of a harem of females and one
large male. The entire group is structured according to size,
with the male at the top of this hierarchy. If a female is re-
moved from the harem, the other females maneuver within
the hierarchy. All the smaller females typically move up one
position. If the male is removed or dies, the largest female in
the harem attempts to fill the male’s position by aggressively
warding off neighboring males. If she is successful, within sev-
eral hours she will display the male’s behavior and will court
and spawn (with no sperm released) with the subordinate fe-
males after two to four days. After approximately 14 days she
becomes a fully functional male. In those taxa where sex re-
versal is mediated by social cues, the process varies widely,
and a single individual can change from one sex to the other
several times in response to these cues. On the other hand,
there are many taxa (e.g., stripped bass, yellow perch, most
groupers) of sequential hermaphrodites in which sex change
occurs independently of social cues.

Simultaneous hermaphrodites possess a functional ovotestis
and are capable of releasing viable sperm and eggs; hence, they
have the potential to fertilize their own eggs. Only three
species of cyprinodontiform fishes (Cynolebias species and
Rivulus marmoratus) are known to be self-fertilizing hermaph-
rodites. Self-fertilization of R. marmoratus is internal and re-
sults in homozygous, genetically identical individuals. Because

California bullhead shark (Heterodontus francisci) eggcase. About
25% of all shark species lay eggs. (Photo by Tom McHugh/Steinhart
Aquarium/Photo Researchers, Inc. Reproduced by permission.)
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Diversity of external egg characteristics: a. Cod eggs; b. Hagfish eggs; c. Catshark eggcase; d. Gobie eggs; e. Flyingfish egg; f. Bull shark eggcase.

(Ilustration by Jacqueline Mahannah)

many cyprinodontiform fishes inhabit harsh habitats, self-
fertilization may be a reproductive strategy to ensure mates in
low-density and isolated populations. The more common pat-
tern of simultaneous hermaphroditism is seen among the ham-
lets (Hypoplectrus and Serranus). Although these fishes are
capable of producing both sperm and eggs at the same time,
they function as only one sex at a time during a spawning event.
Because some spawning events may last several hours (e.g., in
hamlets), members of a pair may alternate sex roles, with one
individual playing the part of the male and releasing sperm
and later taking the role of the female and releasing eggs.

Parthenogenetic

Although it is rare in vertebrates, parthenogenetic repro-
duction does exist in a few species of fishes. By definition,
parthenogenetic reproduction involves complete develop-
ment of an egg without fertilization by a sperm of the same
species. A variation on this type of reproduction exists in
fishes. In fishes, mating with a heterospecific or conspecific
male is required. The role of the male is in providing an ac-
tive sperm, which comes in contact with the egg but which
does not penetrate the egg membrane (chorion). The sperm
acts as a stimulus for the egg to begin developing. The sperm
does not contribute to the genetic makeup of the resulting
fry. The fry is genetically identical to the female; hence, males
are never produced by parthenogenetic reproduction. The
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best-studied example of this phenomenon are live-bearing top
minnows of the genus Poeciliopsis.

Modes of reproduction

In addition to the three different types of reproduction,
there are three developmental modes of reproduction:
oviparous, ovoviviparous, and viviparous.

Oviparous

Opviparous reproduction typically involves the release of
both male and female gametes into the surrounding water,
where fertilization takes place. Fertilization is internal in nu-
merous fishes (e.g., rockfishes of the family Scorpaenidae and
Neotropical catfishes of the family Auchenipteridae), however,
and is followed by the often delayed release of embryonated
eggs by the female into the surrounding environment. Upon
fertilization, the developing embryo uses both yolk reserves
and oil droplets as nutrients. In the marine environment, the
eggs are generally buoyant and float in the upper water col-
umn for varying periods of time before undergoing meta-
morphosis and settling out of the plankton community. The
resulting larva, in many cases, differs drastically from the adult
and may spend considerable time floating in the water. Species
that exhibit this mode of reproduction usually produce large
quantities of small eggs owing to a high mortality rate.
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While the vast majority of marine fishes are oviparous (in-
cluding both pelagic and reef species), commonly with a
planktonic stage, most freshwater fishes that have oviparous
reproduction lack this stage, producing fry that closely re-
semble the adults. In addition, not all oviparous fishes pro-
duce buoyant eggs; instead, some produce demersal eggs
(most freshwater fishes) that may have adhesive properties.
The adhesive quality allows them to stick to rocks and plants,
thus preventing them from washing away. Demersal eggs very
often are associated with parental care, which is extremely
widespread among fishes. Although oviparous species produce
the greatest number of eggs, these eggs and the resulting lar-
vae are very small.

Ovoviviparous

In ovoviviparous reproduction the eggs are retained by
the female, and fertilization is internal. Although the eggs
are retained, there is no placental or blood connection be-
tween the developing embryos and the female. Instead, the

Life history and reproduction

A clown triggerfish (Balistoides conspicillum) guarding eggs (the yellow-
green mass) near Menjangan Island, part of Bali Barat National Park
in Bali, Indonesia. (Photo by Fred McConnaughey/Photo Researchers,
Inc. Reproduced by permission.)

Larval diversity in fishes. a. Squirrelfish (Sargocentron vexillarium) larva, left, is 0.19 in (4.7 mm) in length. Adult is shown on the right. b. European
sea bass (Dicentrarchus labrax) larva, left, is 0.24 in (6 mm) in length. Adult is shown to its bottom right. (lllustration by Jacqueline Mahannah)
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Gravel flies as a female brook trout uses her tail fin to dig a redd
(nest) in the Pleasant River in Windham, Maine. A male stands guard
over the nest at rear. When the hole is sufficiently deep, the pair will
come alongside each other. The female will then deposit her eggs
while the male fertilizes them with his milt. (Photograph. AP/ Wide
World Photos. Reproduced by permission.)

embryos develop completely within the egg, where all the
necessary nutrients are present before hatching. Upon
reaching full term, the embryos hatch inside the female, af-
ter which they are immediately born alive in the surround-
ing water. Those species that exhibit ovoviviparous
reproduction do not have a pelagic stage, instead producing
fry that closely resemble the adults. Consequently, ovovi-
viparous species have fewer eggs and larger fry than oviparous
species. The most common ovoviviparous species are the
poeciliids (e.g., guppies and swordtails), but the coelecanth
also practices this reproductive method.

Viviparous

Viviparous reproduction is similar to ovoviviparous repro-
duction, but in the former method, there is a placental or
blood connection between the mother and the eggs. Thus,
the developing embryo acquires the necessary nutrients and
oxygen from its mother. Once the developing embryo reaches
full term, it is born alive. Viviparous species generally pro-
duce the smallest number of fry, but they typically are much
larger than both oviparous and ovoviviparous fry. The most
common viviparous species are sharks, but this form of re-
production also is found in the highland live-bearers of the
family Goodeidae and the surfperches of the family Em-
biotocidae.

Reproductive strategies

Each reproductive mode, in combination with habitat,
physiology, and behavior, plays an important role in the over-
all reproductive strategy. A reproductive strategy may dictate
a large quantity of small eggs and high mortality or fewer
large eggs with a greater chance of survival. These strategies
must be designed such that a percentage of the eggs will sur-
vive through sheer numbers, camouflage, parental care, or re-
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tention in the maternal or paternal body. In addition, time
and location are important with respect to supplying ample
food for the young and access to space occupied by the adults.

Gametogenesis

Gametogenesis refers to the origin and development of
mature gametes through the processes of spermatogenesis and
oogenesis.

Spermatogenesis

Spermatogenesis is the process in which spermatozoa are
produced by follicles in the paired testes that undergo a series
of meiotic and developmental transformations. Although sper-
matozoa consist of three parts (head, midpiece, and flagellum),
they can differ between species. Despite the presence of the
flagellum (tail), spermatozoa remain relatively inactive until
they are released from the testes. At the time of spawning, the
spermatozoa are combined with specialized secretions from
the sperm duct (seminal fluid) to produce milt, which is re-
leased into the water during external fertilization. In the case
of internal fertilization, the spermatozoa are transferred in
packets called spermatophores. When combined with seminal
fluid, the spermatozoa become very active. The life span of
spermatozoa varies between species, and many other factors,
such as temperature, have a profound effect. Spermatozoa re-
main viable for longer periods of time at lower temperatures.
In addition, spermatozoa typically live longer when deposited
inside the female compared with being exposed to the sur-
rounding water. Long-term sperm storage and delayed fertil-
ization of the eggs are characteristic of the reproductive
biology of many ovoviviparous and viviparous fishes.

Oogenesis

The process in which ova (eggs) are produced in the paired
ovaries is oogenesis. During oogenesis nutritional reserves are
formed in the egg in the form of yolk material and oil droplets.
The yolk is a source of protein, while the oil droplets provide
fat and aid in buoyancy. Eggs can vary considerably in size,
shape, outer shell characteristics, buoyancy, and adhesion. For
example, most pelagic eggs are buoyant, whereas many dem-
ersal eggs are adhesive. The adhesiveness of an egg may facil-
itate fertilization, prevent unfertilized eggs from washing
downstream, and allow eggs to attach to plants or rocks rather
than falling onto the soft substrate, where they may suffocate.
Eggs usually are deposited over a specific period of time rather
than all at once. In addition, not all eggs present in the ovaries
are deposited during spawning. Those eggs that are not de-
posited are resorbed by the ovaries, and the proteins, fats, and
minerals are reused by the female for maintenance, growth, or
egg production. In cases where there are too many eggs to be
resorbed completely by the ovaries, the opening to the oviduct
may become plugged with tissue, and the female becomes “egg
bound.” The obstructed oviduct prevents eggs from exiting
the ovary during future spawning. In extreme cases, females
that are severely egg bound may die.

Fecundity

The total number of eggs produced (fecundity) by a fe-
male may vary from one to two in some sharks to several hun-
dred million in the ocean sunfish (Mola mola). In general,
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Examples of sexual dimorphism in fishes: 1. Swordtail, Xiphophorus hellerii, male has elongate lower caudal fin; 2. Largescale foureyes, Ana-
bleps anableps, male has modified anal fin (gonopodium); 3. Bicolor anthias, Pseudanthias bicolor, male has elongated dorsal spine; 4. Blackspot-
ted wrasse, Macropharyngodon meleagris, different coloration and pattern; 5. Krgyer's deep sea anglerfish, Ceratias holboelli, parasitic male
dwarfed by large female; 6. Fathead minnow, Pimephales promelas, male has breeding tubercles on its head. (lllustration by Emily Damstra)

fecundity declines with increasing egg size and parental care
but increases with body size. In addition, fecundity is affected
by numerous factors, including the species; age, size, and over-
all health of the female; food availability; time of year; and
water temperature and quality.

Fertilization

In the vast majority of fishes, fertilization takes place out-
side the female’s body. External fertilization may consist of
varied types of spawning behavior, including paired or group
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broadcast spawning and oral fertilization. On the other hand,
some fishes have internal fertilization. Males of those species
that are involved in internal fertilization possess an intromit-
tent organ, which is used for transferring the spermatophores.
For example, in male sharks and poecilids, the pelvic and anal
fins are modified into claspers and a gonopodium, respec-
tively. Regardless of where fertilization takes place, fertiliza-
tion is the point in time when a spermatozoa penetrates the
chorion through a specialized opening called the micropyle.
Once a spermatozoa enters the micropyle, the chorion hard-
ens through a process known as water hardening, to prevent
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A mouth brooding cichlid (Haplotaxodon) releasing fry in Lake Tan-
ganyika, Africa. (Photo by Animals Animals ©Deeble & Stone OSF. Re-
produced by permission.)

more than one spermatozoa from entering (polyspermy) and
to aid in protecting the developing embryo. Some species,
such as sturgeons, have multiple micropyle; thus, polyspermy
does occur. Micropyle characteristics (e.g., size and shape) as
well as other external egg characteristics (e.g., filaments, ad-
hesive stalks, and tendrils) are quite varied among fishes. Once
the spermatozoa enters the egg and the pronuclei and egg
fuse, a zygote is created.

Embryology

Embryo development (embryogenesis) in fishes is similar
to that of most vertebrates, with the embryo taking form on
top of the yolk. Most teleost fishes, including elasmobranches
and hagfishes, exhibit meroblastic cleavage, which involves
cell division within a small disc-like region of the egg to pro-
duce the blastoderm (the disc of protoplasm where cleavage
takes place) that eventually develops into a fish. On the other
hand, lampreys have holoblastic cleavage, and bowfin, gar,
and sturgeon have an intermediate form referred to as semi-
holoblastic cleavage. Holoblastic cleavage is total, resulting in
equal-size blastomeres (cells resulting from cleavage). From
this point of embryogenesis, cell division and differentiation
continue in a prescribed manner, although the time at which
specific structures appear varies among species. Before hatch-
ing, many structures and organs develop at least partially, in-
cluding body somites (metameres or body segments), kidney
ducts, the neural tube, optic and auditory vesicles, eye lens
placodes (thickening of the epithelium), head and body
melanophores, a heart and functioning circulatory system,
pectoral and median fin folds, opercular covers, lateral line
sense organs, and the notochord. At the time of hatching, the
mouth and jaw may be barely formed, little if any ossification
(bone formation) exists, fin rays may be present, and a non-
functional gut and gas bladder are present.

At this advanced stage, the embryo is curled around on it-
self within the tight confines of the egg. Owing to the harsh
and extreme environments (e.g., deserts and other arid envi-
ronments) occupied by some fishes, they have evolved a re-
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productive strategy that involves a period of delayed develop-
ment (diapause) for their embryos. For example, South Amer-
ican and African annual killifish fertilize and deposit their eggs
in sand or peat moss in the rainy spring months. During the
summer drought, when the pools of water dry up, the parent
perishes, and the eggs enter a period of diapause. The rainy
season of the following year triggers developmental comple-
tion and hatching.

The length of the developmental interval varies consider-
ably, from a few days in surgeonfishes and several weeks in
flatfishes up to several months in sharks. In general, the length
of the developmental interval declines with increasing water
temperature. When embryos are ready, hatching gland cells
located on the head of some fishes secrete proteolytic en-
zymes, which breakdown proteins into simpler substances and
aid in weakening the chorion. Erratic movements of the em-
bryo’s body and tail also aid in hatching.

Development

Larvae

Larval life generally begins when the young emerge from
the egg and switch from internal yolk reserves to a diet con-
sisting of plankton (e.g., diatoms, copepods, amphipods, cili-
ates, and larvaceans). The newly hatched, free-swimming
individual, which may still have a large yolk sac attached, is re-
ferred to as a yolk-sac larva untl the yolk is absorbed, after
which it is referred to as a fry. At this point much larval devel-
opment proceeds, including the axial skeleton, fins, organ sys-
tems, true and median fin rays and spines, scales, urostyle,
hypural plate, and caudal rays. Characteristic pigmentation ap-
pears (including pigment in the eyes), and both the mouth and
anus open and become functional. Before the development of
the gill filaments, oxygen is absorbed across the membranous
primordial fin folds through cutaneous respiration. The larval
stage of fishes varies considerably in duration, ranging from one
to two weeks in sardines (Clupeidae), about one month in many
coral reef fishes, to several months or years in anguillid eels.

Egg cases containing lesser spotted dogfish (Scyliorhinus canicula)
embryos. (Photo by Douglas P. Wilson: Frank Lane Picture Agency/Cor-
bis. Reproduced by permission.)
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Juveniles

The transition from larva to juvenile in many species (e.g.,
coral reef fishes) is associated with a change in habitat as ju-
veniles settle out of the water column and take on a benthic,
or reef, existence. In general, the juvenile phase is thought to
begin when the larval characters are lost and the axial skele-
ton, organ systems, pigmentation, squamation (arrangement
of scales), and fins become fully developed. It is at this time
that the young take on the appearance of the adults. This tran-
sition in many species is very simple and can be completed in
a short time (minutes to hours), as exhibited by damselfishes.
This transition, however, is much more complex in some
fishes and may involve significant alterations in the anatomy,
physiology, or behavior of the species (e.g., metamorphosis
in flatfishes and smoltification in salmon). In some fishes (e.g.,
Atheriniformes and Cyprinodontiformes) the immobile larval
stage is bypassed, and the newly hatched fry are fully mobile
and immediately capable of feeding actively.

Adults

By definition, an adult is a fully grown, sexually mature in-
dividual. Not surprisingly, the growth rate and age and size
at which maturation occurs vary considerably in fishes. For
example, the males of some surfperches are born with func-
tional sperm, while it may take as long as 20 years for other
fishes (e.g., sturgeon and some sharks) to mature. The spiny

Life history and reproduction

dogfish, which may have a life span of up to 70 years, may
not become sexually mature until the age of 20 years. Among
teleosts, American eels may not become sexually mature un-
til they are 40 years old, at which time they participate in the
spawning migration to the Sargasso Sea.

Senescence

In general, larger fishes live longer than smaller fishes, but
the longevity of fishes varies considerably. Fishes that have
a short life span (perhaps one year) include the South Amer-
ican and African annual killifishes as well as some North
American minnows (Pimephales species), a silverside (Atheri-
nidae), a stickleback (Gasterosteidae), and some gobies. Some
of the oldest (90-140 years) fishes, whose ages have been de-
termined through radioisotopic and otolith analyses, are
scorpaenids from the northeastern Pacific. For the majority
of all fishes, death is attributed to predation, accident,
pathogens, accumulation of somatic mutations that cause a
decline in health, alteration or loss of habitat, or commercial
harvest. Among some fishes, death is attributed to senescence
(old age), which refers to age-related changes in the body
that have adverse effects on the organism. Over time these
metabolic and anatomic processes make the organism more
susceptible to death.
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Diversity of freshwater fishes

Only a small portion (0.01%) of the surface water of the earth
is freshwater, but these areas represent a variety of habitats, in-
cluding swift-moving streams, deep glacial lakes, and ephemeral
creeks. These freshwater habitats harbor diverse assemblages of
fish, comprising more than 10,000 species in 23 orders. Much
of this species richness is represented by Cypriniformes (2,662
species), Characiformes (1,343 species), Siluriformes (2,287
species), and Perciformes (2,185 species). The Amazon River
alone is home to more than 1,300 species of freshwater fish, and

more than 700 species of endemic haplochromine cichlids in-
habit the East African rift lakes.

Distribution of freshwater fishes

On global and regional scales, the distribution of freshwa-
ter fishes is determined largely by historical circumstances.
The world can be divided into distinct zoogeographic regions
based on the distribution of organisms around the globe. Pat-
terns noted at the global scale have been influenced over a
long evolutionary time period by plate tectonics, including the
movements and collisions of continental landmasses (conti-
nental drift). Major tectonic events played a large role in de-
termining the families of fish that are present on a particular
continent and that have the opportunity to become part of lo-
cal fish assemblages. The isolation of fish caused by the sepa-
ration of landmasses allowed for the diversification of species
within major lineages.

Continental movements also affected climate, geologic,
and drainage patterns across the landscape. The latitudinal lo-
cation of landmasses influenced their susceptibility to glacia-
tion during cooler periods of geologic history. During the
Pleistocene epoch (11,000 to 1.8 million years ago), four ma-
jor glacial periods resulted in the extirpation of fishes in ar-
eas covered by ice sheets, caused other species to move to
nonglaciated refugia, and altered large-scale drainage pat-
terns. These effects still influence the distribution of fish to-
day, as many species no longer inhabit certain areas or are
recolonizing portions of their previous range after seeking
southern refugia during the Pleistocene.

Geologically, mountains that are pushed up from the col-
lision of two landmasses can restrict the movement of fish.
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For example, fish assemblages on one side of the Appalachian
Mountains are substantially different from those on the other
side of the divide. Mountains and other geologic features typ-
ically form the boundaries of drainage basins; the evolution
of fish that are isolated in distinct drainages leads to further
diversification and variance within species over time. Within
drainage basins, a number of factors are associated with pat-
terns of fish diversity. Fewer species tend to occur in head-
water streams, while more species inhabit downstream
portions of the watershed. The size and variety of local habi-
tat types also affect fish diversity, with the diversity of fish in-
creasing with habitat area and internal variability. In addition
to natural controls on the range and composition of fish com-
munities, it is important to recognize that human activities,
including deforestation, construction of dams, introduction of
non-native species, and pollution, have influenced the distri-
bution of fish in many regions of the world throughout the
course of recent history.

Acting within this broader context, physical and chemical
characteristics of the environment regulate the composition and
diversity of fish species that inhabit freshwater habitats. In all
aquatic systems, light penetration and water temperature de-
termine physical conditions that fish encounter. Fish also must
be adapted to tolerate chemical attributes of freshwater systems,
such as salinity, oxygen, and pH. Local species assemblages and
species distribution within a habitat largely reflect the prefer-
ences of fish for different physical and chemical conditions.

Light

Light penetration directly and indirectly influences fish in
freshwater habitats by warming the water, driving photosyn-
thesis, and enabling visual activities. When light reaches the
water surface, a small amount is reflected, and the remainder
is absorbed as it enters the water column. Wavelengths of light
are absorbed differentially with depth. Clear water in the up-
per few meters of the water column absorbs red wavelengths
and converts the energy to heat. Only wavelengths between
400 and 700 nanometers can be used for photosynthesis, and
these wavelengths penetrate deeper into the water column be-
fore they are absorbed. Light absorption is affected by parti-
cles and dissolved material in the water as well; for example,
the presence of algae shifts absorption toward the green wave-
lengths. Light also enables fish to use vision to detect preda-
tors, prey, potential mates, and features of their habitat.
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Temperature

Freshwater fish are ectotherms, and their internal tem-
perature follows that of the surrounding water. Fish partition
habitat space based on thermal gradients to avoid harmful
temperatures as well as to take advantage of those that are op-
timal for a variety of physiological functions, including feed-
ing, growth, and reproduction. Thus, seasonal movements
and spawning are regulated strongly by temperature. Tem-
perature varies on a geologic timescale, and shifts in the ge-
ographic distribution of fishes have been associated with
major historical climatic changes. Temperature also varies lo-
cally and over short timescales, including diel and seasonal
cycles, in freshwater aquatic systems. As light energy is con-
verted to heat, the top portion of the water column warms
first and to the greatest extent. Finally, latitude, altitude, and
the velocity of water influence temperature. Due to large dif-
ferences in water velocity, temperature patterns differ markedly
in lakes versus running waters.

Salinity

Although rivers erode and transport some salts from geo-
logic formations within the watershed, most bodies of fresh-
water lack the high concentration of dissolved salts that
characterizes seawater. Exceptions occur in some desert areas
of the southwestern United States and northern Mexico as
well as in the Rift Valley of East Africa. In these areas, min-
erals accumulate when streams flow through underlying ge-
ologic salt formations or when evaporation leaves behind high
concentrations of salts. While diverse fish communities in-
habit these mineral-rich waters, most freshwater fishes can-
not adapt physiologically to life in saline waters. Regulating
internal salt concentrations poses a challenge to most fishes
living in freshwater environments. Because salts are more con-
centrated inside their bodies than in the water, osmotic and
diffusion processes work to bring in water and remove salts.
To counter this situation, freshwater teleosts excrete large
quantities of dilute urine and transport salts back into their
blood using chloride cells. While this adaptation enables fish
to osmoregulate in freshwater, the internal retention of salts
also stresses most freshwater fish if they are exposed to saline
conditions.

Oxygen

The concentration of oxygen in freshwater has serious im-
plications for fish presence and distribution in a given area,
and anoxia can result in the death of individuals. Oxygen en-
ters water via diffusion from air at the water surface. Turbu-
lence increases the surface area of water, such that moving
waters contain more oxygen than stagnant waters. In addi-
tion, photosynthesis of plants, respiration of plants and ani-
mals, and the oxidation of organic materials drive diel changes
in oxygen concentrations. Oxygen solubility in water is cor-
related negatively with water temperatures, and higher tem-
peratures reduce dissolved oxygen levels. At the same time,
fish metabolic rates and oxygen consumption levels increase
with temperature, such that low oxygen conditions in warm
water are particularly stressful for fish. To survive in low-
oxygen waters, more than 40 genera of fish possess some ca-
pacity to breathe oxygen from the air; most of these species
live in tropical freshwater habitats, where high temperatures
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Tumultuous waters provide a very different environment for fishes com-
pared to slow moving rivers. (Photo by Royalty-Free /Corbis. Reproduced
by permission.)

and high rates of decomposition reduce the dissolved oxygen
in the water.

pH

The relative acidity or alkalinity of a water body is mea-
sured as its pH. Hydrogen ions, which increase the acidity of
water, are produced when carbonic acid dissociates from dis-
solved carbon dioxide in the water or from rainfall. The free
hydrogen ions can be neutralized by carbonate minerals and
buffered by calcareous compounds in geologic features sur-
rounding bodies of freshwater. In poorly buffered systems,
photosynthesis also can remove hydrogen ions and increase
the pH of the water body. Metabolic functions of fish require
pH within a certain range, and most fish cannot tolerate pH
levels outside a range of approximately 4.0-10.0. High or low
pH can be detrimental to reproductive success, gill function,
and oxygen transport. Acidic pH appears to be most delete-
rious to fish. Acidic water dissolves metals, such as aluminum,
that can be toxic to fish. In addition, the abundance and di-
versity of species, particularly of invertebrates that are eaten
by freshwater fish, decline as water becomes acidic.

Major freshwater habitats

The variety of niches created by variation in physical and
chemical factors within freshwater environments contributes
to the great diversity of freshwater fishes. Many of these spe-
cific niches are organized within several major freshwater
habitats. Most freshwater fishes inhabit streams, rivers, and
lakes. Some fish prefer areas of swift-moving water in high
mountain streams, others live at deep depths in lakes, and still
others thrive in stagnant ponds.
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The environment that fishes inhabit varies from the calm, slow waters
of some rivers to the turbulant rapids of others. (Photo by Raymond
Gehman/Corbis. Reproduced by permission.)

Lakes

Lakes are standing bodies of water surrounded by land,
with small outflows relative to their internal volume. Lakes
form in a variety of ways, including tectonic movements, vol-
canic activity, and glacial action. They also may originate as
portions of rivers or bays that are cut off from the adjacent
water body over time by deposition or sediment movement.
Lakes receive inputs of water from the drainage basin, pre-
cipitation, and groundwater. These inputs are balanced by
outflows of water to rivers, evaporation, and seepage into
groundwater. The largest freshwater lake in the world is Lake
Superior, which covers a surface area of 31,700 sq mi (82,103
km?). Lake Baikal holds the largest volume of freshwater—
14,292 cu mi (23,000 km®). The 20 largest lakes contain over
67% of the total water in lakes worldwide, indicating that
most lakes are small and shallow.

Ecological processes in many lakes are influenced greatly
by a vertical temperature gradient that develops as sunlight
warms the upper portion of the water column. Surface water
warms when incoming radiation is absorbed and converted to
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heat. In temperate lakes the top portion of the water column
heats during the summer, but temperature declines with
depth. The warm surface water and cold bottom water are
separated by the thermocline, a transition zone at the depth
of greatest temperature change. Because water is most dense
at 39.2°F (4°C) and becomes lighter by either cooling or heat-
ing, vertical temperature gradients and patterns of stratifica-
tion vary with seasons and latitude. In cool portions of the
temperate zone, differences in water temperature are mini-
mal as the surface water of a lake warms to 39.2°F (4°C) in
the spring; at this time, the lake mixes from surface to bot-
tom. As warming continues, the lake stratifies in the summer,
with a warm surface layer and cool deep waters. When the
lake cools in the fall, stratification again breaks down. Reverse
stratification occurs in the winter, however, as ice forms;
colder, less dense water under the ice is suspended over
warmer, more dense water around 39.2°F (4°C). The tem-
perature gradient and stratification in lakes varies with lati-
tude. In warmer temperate areas, the reverse stratification in
winter does not occur, since ice rarely forms at these latitudes.

While it is common in temperate regions, this seasonal
pattern of stratification driven by temperatures is not seen
in all lakes. Some crater lakes may never stratify, because
geothermal activity warms the deepest waters and minimizes
temperature differences within the water column. Most trop-
ical lakes stratify and mix on a daily basis. Annual variation in
solar energy is minimal in the tropics, and daily changes in
air temperature can establish and break down water column
stratification. Wind is another factor that strongly affects
stratification of many tropical lakes; wind adds kinetic energy
to the lake and increases heat loss in surface waters. Some
shallow tropical lakes, such as Lake Victoria, mix once a year
when temperatures are lowest and winds are most persistent.
Other deep tropical lakes may remain permanently stratified.
For example, Lake Tanganyika reaches a depth of 4,823 ft
(1,470 m), but the kinetic energy from wind cannot mix the
waters below 820-984 ft (250-300 m). Polar or high-altitude
lakes also may be stratified permanently if they remain frozen
throughout the year.

Stratification of lakes caused by temperature gradients
has two major effects on biological components of the lake
ecosystem. First, stratification restricts mixing of nutrients
within the lake to the area above the thermocline, unless
wind or another turbulent force physically disturbs the lake
waters. Thus, nutrients and other organic materials that en-
ter the lake cannot be used to support production after they
sink below the thermocline. Primary productivity of the lake
is enhanced when vertical stratification breaks down. Spring
blooms of plankton are common because sunlight for pho-
tosynthesis and nutrients from bottom depths are both
available. In addition to affecting primary productivity,
stratification can lead to oxygen depletion below the mixed
zone, which affects the vertical distribution of many aquatic
species. Oxygen is supplied in lakes by exchange with the
atmosphere or from photosynthesis of green plants, both of
which occur only in the upper portion of the water column.
Organic matter eventually sinks to deeper waters below the
photic and mixed zones, where it consumes oxygen through
respiration and decomposition. The extent of oxygen deple-
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tion is greatest in highly productive lakes that are stratified
for long periods of time.

Although abiotic factors establish the physical and chem-
ical template of habitat conditions in lakes, biotic components
and interactions also structure the ecology of lakes. Primary
producers, such as phytoplankton, algae, and plants, form the
basis of the food chain in lakes. As explained earlier, however,
primary productivity follows seasonal patterns based on the
availability of light and nutrients in the water column. Zoo-
plankton graze on phytoplankton, but much biomass from
primary producers eventually settles to the lake bottom, where
it provides food for benthic detritivores, including insects,
oligochaetes, and mollusks. Predation by fish has a strong ef-
fect on food webs in lakes. Although fish fill a wide variety of
feeding niches, many species of fish, particularly as juveniles,
consume large quantities of zooplankton. Pelagic fishes in
lakes are typically strong swimmers that capture crustaceans
and insects as the dominant component of their food supply,
while others are predatory piscivores.

Rivers and streams

Rivers and streams flow downhill in defined channels from
headwater streams to main river channels to estuaries. The
Nile is the longest river in the world—4,180 mi (6,727 km).
The Amazon drains the largest area (nearly 2.3 million sq mi,
or 6.0 million km?) and carries the greatest flow, with a total
discharge at its mouth of 6.4 million cu ft per second (180,000
m’ per second).

The nature of streams and rivers is determined largely by
their setting in the watershed. The drainage basin is the total
area drained by a river system, including all of its headwaters
and tributaries, and the number of fish species typically in-
creases directly with the area of the drainage basin. Streams
within the drainage basin can be classified at tributary junctions
to determine their stream order, a measure that serves as a use-
ful indicator of stream size, discharge, and drainage area. As
stream size increases, so does the order; thus, the smallest
streams are termed “first order,” and the confluence of two
first-order streams is identified as a “second-order” stream. The
process continues toward the main river channel until it has
been assigned the appropriate order. Each increase in stream
order represents three to four times fewer streams, each of
which is roughly twice as long and drains approximately five
times the area of a stream of the next smaller order.

Streams and rivers are considered physically open systems,
meaning that physical factors, such as width, depth, velocity,
and temperature, change continually along their course from
source to mouth. The “river continuum concept” emphasizes
the continuity of the structure and function of river commu-
nities from headwaters to lowland portions of river channels.
This concept uses stream order as its basis and suggests that
changes in physical conditions, functional feeding groups, and
species diversity occur dynamically and continuously along
the gradient from upstream to downstream portions of rivers.

The discharge of water increases from headwaters to the
main stem of rivers and determines the size and habitat fea-
tures of the channels. Low-order streams tend to flow alter-
nately through riffles, pools, and runs. Riffles are shallow,
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Rainbow trout (Oncorhynchus mykiss) are transferred from holding
ponds through a tube into a fish stocking truck at the Leaburg Fish
Hatchery before being placed in the McKenzie River, in Leaburg, Ore-
gon. (Photograph. AP/Wide World Photos. Reproduced by permission.)

high-gradient stretches where fast-moving water flows over
rocky substrates and creates turbulence. Pools are deep, low-
gradient areas through which water moves slowly. In runs,
water flows rapidly but smoothly. Slopes decrease in higher-
order streams and rivers, such that they flow smoothly
through their channels. River channels meander along a sin-
uous course. At each meander, the river deposits materials on
the inward portion of the curve, where velocity is slowest, but
high water velocities erode the outer portion of the curve. Ve-
locity also affects the type of substrate and presence of vege-
tation in particular areas of flowing waters. For example, large
particles, such as gravel, are transported only by fast-moving
water. Finer particles, such as sand and silt, form the substrate
in areas where current is slower.

Biotic patterns in streams and rivers are heavily influ-
enced by the outcomes of physical processes. Many species
of fish require specific substrates for spawning, while other
substrate types and flow patterns support aquatic vegetation.
Vegetation and woody debris are important to freshwater

39



Freshwater ecology

fish as well; both offer cover from predators, spawning areas,
and food-rich foraging sites. In addition, as discharge varies
with seasons and precipitation, rivers may overflow their
channels and flood riparian wetlands or floodplains, tem-
porarily expanding the vegetated habitats available to fresh-
water fish. In the tropics, where precipitation primarily occurs
during one or two rainy seasons throughout the year, nu-
merous fish communities are dependent on these seasonal
floods to expand available habitats, increase feeding opportu-
nities, and mobilize nutrients within the river.

In temperate regions, primary production is necessary as
the basis of the food chain in streams and rivers, and algae
attached to the sediment surface are the predominant pri-
mary producers. Some fish, such as loaches (Homalopteri-
dae) and catfishes (Loricariidae), consume algae directly by
scraping it off rocks in the stream. More commonly, aquatic
insects and crustaceans are relied upon as intermediaries be-
tween the algae and fish—invertebrates graze on algae in
small streams, and fish feed on the aquatic invertebrates. As
the stream gradient decreases, mosses, rooted plants, and
filamentous algae become important primary producers
upon which invertebrates and fishes feed. Detritus also may
constitute a major part of the food chain, particularly in
streams or rivers with extensive cover of streamside vege-
tation. Scavenging invertebrates and fish feed on the or-
ganic detritus. In medium-size to large rivers, members of
the fish fauna engage in diverse feeding strategies, includ-
ing herbivory, invertebrate feeding, piscivory, omnivory,
and detritivory.

While primary production from within the system forms
the energy base in temperate streams, the large diversity of
fish species and productivity exhibited in tropical streams is
supported by organic matter from outside the system. Trop-
ical streams and rivers generally flow through dense forested
areas. Although large streams may be wide and open to the
sun, small streams may be shaded completely by the forest
canopy. Instead of relying on photosynthesis as an energy
source, life in these streams depends on organic matter that
enters in the form of leaves or detritus from the forest. The
warm water of these tropical streams enhances colonization
by bacteria and fungi, which break down the terrestrial or-
ganic matter. Some fish consume the detritus directly, but
most species rely on decapod crustaceans and, to a lesser ex-
tent, insects as intermediate detritivores. In larger streams,
fish are dependent on energy that enters during the rainy sea-
son. Rains produce an increase in suspended organic particles
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and terrestrial insects that are washed from the land into
streams. The most important energy sources become avail-
able to fish inhabiting tropical rivers when the river floods
adjacent areas of land. Fish then can exploit food resources in
the form of decaying vegetation, seeds, fruits, and insects that
are available on the floodplain.

Other freshwater habitats

Although streams, rivers, and lakes provide the most abun-
dant and important habitats, fish inhabit other bodies of fresh-
water as well. As mentioned briefly earlier, such wetlands as
river floodplain marshes, shoreline marshes along lakes, and
deepwater swamps provide an expanded foraging and refuge
area for fish when they become inundated with water. Wet-
lands are particularly important as nursery habitats for a va-
riety of fish species. Fish also utilize extreme habitats, such as
underground caves and desert streams. Unique adaptations
enable fish to survive in these environments. Many fish in
caves have reduced eyes, and some are blind; instead of rely-
ing on vision, enhanced chemosensory and tactile abilities al-
low them to locate food, mates, and living space. In ephemeral
streams, fish survive periods without water by resting in mud
or another substrate during the dry season, depositing eggs
that do not hatch until water inundates the streambeds in the
following year, and utilizing respiratory adaptations to breathe
atmospheric oxygen.

Interconnections of freshwater habitats

While physical, chemical, and biological features of differ-
ent freshwater habitats have been distinguished here, it is im-
portant to recognize that all aquatic habitats truly are
interconnected. Rivers flow into and out of lakes, rivers and
lakes may spill over into wetlands, and rivers and streams may
even flow through underground caves in the midst of a sur-
face route. These linkages form a continuum of habitats that
often extends to estuarine or marine systems. In addition to
these physical connections, biotic connections are important
among freshwater habitats. Organisms may disperse between
habitat types directly or via a vector. Furthermore, sustaining
a food web in one habitat may be dependent on nutrient in-
puts from another portion of the aquatic system or from ter-
restrial uplands. Because of the high level of interconnections
between aquatic habitats, an action that is detrimental to one
component may prove harmful to a much larger system. Rec-
ognizing these interconnections is essential for understanding
the ramifications of human activities on aquatic environments.
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Introduction

The ecology of marine fishes is a broad topic that may be
addressed only in general terms here. The important factors
for consideration are few, however. Quite simply, fishes in-
teract with their physical environment; with other organisms,
such as plants, invertebrates, reptiles, and mammals; and with
other fishes. How and why these interactions occur is the fo-
cus of this discussion. In particular, we focus on aspects of the
following: community ecology, population ecology, life his-
tory and reproductive ecology, habitat use, special habitats
and adaptations, and feeding ecology.

Communities, assemblages, guilds, and niches

A community consists of all the organisms present and in-
teracting within a given area. For example, a coral reef com-
munity consists of corals, benthic algae, phytoplankton,
zooplankton (both demersal and pelagic), various micro- and
macro-invertebrates, fishes, reptiles, marine birds, and marine
mammals. There are numerous links, in terms of both habi-
tatand trophic relationships, between members of each group.

Fishes and other organisms occur in assemblages within a
community. A fish assemblage is composed of all the species
populations within the community. Assemblages have order
and structure, and both are maintained by interactions be-
tween species within the assemblage and with assemblages of
other kinds of organisms within the community.

Within an assemblage are groups or species of fishes with
similar patterns of resource use. These are called guilds. Al-
though many guilds may consist of members that are taxo-
nomically related to one another, membership is determined
by ecological factors. For example, a guild of obligate Pocil-
lopora eydouxi coral-dwelling fish species could include one
or more hawkfishes (Neocirrbites armatus, Paracirrhites arca-
tus, and Paracirrbites forsteri—Cirrhitidae), a coral croucher
(Caracantbus maculatus—Caracanthidae), a scorpionfish (Se-
bastapistes cyanostigma—Scorpaenidae), a goby (Paragobiodon
species—Gobiidae), and a damselfish (Dascyllus reticulatus—
Pomacentridae). In this example, only the hawkfishes are
closely related to one another, although this relationship is
not necessary for guild membership. Another example of a
guild would be all those species that browse benthic algae,
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pluck zooplankton from the water column, or hide beneath
the sand. Furthermore, juveniles and adults of the same
species might not be members of the same guild. For exam-
ple, juveniles of numerous species may shelter in mangrove
roots, but as adults some of those species are found living in
association with corals.

The place a fish has within the community or assemblage
is its niche. A niche simply defines habitat, microhabitat, and
physical parameters within the two, as well as diet and feed-
ing strategies, symbiotic relationships (if any), and other func-
tional roles (i.e., its role in predator-prey interactions). Thus,
within the guild of obligate coral-dwelling fishes described
earlier, we would find coral crouchers living deep within the
branches of the coral and feeding upon coral-dwelling mi-
crocrustaceans or passing zooplankton, while in another niche,
the larger freckled hawkfish, Paracirrbites forsteri, would be
perched on the outer branches of the same coral and am-
bushing smaller fishes or crustaceans that passed close by.

Considerable debate has taken place over the way in which
fish assemblages, particularly those of reef fishes, are ordered
and structured. This debate is centered on questions of how
highly diverse assemblages are maintained, how so many
species can coexist, what limits diversity and abundance,
whether composition and structure is temporally and spatially
predictable, and whether the processes involved are uniform
across geographical scales. Essentially, assemblage structure
was thought to be the outcome of deterministic or stochastic
processes. Deterministic processes emphasize fine-scale eco-
logical niches that encompass interactions, such as competi-
tion, cooperation, predator-prey, and so on between species.
Larvae settling onto a given site of the reef would recruit suc-
cessfully and become established only in the absence of con-
specific adults in favored niches or in vacant niches otherwise.
Stochastic processes are random, in that successful recruitment
is dependent on chance. Actually, both kinds of processes op-
erate on assemblage structure, and their relative importance is
felt on different temporal and spatial scales.

Population ecology
Population structure is dependent upon rates of repro-
duction and survivorship among individuals within the pop-
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ulation. Population structure is also influenced by rates of mi-
gration into and out of the population. Recruitment of lar-
vae, both locally produced and from distant sources, is another
major factor. One hypothesis about the effects of recruitment
on population size and structure is the recruitment-limitation
hypothesis. In this case, the number of adults per unit area is
limited by the number of larvae available for recruitment.
(This hypothesis also has been proposed to explain assem-
blage structure.) The rates of these various factors vary an-
nually, and the overall structure of a given population may be
denoted by year classes (ages) or cohorts. Some year classes
are stronger or larger than others. This difference has impli-
cations for the management of populations under exploitation
by fisheries, because if the largest or most successful year class
of a given population reaches maximum age and subsequent
year classes are not so successful, overfishing occurs, and the
population could be in danger of collapsing.

With some species, age structure also may reflect size
structure within a population. Thus, a population of a species
with indeterminate growth may consist of different-sized
fishes at different levels of abundance for each size class. In
the case of many reef fishes, however, size becomes a poor
indicator of age, because growth tapers off after a few years
or less, depending on the species and certain environmental
factors. Growth rates of individuals within populations de-
termine how much biomass is produced for a given popula-
tion during a given unit of time.

Natural mortality affects population structure too. Starva-
tion; disease; predation on eggs, larvae, juveniles, and adults;
cannibalism; and old age all contribute to natural mortality.
Mortality caused by fishing is additive, and total mortality for
any given population under exploitation is a matter of con-
cern for fisheries and conservation managers.

The genetic structure of marine fish populations is deter-
mined by gene flow within and between populations of the
same species. Interpopulation gene flow is dependent upon
the level of connectivity between two populations. Popula-
tions that are relatively close together geographically and
served by the same current regime are more likely to have
higher levels of gene flow compared with distant populations.
In contrast, isolated populations are more likely to diverge
over time. Geographic or ecological variation in characters
may result. If this variation is great and reproductive isolation
occurs, speciation (the creation of new species) may ensue.

Competition exists if two or more fishes require the same
resource and the abundance of that resource is limiting
within a given area. Competition between fishes of the same
species is termed “intraspecific,” whereas competition be-
tween different species of fishes or between a fish and an-
other organism, such as a sea urchin, using the same algal
resource, is deemed “interspecific.” Intraspecific competi-
tion is an important factor contributing to the success of one
individual over another within a population of the same
species. This success may be measured ultimately by the pro-
portional reproductive contribution to the population that
one individual makes. Interspecific competition is important
for determining the structure, and hence diversity, of an as-
semblage of fishes.
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This coral reef is near Townsville, Queensland, Australia. More than a
quarter of the world’s coral reefs have been destroyed by pollution and
global warming and unless drastic measures are taken, scientists warn
that most of the remaining reefs may be dead in 20 years. (Photo-
graph. AP/Wide World Photos. Reproduced by permission.)

The relative success of a population of one species over
another at securing a vital resource, such as microhabitat or
food, determines which species persists and which does not.
If so, then how can many fish assemblages be so diverse? Usu-
ally, competition is reduced or avoided altogether by resource
partitioning among species that live together in as state known
as “sympatry.” In our coral-dwelling fish example, we see that
coral crouchers and hawkfishes avoid competition for the
same coral and food resources by living in different parts of
the coral and eating different kinds of food. An example of a
situation wherein competition probably functions is the case
of two fish species that have identical food or habitat re-
quirements but live apart in spatially or geographically dis-
tinct areas in a state known as “allopatry.” If two or more
allopatric species with the same ecological requirements come
together, there probably will be two outcomes. The first is
that only one species will “win out” and continue to use the
contested resource while the other(s) will fail to become es-
tablished. The second is that all of the species in question will
become established, because there will be a shift in resource
utilization, sometimes quite dramatic and including rapid
morphological changes relevant to the resources available,
with only one species using the original resource while the
others adapt to using different resources.

The interaction between predators and prey in a given as-
semblage affects prey in many ways but also may have impli-
cations for the population of predators. With respect to prey,
predators can cause mortality or injury, with obvious nega-
tive consequences. Or the steady influence exerted on prey
species by predators results in changes in the way prey utilize
habitat or food resources so as to avoid predation. These
changes have a profound effect on how the prey population
reproduces and sustains itself.

"The size of a population of prey species affects the ability of
the predator to influence that population. Thus, the number of
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Icebergs float in the Arctic Sea near the coast of Barrow, Alaska, USA. The changing climate in Alaska is causing sea ice to freeze later in the
winter and break up sooner in the spring, which is changing the habitat of sea animals that live there. (Photograph. AP/Wide World Photos. Re-
produced by permission.)

predators in a population may increase in direct proportion to
an increase in the size of a prey population. This is an example
of a density-dependent response that is compensatory; that is,
the predator compensates for the increased number of prey by
increasing its own numbers. If the prey population becomes too
large and the predator population does not keep pace, the abil-
ity to influence the size of the prey population is reduced. In
other words, there is safety in numbers. This form of density-
dependent response by the prey population is depensatory,
which is defined as a decrease in the relative risk of predation
or impact upon the population by predation because of an in-
crease in prey numbers.

What happens to the predator population when the prey
population disappears? This is an intriguing question, especially
with respect to coral reef systems that have been affected neg-
atively by natural or anthropogenic (caused by man) habitat de-
struction. For example, groupers (Serranidae: Epinephelinae)
like to feed on their cousins, the fairy basslets (Serranidae: An-
thiinae). Fairy basslets tend to recruit, as post-larvae, to corals.
If a coral bleaching episode kills off the corals on a given reef,
the fairy basslets have nowhere to recruit. In time, the popu-
lation of fairy basslets will decline, and there will be few or
none left for the groupers to eat. Will the grouper population
decline, or will its members simply switch to another kind of
prey and get by? Conversely, what happens to the fairy basslet
population if the grouper population is reduced greatly by
overfishing? Will the fairy basslet population increase signif-
icantly in size, or will some other factor come into play? These
are important questions that require further attention in the
study of reef fish assemblage interactions.
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Life history and reproductive ecology

Marine fishes, like their freshwater counterparts, possess a
number of life history and reproductive traits and strategies
that enable them to live and reproduce successfully under a
variety of environmental conditions. These traits and strate-
gies may vary geographically, historically, and hence phylo-
genetically within or between species. Many of the most
important traits and strategies are discussed here.

Body size varies among marine fishes, with both the
largest, the whale shark (Rbincodon typus, Rhincodontidae),
and the smallest, a dimunitive goby (Gobiidae), existing in
the same environment. Different body sizes confer distinct
advantages. Large body size is favorable for species that swim
in the water column. Large size conveys greater protection
against predation by all except the largest predators and also
allows for greater storage of energy and longer and faster
swimming abilities. The latter comes at a cost to reproduc-
tive effort, however, because energy that would be available
for reproductive activities is required instead for somatic
(body) growth. Small body size, on the other hand, allows
for greater access to benthic shelter and the potential uti-
lization of a wider spectrum of food items, but at a greater
risk of predation. Naturally, there are exceptions to these ex-
amples. Small-sized baitfishes, such as anchovies (Engrauli-
dae) or reef herrings (Clupeidae), swim openly in the water
column, whereas large-sized morays (Muraenidae) or wolf
eels (Anarhichadidae) are associated closely with benthic
shelter. Within species, larger body size conveys distinct ad-
vantages in terms of territory size, the acquisition of mates,
and reproductive success.
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Age and size at maturation in marine fishes also vary. Gen-
erally speaking, a marine fish that matures at an early age and
at a smaller body size has a greater opportunity to reproduce
before dying but usually has relatively low fecundity and
smaller eggs. However, for pelagic spawning fishes, the acts
of courtship and spawning expose the participants to preda-
tion risk from lurking predators. Also, energy diverted toward
reproductive effort typically means that growth is slower in
these fishes. In contrast, older and larger fishes invest in
growth, delay reproduction, and have a greater risk of death
before reproduction first occurs. On the upside, the larger fe-
male fish are more fecund and produce either more eggs or
larger eggs; the larger male fish produce more sperm and,
within species, may have more opportunities to mate com-
pared with smaller fishes. The relationship between age and
size in marine fishes has long been thought to be linear for
most species. Recent studies of numerous reef fishes, how-
ever, have shown that growth in many species may be rapid
at first but tapers off after a few years, yet these fishes may
live for several more years. Thus, body size cannot be used
to predict age in these fishes.

Sex ratios may vary both within and between species of ma-
rine fishes. One reason may be the population size within a
given area, and another may be the age of those individuals that
make up the population. The sex ratio is important in relation
to effective mating opportunities and the development of a mat-
ing system. Marine fishes may be gonochoristic, in that the sex
is determined genetically and they begin life either as a male
or as a female. A variation on this theme is known as “envi-
ronmental sex determination.” In this case, the sex is deter-
mined by some environmental factor, such as seasonal water
temperatures. Thus, females of a given species are produced
during one time of year at a given temperature, whereas males
are produced later in the season at a different temperature.

Marine fishes also may be hermaphroditic, in that they are
capable of changing from one sex to another and, in some
species, back again. Alternatively, they may function as both
a female and a male either sequentally or simultaneously.
Protogynous sex change occurs when a female changes her
sex to become male. Males generally are larger than females
in this system. Protandrous sex change takes place when a
male changes his sex and becomes a female. In this case, fe-
males are larger than males. The former strategy is more com-
mon than the latter. Control of sex change is largely social in
relation to mating system dynamics, but age also may be a
factor in many species. A third variation has been described
for some highly site-attached species, such as coral-dwelling
gobies of the genus Paragobiodon (Gobiidae). Here, a larger
female changes sex, becomes a male, and realizes greater fit-
ness by spawning with smaller resident females. If, however,
a larger male joins this new male, the new male will be forced
to compete with the larger male for access to the resident fe-
males and probably will lose. Thus, it will forfeit mating op-
portunities as well. The sex-changed male will change sex
again, reverting back to being a female, but will still realize
some measure of fitness by staying on and spawning with the
larger male.

Sequential hermaphroditism occurs in some species, such
as the hamlets, Hypolectus (Serranidae), in that a mating pair
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switches sexual roles during long bouts of courtship and
spawning. First, one fish spawns eggs that are fertilized by the
second fish. Afterward, the second fish spawns eggs that are
fertilized by the first fish. Simultaneous hermaphroditism oc-
curs when an individual is capable of producing both eggs and
sperm at the same time. This less common strategy is prac-
ticed largely by fishes that dwell in deep waters (such as many
members of the order Aulopiformes), where the probability
of encountering a mate is relatively low. Some species, such
as numerous wrasses (Labridae) and parrotfishes (Scaridae),
have a dual strategy, in that males and females are determined
genetically (primary phase) but females can undergo protog-
ynous sex change and become males (terminal phase).

The number of mating partners a fish has during the course
of a breeding season is known as the “mating system.” Gen-
erally, marine fishes are monogamous, polygamous, or
promiscuous. Monogamy consists of a single pair that may
join together only for spawning but also may share a com-
mon territory or home range and remain together for one or
more seasons. Polygamy occurs in two principal forms, polyg-
yny and polyandry. Polygynous groups vary in form. For in-
stance, a single male mates with two or more females, and
mating may occur in a socially controlled group. Alternatively,
males may form leks with other males in a specific area for
the purpose of displaying to and attracting several females for
spawning. Males also may defend nests or spawning sites
within fixed territories and mate with two or more females
in succession. In polyandry, females mate with more than
one male over the course of a season. For some species, such
as anenomefishes (Pomacentridae), a single female in an
anenome exerts control over and spawns with two or more
resident males and, through social interaction, delays the
growth and maturation of additional males that also may re-
side there. Promiscuity occurs when males and females
spawn together, with little or no mate choice.

There is some plasticity in the mating system in relation
to local population size. For example, if a population of the
humphead wrasse (Cheilinus undulatus, Labridae) is relatively
large at a given locality, it will form a polygynous spawning
aggregation. If the population level is quite low, however, it
may reproduce in a single-male polygynous mating group.
Similarly, the obligate coral-dwelling longnose hawkfish,
Ocxycirrhites typus (Cirrhitidae), is polygynous if the coral in
which it dwells is large enough or near enough to neighbor-
ing corals to support a male plus two or more females. If the
coral is capable of supporting only the male and one female,
the pair is facultatively monogamous.

Sexual dimorphism in size or color pattern usually is
found in polygamous and, to a lesser extent, some promis-
cuous species but seldom in monogamous species. Larger
size or more distinct color patterns confer advantages for at-
tracting mates and maintaining relationships with them. Re-
gardless of the mating system used by a given species, if
mates of one species are difficult to find, an individual may
choose to spawn with a closely related species that is more
common, and hybrids might result. Typically, these hybrids
do not produce viable offspring should they have an oppor-
tunity to mate.

45



Marine ecology

Marine fishes spawn eggs with external fertilization, lay
eggs after internal fertilization, or have internal fertilization
with the release of fully developed young. There are at least
four different modes of spawning and external fertilization.
Demersal spawning includes the deposition and fertilization
of eggs in nests or directly on the substrate; in pouches, such
as those of male pipefishes and seahorses (Syngnathidae); or
by oral brooding, such as in cardinalfishes (Apogonidae), in
which the eggs are deposited and cared for within the mouth
cavity of a parent. Pelagic spawning is the release of eggs and
their subsequent fertilization at the peak of an ascent into the
water column by a pair or spawning group. Numerous species
of marine fishes spawn in this manner. Fishes that spawn
pelagically in the water column but have eggs that sink to the
bottom are known as egg-scatters. On the other hand, fishes
that spawn pelagic eggs close to the bottom are known as ben-
thic egg broadcasts. In contrast, some species, such as skates
(Rajidae), are oviparous and have internal fertilization but de-
posit egg cases that develop and hatch externally. Live bear-
ers have internal fertilization of eggs, and then the eggs
develop inside the mother before the young are released.
There are two forms of this trait. When eggs develop with
nutrients contained in the yolk sac but without nourishment
from the mother, it is called “ovoviviparity.” Stingrays (Dasy-
atidae), for example, have this reproductive trait. “Viviparity”
is when the young receive nourishment from the mother dur-
ing their development. An example would be the tiger shark
(Galeocerdo cuvier, Carcharhinidae).

The timing of spawning or breeding also varies; it may oc-
cur at dawn, dusk, during daylight, or at night. Factors in-
clude light level, tidal state, mating system, and reproductive
mode. Spawning or breeding frequency and seasonal duration
vary within species, because of local environmental condi-
tions, and between species, because of phylogenetic differ-
ences. Frequency of spawning or breeding is controlled by
physiological and phylogenetic constraints that limit the pro-
duction of eggs or the ability to brood young. Other factors
include lunar periodicity and access to mates. Seasonality is
highly pronounced and is dependent upon annual variation in
water temperature, the number of hours of daylight, and a
host of other factors. On tropical reefs, where temperatures
are generally warm and stable throughout the year, some
hawkfishes (Cirrhitidae) court and spawn daily all year long.
The same species at higher latitudes are limited to spawning
only during warmer months. Groupers (Serranidae) that form
spawning aggregations in the tropics or warm temperate re-
gions, on the other hand, may spawn only once or twice a
year in relation to lunar phase. Fishes living in cold temper-
ate regions may be limited to spawning only when there is a
shift in season, such as from winter to spring or summer to
autumn, whereas others spawn strictly during the warmer
summer months. Whether spawning or breeding frequency
and seasonality favor adults or their progeny is a subject of
considerable interest.

Fecundity or clutch size varies with species, body size, egg
size, age, spawning frequency within a season, and latitude in
relation to both the length of the season and the water tem-
perature. Generally, there is a positive relationship between
body size and egg number. Larger fishes produce more eggs
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compared with smaller fishes. The relationship is not always
so neat, however. Because fecundity can be partitioned into
three kinds—batch, seasonal, or lifetime—it is possible for
smaller fishes to have relatively greater fecundity than larger
fishes. For example, a smaller fish that spawns one or more
batches of eggs per night for the course of a spawning season
that could last all year in the tropics might have greater fe-
cundity seasonally or over the course of its lifetime than a
larger fish that spawns just once during a relatively short sea-
son and then dies.

Egg and larval sizes vary between species and also may
vary within species, depending on body size, latitude, or other
geographical or environmental factors. Generally speaking,
large eggs mean that a greater amount of resources has been
devoted to their production, and the result is large larvae, bet-
ter equipped for survival. The advantage of smaller eggs is
that more can be produced per unit time compared with larger
eggs, and thus there are more opportunities to produce viable
young. The drawback to small egg size is that, with fewer re-
sources made available for development, the larvae also will
be small and less equipped for survival.

Parental care in fishes includes the investment a parent
makes before spawning or breeding, or prezygotic parental
care, and the investment made after spawning or breeding, or
postzygotic care. An example of the former strategy is nest
building, while the latter includes nest guarding, oral incu-
bation, pouch brooding, or internal brooding. Postzygotic
parental care of eggs and larvae is practiced extensively by
freshwater fishes but far less so by marine fishes. Among ma-
rine fishes, postzygotic parental care of eggs means that small,
cheaply produced eggs could be afforded a benefit that in-
creases their chance of survival. Ironically, most species that
practice parental care in the marine environment tend to have
eggs that are much larger than those produced by species that
lack parental care. Pelagic spawning, egg scattering, and ben-
thic broadcast spawning are practiced by a majority of marine
species, and they do not engage in parental care.

The duration of time between egg fertilization and hatch-
ing varies with egg size. Small eggs spawned pelagically usu-
ally hatch rapidly compared with larger eggs that require
tending. Similarly, eggs fertilized internally require a longer
gestation time before the young emerge from the mother. As
most marine species have pelagic larvae, the amount of time
spent drifting passively or swimming weakly in the water col-
umn varies with species and also with environmental circum-
stances. Larval life duration depends on the growth rate of the
larvae, which in turn is dependent upon its energy stores, rate
of metabolism, and ability to feed before settling. Rapid growth
to a larger size dictates that energy requirements and metab-
olism will be high, and thus the need to feed more often will
be greater, or else starvation will occur, and death will result.
Exposure to predation also is greater, and most larvae fall vic-
tim to predators or the effects of starvation before settlement
takes place. Small larvae with short larval life durations and
poor dispersal capabilities are more likely to settle and recruit
locally. Short larval life duration means less risk from preda-
tion, because rapid settlement into favorable habitats can be
accomplished. If settlement does not occur and the larvae are
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carried out to sea, however, they, too, will die from predation
or starvation. Size and the growth rate potential do not always
influence dispersal capabilities of larvae, however. Larvae of
many tropical reef species, for instance, may be adapted to long
larval life and hence possess long-distance dispersal capabili-
ties. These same larvae, however, may be caught or trapped
by local oceanographic conditions and disperse only short dis-
tances before settling into suitable habitats.

Lifetime reproductive effort typically is defined in two
ways. Fishes are either semelparous or iteroparous. Semel-
parous species usually reproduce only once in a lifetime, with
a spawning event that may be quite large, depending upon
the species. Examples include the freshwater eels (Anguilli-
dae) and various salmons (Salmonidae), although some indi-
viduals of the latter group may survive and return to spawn
again. Iteroparous species spawn or breed frequently during
their lives, either in the course of a single season or over many
seasons, depending upon the species. Examples include
groupers (Serranidae), hawkfishes (Cirrhitidae), or parrot-
fishes (Scaridae).

Habitat use

Marine fishes live virtually everywhere in the world’s
oceans. In general, marine fishes may be found at the upper
limit of the intertidal zone down to the bathypelagic realm
several thousand meters deep, from freshwater in the upper
portions of an estuary system to the hypersaline waters of now
landlocked bodies of water or shallow flats in arid regions,
and from balmy tropical reefs to intensely cold polar seas.
Their distribution in these diverse habitats is made possible
by behavioral, anatomical, and physiological adaptations that
meet the specific or unique demands of those habitats. The
classification of habitats is complex and is the subject of con-
siderable interest if not outright debate. This review adopts
a simple approach and considers habitat in relation to pat-
terns of zonation based on depth and substrate.

Marine fishes that live on the bottom or in association with
some form of structure on the bottom, such as a rock or sub-
merged mangrove root, are considered to be benthic or de-
mersal species. Those that swim up into the water column,
whether in a shallow estuary or bay, in the open ocean, or in
the deep open ocean, are considered to be pelagic species.
Some species are both, in that they live in close association
with the bottom but frequently are found in the water col-
umn, either foraging or moving over a wider area away from
shelter. These species are considered to be benthopelagic
species. With respect to depth, these kinds of fishes can be
found across a wide range.

Among benthic fishes, certain species are specialized to
live—as juveniles, adults, or both—in shallow tide pools or
splash zones at depths of less than 1.5 ft, or 0.5 m. Exam-
ples of tide-pool fishes include certain morays (Murae-
nidae), marine sculpins (Cottidae), blennies (Blenniidae),
and gobies (Gobiidae) that shelter within the confines of
the pool and may endure the effects of a falling tide. The
clingfishes (Gobiesocidae) are well adapted to life in both
tide pools and the splash zone above them. Their ventral
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fins, modified into effective sucking discs, allow them to
cling to stone walls above tide pools that are immersed only
by the splash of waves. Some clingfishes, and indeed other
tide-pool species, are especially well adapted to avoid des-
iccation and thermal extremes. Benthopelagic fishes in tide
pools, such as damselfishes (Pomacentridae) or kuhlias
(Kuhliidae), swim about in the depths of the tide pool. Gen-
erally, these kinds of fishes are less tolerant of the effects
of low water levels or temperature shifts and must migrate
out of the tide pool with the falling tide, only to return
again as the tide floods.

Tidal effects also are pronounced in estuaries, mangroves,
sea-grass flats, algal and shallow kelp beds, coral reef flats, and
other kinds of flats dominated by mud, sand, rubble, cobble,
larger rocks, or living organisms, such as oysters. In estuar-
ies, benthopelagic and pelagic fishes move upstream with a
flooding tide, often well into freshwater, and then move back
downstream with a falling tide. These fishes are termed “eu-
ryhaline” species, in that they are tolerant of a wide range of
salinities. Fishes living among mangrove roots, inshore sea-
grass flats, or algal beds, whether in or adjacent to an estu-
ary, are adapted similarly. Benthopelagic and shallow pelagic
species, such as halfbeaks (Hemirhamphidae) or mullets
(Mugilidae), simply move off their various flats with the falling
tide. Benthic species often seek shelter in holes, under rocks
in depressions, and in deeper pools, or they may migrate to
adjacent channels.

The effects of tide upon the fishes’ habitats are less pro-
nounced in the subtidal zone. Here, the various habitats are
submerged constantly. Tidal effects typically are limited to
patterns of current flow and what may be carried to and from
this zone with the current. Thus, food, in the form of prey
moving off a shallow flat in the intertidal zone with the falling
tide, may be brought into the subtidal zone. Similarly, sedi-
ments from intertidal habitats move with the tide, creating
turbid conditions in deeper water. Subtidal habitats are quite
diverse as well and include coral and rocky reefs, sea grasses,
algal and kelp beds, and deeper flats of sand, mud, rubble,
rocks and boulders, and hard bottom or pavement. Some of
these flats may be dominated by certain kinds of organisms,
such as sponges, soft corals, or oysters.

Some habitats have pronounced levels of zonation as well.
Coral reefs are a good example. Typically, there are three
kinds of coral reefs: fringing reefs, where the reef is adjacent
to a shoreline; barrier reefs, where the reef is well offshore
and usually runs parallel to the adjacent landmass; and atolls,
which are reefs that grow and emerge as a landmass, typically
a sea mount, sinks beneath it over time. Barrier reefs and atolls
usually have lagoons. Fringing reefs, being much narrower,
have back troughs or some other form of channel on the reef
flat within the intertidal zone. Regardless, seaward from the
edge of the reef, one would find the reef front or spur-and-
groove zone, one or more reef terraces or benches, and the
reef slope. The reef front may be a shallow wall that drops
directly from the reef margin to the first terrace. Fishes liv-
ing here generally are pelagic or benthopelagic, although a
number of benthic species may be found among emerging
corals, in holes, or around rocks. Alternatively, the spur-and-
groove zone extends outward from the reef margin in a pattern
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resembling a human hand. The “fingers” of the hand repre-
sent spurs of coralline rock that extend outward from the face
of the reef. Live corals resistant to the effects of wave action
may grow upon these spurs. The spaces between the fingers
represent the grooves, which are nothing more than surge
channels between the spurs. These grooves are shallow at the
reef face and deeper as the first terrace is approached, and the
bottom of the channels consists of coral rock pavement, boul-
ders, dead coral rubble, sand, or live corals.

Often, a complex network of holes, caves, and tunnels ex-
ists within this zone, with direct connections to the reef flat
above. Elongated spur-and-groove zones, especially those that
extend well out onto the deeper first terrace, are indicative of
the effects of the rise and fall of sea levels historically. Nu-
merous species of benthic, benthopelagic, and pelagic species
are found in the spur-and-groove zone. For example, blennies
and damselfishes utilize holes or corals on the spurs or in the
grooves. Morays, lionfishes (Scorpaenidae), squirrelfishes and
soldierfishes (Holocentridae), and sweepers (Pempheridae)
employ the network of caves and tunnels within this zone.
Certain hawkfishes (Cirrhitidae) or groupers (Serranidae)
may perch on corals or hide on ledges or next to rocks and
ambush passing prey. Reef herrings (Clupeidae) may swim
in the water column above and flee the approach of preda-
tory trevallys (Carangidae) that patrol this zone right to the
reef margin.

Below the spur-and-groove zone is the reef terrace or
bench; there may be one or more of these, depending on lo-
cal geological history and changes in sea level. Coral devel-
opment on the terrace, independent of geographic variation,
is dependent upon the degree of exposure to wave action. In
somewhat protected areas, the diversity and abundance of
corals may be relatively high, whereas in areas exposed to
heavy wave action and scouring, the diversity and abundance
of corals may be low, and coral pavement predominates. Re-
gardless, fishes in the terrace zone utilize what is available
to provide shelter, food, and mating sites. Benthic fishes,
such as damselfishes, hawkfishes, and scorpionfishes, make
use of corals. Benthic species, such as sandperches (Pingui-
pedidae), blennies, and gobies, employ holes, sand-filled de-
pressions, boulders, and pavement. Benthopelagic species,
such as snappers (Lutjanidae), goatfishes (Mullidae), butter-
flyfishes (Chaetodontidae), angelfishes (Pomacanthidae),
wrasses (Labridae), parrotfishes (Scaridae), and filefishes
(Monacanthidae), move about home ranges or defend terri-
tories. Pelagic species, such as gray sharks (Carcharhinidae),
trevallys, and barracudas (Sphyraenidae), patrol the terrace
in search of prey.

Deep slope and wall habitats generally occur below the reef
terrace. In some places, such as atolls, the transition between
the spur-and-groove zone and the wall or deep slope occurs
without the presence of a reef terrace. In other places, one or
more terraces are present before the deep slope begins, and
the slope may separate two terraces from each other. Wall
and deep slope habitats often are characterized by the pres-
ence of various corals, sea fans and black corals, sponges, hy-
drozoans, and numerous other benthic invertebrates. These
offer shelter and food to innumerable species of small, ben-
thic fishes. The face of the wall or slope may be eroded with
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numerous holes and caves that provide shelter for many di-
urnal species, such as groupers and dottybacks (Pseudochro-
midae), and nocturnal fishes, such as bigeyes (Priacanthidae),
soldierfishes, and squirrelfishes. Off the face of the wall or
slope are found hovering fishes, such as certain butterflyfishes,
angelfishes, damselfishes, and fairy basslets (Serranidae), that
feed upon plankton in the water column.

In reef systems with lagoons, some of the same general
habitat types may be present. At the back side of a barrier reef
flat or in a pass connecting the outer reef with the lagoon,
there often is a slope or wall that drops down into the depths
of the lagoon. These habitats generally are protected, al-
though they may be subject to intense tidal currents, may have
a rich community of benthic invertebrates, and, correspond-
ingly, support a wide variety of species. Damselfishes, but-
terflyfishes, angelfishes, wrasses, and triggerfishes (Balistidae)
may hover in the water column but seek shelter in or along
the wall or slope as necessary. As the slope gives way to sand
or rubble, garden eels (Congridae), sanddivers (Trichonoti-
dae), gobies, and peacock soles (Soleidae) are visible, but if
threatened, they will rush into holes or bury themselves in
the sand. Shallow portions of the lagoon often have patch
reefs or coral bommies (large, isolated coral heads) that func-
tion effectively as islands in a sea of sand and rubble. These
islands provide structure and, no matter how small, attract a
remarkable number of species. Lagoons also may have sea-
grass beds in shallower areas and a corresponding suite of
species, such as juvenile emperor fishes (Lethrinidae), snap-
pers, goatfishes, and parrotfishes.

A temperate region analog of the coral reef is the kelp for-
est. Kelp is a marine plant that may grow as long as 65.6 ft
(20 m). It provides a dense jungle that is utilized by numer-
ous temperate species and, depending upon depth and prox-
imity to kelp, may offer different microhabitats to members
of the same fish family. As such, different species will be
adapted to the surface, mid-reaches, and base of the kelp and
to the water column surrounding it.

Among fishes, location is everything. The exact place
where a fish lives is known as its “microhabitat.” Fishes, es-
pecially small fishes, have remarkable plasticity in what they
adapt to as a home. For example, scorpionfishes, coral crouch-
ers, hawkfishes, damselfishes, wrasses, gobies, and numerous
other species live within or atop the branches of corals. Moray
eels, jawfishes (Opistognathidae), blennies, and gobies, among
others, inhabit holes. Other water column—dwelling species,
such as some triggerfishes, seek shelter in holes as well. Some
species, such as pipefishes (Syngnathidae) and clingfishes, are
specialized for living in crinoids and sea urchins. Similarly,
various seahorses, hawkfishes, and gobies are specialized for
life on sea fans and black corals. Pipefishes, seahorses, some
juvenile wrasses, and filefishes mimic the leaves of sea grasses
or fleshy algae. Blennies and many other small benthic species
have adapted to life in empty seashells and worm tubes. Cling-
fishes, gobies, blennies, and labrisomids (Labrisomidae) live
in sponges. Even the sand serves as a distinctive microhabi-
tat. Snake eels (Ophichthidae) burrow under the sand and sel-
dom emerge, except at night. Stonefishes (Scorpaenidae) and
stargazers (Uranoscopidae) lie buried beneath the sand and
ambush passing prey. There are numerous other examples of
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benthic fishes that utilize natural and man-made structures as
microhabitats.

The pelagic zone is divided into different zones relative
to depth as well. The epipelagic zone ranges from the sur-
face down to a depth of 656 ft (200 m). Between 656 and
3,281 ft (200-1,000 m) is the mesopelagic zone, followed by
the bathypelagic zone at 3,281-13,123 ft (1,000-4,000 m),
the abyssal zone at 13,123-19,685 ft (4,000-6,000 m), and
the hadal zone below 19,685 ft (6,000 m). Most pelagic fishes
occur in the epipelagic (more than 1,000 species) and
mesopelagic and bathypelagic zones (about 1,000 species
combined).

The epipelagic zone is the limit at which photosynthesis
takes place. Phytoplankton occur there and form the basis for
a food chain that consists of consumers ranging from zoo-
plankton to blue whales. Fishes of the epipelagic zone have
bodies that are streamlined, to allow for greater speed in the
pursuit of prey or the evasion of predators. Many epipelagic
species, such as dolphinfishes (Coryphaenidae), tunas (Scom-
bridae), and marlins (Istiophoridae), make seasonal migrations
to feed and mate. Speed often is essential, and many species
have independently evolved the ability known as countercur-
rent exchange, which effectively turns them into warm-blooded
organisms. This trait, found in mackeral sharks and tunas,
among others, is especially useful in cooler waters. Species as-
sociated more with inshore waters, such as striped bass (Mo-
ronidae) and bluefishes (Pomatomidae), also make seasonal
migrations to track prey movements and to reproduce. Reef-
associated species, such as trevallys and barracudas may migrate
for spawning, but the distances traveled are far less.

Many epipelagic species are denoted by their silvery,
bluish, or greenish blue body coloration, which makes them
difficult to see in open water and thus decreases the risk of
predation. This coloration also benefits predators, allowing
them to approach prey fishes more easily. Large predators,
such as marlins and many tunas, are more darkly colored,
however, and dolphinfishes are among the most brightly col-
ored species in the epipelagic zone. Some species of epipelagic
fishes are especially adapted for life at the surface. Special-
izations may include enlarged pectoral and caudal fins that
may be used to facilitate escape, modified snouts that allow
for greater feeding efficiency on the surface, or enlarged eyes
that promote detection of potential predators and prey at the
water-air interface. Predators include the needlefishes (Be-
lonidae), which are capable of sudden, powerful bursts of
speed that allow them to jump repeatedly out of the water in
pursuit of prey. Prey species have adapted to escape this pur-
suit. Halfbeaks and ballyhoos also may make repeated jumps
to evade predators. Perhaps the most famous example of aer-
ial evasion is that of the flyingfishes (Exocoetidae), whose
modified pectoral fins resemble wings and whose modified
caudal fin rudders are capable, when touching the surface of
the water while the fish is airborne, of supplying additional
thrust. Flyingfishes can travel up to 1,312 ft (400 m) in a sin-
gle flight at a speed of more than 43.5 mi (70 km) per hour
and can make flights repeatedly in succession. Pelagic fishes
not particularly adapted for flight often seek shelter beneath
flotsam, under jellyfishes, or attached to other larger fishes.
The remoras (Echeneidae), which attach themselves to sharks,
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rays, billfishes, whales, and even ships, are able to hitchhike
around the epipelagic zone more or less under the protection
of their hosts.

Those zones below the epipelagic have confounding phys-
ical and biological factors, the effects of which escalate with
depth. Increasing water pressure, decreasing water tempera-
ture, little or no light penetration, seemingly vast spatial dis-
tributions, and the patchy distribution of food resources all
heavily influence which fishes live where and how. There is
a remarkable diversity in species, however, and, because many
of these factors have similar effects upon unrelated species,
there is also a extraordinary similarity in characters that have
evolved through convergent evolution. Fishes of these zones
may be large (more than 6.6 ft, or 2 m) or small (less than 2
in, or 5 c¢m), yet they possess large or elongated mouths and
dagger-like teeth for grabbing prey. Others have tubular eyes
that augment the efficiency of light detection. Conversely,
many species lack functional eyes entirely and rely upon other
senses. Numerous species possess photophores (light-emitting
organs) to attract both prey and mates. They also may have
modified dorsal fin rays or chin barbels, often with pho-
tophores, that are used to attract prey. Many species have thin
bones and specialized proteins that allow for gas regulation
and neutral buoyancy in the absence of swim bladders. Fishes
distributed in relatively shallow mesopelagic waters at higher
latitudes often are found at greater depths in the tropics. This
phenomenon, known as tropical submergence, allows these
species to expand their geographical distribution while re-
maining in cooler and more comfortable water temperatures.
Pelagic fishes of these zones also migrate, but the direction
is more vertical than horizontal. At night many species rise
hundreds, if not thousands of meters in depth, some to the
surface, before returning downward during daylight hours.
These vertical migrations usually track the movements of prey
during a 24-hour cycle. Other fishes, especially such deep ben-
thopelagic and benthic species as the tripodfishes (Ipnopidae),
never make the migration and depend solely on what they en-
counter or what “rains” down upon them from the water col-
umn above.

Special habitats and adaptations

As indicated earlier, marine fishes are specially adapted to
living in extreme environments. Deep-water pelagic and ben-
thopelagic fishes, as illustrated earlier, are prime examples of
adaptation to extremes. There are numerous shallow-water
examples, too. Some marine fishes, such as the reef cuskfishes
(Ophidiidae), have adapted to the dim world of tunnels and
caves beneath the reef front or spur-and-groove zone but
emerge at night to hunt small fishes and invertebrates. Polar
fishes have adapted to extremely cold water temperatures that
may fall below 32°F (0°C). (It is a curious trick of physics that
saltwater does not freeze at this temperature.) For example,
the icefishes (Nototheniidae and others in the suborder No-
tothenioidei) of Antarctica and the Southern Ocean have
evolved a specialized protein that acts as an antifreeze that
prevents these fishes from freezing. These species have evolved
to fill various niches too. Some, such as Trematomus nicolai, are
benthic, whereas others, such as Trematomus loennbergii, are
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benthopelagic in deeper water; still others, such as Pagothe-
nia borchgrevinki, are pelagic and swim and feed just beneath
the ice.

Fishes also have adapted to aerial exposure. Examples in-
clude clingfishes and blennies in the upper reaches of the
intertidal zone and mudskippers (Gobiidae) of the genus Pe-
riophthalmus, which retain water in their gill cavities and are
capable of hopping and skipping across mud flats, rubble flats,
and among the branches of mangroves. Marine fishes have
adapted to hypersaline conditions as well. In arid regions, back
bays, estuary sloughs, tide pools, and now-landlocked seas, all
tend to have salinity levels far higher than that of seawater.
Some species of fishes, such as clingfishes and gobies, have
evolved mechanisms that allow them to regulate their osmotic
pressure under these conditions. There is a limit, however.
The landlocked Dead Sea in the Middle East, with a salinity
in excess of 200 parts per thousand (ppt), versus an average
of 36 ppt in seawater, is simply too salty for fishes to survive.
Conversely, some seas, such as the Baltic in northern Europe,
have such low salinity levels in some areas that such freshwa-
ter species as the pike Esox lucius (Esocidae) may coexist with
euryhaline marine species.

Species that migrate between marine and freshwater, or vice
versa, during both juvenile and adult phases of their respective
life cycles have managed to conquer the problems associated
with different salinity levels and osmotic regulation. For ex-
ample, anadromous fishes, such as the salmons and sea trout
(Salmonidae), live most of their adult lives in the ocean but mi-
grate up a river or stream (often the one in which they were
born) to spawn. Their juveniles live for part of their life cycle
in freshwater before moving downstream and out to sea. (Some
populations may become landlocked, however.) Catadromous
fishes, such as freshwater eels (Anguilidae), live their adult lives
in freshwater but migrate well out to sea to spawn and die.
Their juveniles often return to their natal streams to begin their
adult lives. Amphidromous fishes, such as some gobies (Gobi-
idae) and sleepers (Eleotridae), also live their adult lives in fresh-
water and spawn there as well. Their eggs and larvae are carried
out to sea, however, and the post-larvae migrate back up stream,
sometimes against formidable barriers, to begin their lives as
adults. Other amphidromous species are born in saltwater but
have young that migrate into freshwater to grow and then re-
turn to saltwater to grow more and to reproduce as adults.

Feeding ecology

Marine fishes have a wide range of diets and methods of
feeding. They may be divided generally into herbivores, car-
nivores, detritivores, and omnivores. Herbivores are those
that feed upon plants and plant materials. They do so by graz-
ing or browsing upon benthic algae, sea grasses, or other plant
life. Other herbivores may use specialized gill rakers to strain
phytoplankton from the water column. Some species, espe-
cially certain damselfishes (Pomacentridae), act as farmers of
the benthic algae they consume. For instance, they may kill
a patch of coral that subsequently is used as a substrate for
benthic algae to recruit upon. The farmer fishes then tend
the algae, removing unwanted species and feeding upon de-
sired ones, at the same time that they defend the algal patch
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against other herbivores. Other herbivores, such as parrot-
fishes (Scaridae), may simply bite off and crush corals in or-
der to strain the symbiotic zooxanthellae algae resident within
the coral polyp.

Carnivores feed upon a great variety of animals. Zoo-
planktivores strain or pluck zooplankton from the water col-
umn. Corallivores excise or pluck polyps from their coral
skeletons; alternatively, they may crush the corals with strong
teeth and strain the polyps through their gill rakers. During
coral spawning season, numerous fish species, especially but-
terflyfishes (Chaetodontidae) and damselfishes, feed upon
coral eggs as they float upward into the water column. Oth-
ers may be specialized to pluck or nip the tips of anenomes,
hydrozoans, or other coral-like organisms. Some fishes may
be generalists when feeding upon invertebrates, but others are
highly specialized for taking only certain kinds. Thus, some
fishes specialize in microinvertebrates, such as diminutive
worms, crabs, shrimps, or mollusks, whereas others target
macroinvertebrates, such as squids, octopuses, lobsters, or
large crabs.

Invertebrate prey may be benthic, such as clams, oysters,
and tunicates, or they may be pelagic, such as squids and
swimming shrimp. Prey may be sifted from sand or rubble,
crushed, grabbed, bitten, or swallowed whole. Some fishes are
able to feed on prey items that may be difficult, if not dan-
gerous, to consume. Some triggerfishes (Balistidae) can bite
and crush sea urchins bearing venomous spines without ap-
parent damage to themselves. Similarly, the humphead wrasse
(Cheilinus undulatus, Labridae) can feed on adult crown-of-
thorns starfish without being damaged by this organism’s
strong, venom-tipped spines. Pelagic macroinvertebrates may
include jellyfishes that are consumed by molas or ocean sun-
fishes (Molidae) as they drift in the water column. Prey also
may reside out of water. For example, archerfishes (Toxoti-
dae) are specialized for feeding upon insects by shooting a
stream of water at them so as to knock them down from man-
grove branches or other forms of structure; the fallen insect
then is consumed on the surface.

Piscivores feed upon fishes exclusively, although many
species also vary their diet by consuming invertebrates. These
predators actively hunt, chase, herd, grasp, stun, club, shock,
ambush, bite, or engulf other fishes. Various small species are
specialized for feeding on fish scales or skin, either as juve-
niles or as adults. Others, such as cleanerfishes (certain Labri-
dae, Gobiidae, Chaetodontidae, and so on), have evolved to
remove ectoparasites or damaged tissue from “client” fishes
that visit their cleaning stations. Still other species are spe-
cialized as parasites that feed upon host fishes. Host fish
species include potential predators (e.g., sharks, moray eels,
needlefishes, groupers, snappers) as well as numerous other
species that are active during daylight hours (e.g., butterfly-
fishes, angelfishes, damselfishes, wrasses, parrotfishes). Larger
fishes, especially sharks, may feed on floating sea birds, rep-
tiles, and mammals in addition to fishes. Detritivores sift de-
tritus from the bottom and strain it through their gill rakers.
Omnivores eat both plant and animal material as adults. Many
species of fishes undergo ontogenetic shifts in diet and feed-
ing methods, meaning that their diet and feeding methods
change with age and growth. Species that feed upon phyto-
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plankton or zooplankton as juveniles may switch to fishes or
large invertebrates as adults.

Through their trophic interactions, fishes have important
direct and indirect effects upon the structure of the commu-

Marine ecology

nities in which they live. They can influence, among other
factors, rates of productivity and biomass turnover, nutrient
cycling, sediment production, shifts in water quality, shifts in
food web composition, or shifts in species composition and
relative abundance within a given assemblage.
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Distribution and biogeography

Biogeography

Biogeography is the study of the geographical distribution
of plants (phytogeography) and animals (zoogeography). This
science attempts to explain how distributions of organisms
have come about. These explanations depend upon a thor-
ough knowledge of the phylogeny of the group and the geo-
logical history of the region. Freshwater fishes are especially
important in understanding distribution patterns, because they
are tied to their river systems, which are surrounded by a land
barrier, which in turn is surrounded by a saltwater barrier.

Fish distribution and salt tolerance

Fishes can be grouped into freshwater and saltwater fam-
ilies. Freshwater fishes can be subdivided into primary, sec-
ondary, and peripheral division families, depending upon their
salt tolerance. The members of primary division freshwater
fish families have little salt tolerance and are more or less re-
stricted to freshwaters. Saltwater is a major obstacle for them,
and their geographic distribution has not utilized dispersal
through the sea. Such fishes include members of the minnow
(Cyprinidae) and perch (Percidae) families. Fish families with
some salt tolerance, whose distribution may reflect movement
through coastal waters or across short distances of saltwater,
are known as secondary division freshwater fishes. Examples
of this group include the killifishes (Cyprinodontidae) and ci-
chlids (Cichlidae). Peripheral division families derive from
marine ancestors that used the oceans as dispersal routes.
They have a wide range of salt tolerance. Some peripheral
families spend part of their life cycle in freshwater (diadro-
mous), whereas others are mostly marine but invade river
mouths and may ascend into completely freshwater. The
salmons (Salmonidae) and mullets (Mugilidae) are examples
of peripheral division fishes. Many strictly saltwater fish fam-
ilies live only in the sea, but some may have a few species that
occasionally enter brackish or freshwaters.

Habitat richness

Freshwater in lakes and rivers makes up less than one hun-
dredth of one percent (0.0093%) of the total amount of wa-
ter on Earth, whereas the oceans account for 97%. The
remainder of the water is bound in ice, groundwater, atmos-
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pheric water, and so on. It is surprising that 42% of all fish
species live in 0.01% of the world’s water. This remarkably
high percentage reflects the degree of isolation and the di-
versity of niches possible in the freshwater environment. The
percentage of fish species in various habitats is as follows:

* Primary freshwater 33.1%
e Secondary freshwater 8.1%
* Diadromous 0.6%
* Total freshwater 41.8%
* Marine shallow warm 39.9%
* Marine shallow cold 5.6%
* Marine deep benthic 6.4%
* Marine deep pelagic 5.0%
* Epipelagic high seas 1.3%
* Total marine 58.2%

Stingrays swim in shallow waters near Grand Caymen Island. (Photo
by Animals Animals ©James Watt. Reproduced by permission.)
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Marine fishes and zoogeography

The salinity of the world’s oceans is about 35 parts salt to
1,000 parts water. This ratio varies slightly around enclosed,
hot regions with high evaporation rates, such as the Red Sea,
but for the most part, salinity is not a major barrier for ma-
rine fishes, except at the local level. Temperature, on the other
hand, is a substantial barrier. The four major temperature
zones of the ocean surface are tropical, warm temperate, cold
temperate, and cold. Structure, in the form of continental
shelves and coral reefs, also must be considered; ocean cur-
rents are obviously important; and the vast distances across
open oceans are barriers to the dispersal of coastal species.
The interaction of these factors and the geological history of
a region affect the distribution of marine fishes. Fishes that live
along the relatively warm shoreline and on the continental shelf
down to about 656 ft (200 m) make up 39.9% of the world’s
fishes. This includes tropical, warm temperate, and cold tem-
perate waters. If we consider that there are approximately
27,300 fish species, this means that about 11,000 fish species
inhabit the shallow, warm to cold temperate water zone.

Marine shallow, warm waters

Tropical waters harbor the greatest diversity of fishes, most
likely owing to the presence of coral reefs, which provide habi-
tat, structure, and food. Reef-building corals need clear, clean
water of at least 68°F (20°C). The faunal regions of the oceans
have been delineated in different ways, and boundaries often
are imprecise and overlapping. Most authorities agree, how-
ever, on the following system (or a similar one). These re-
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gions, which roughly correspond to Cohen’s marine shallow,
warm habitat, are the Indo-West Pacific, western Atlantic,
eastern Pacific, eastern Atlantic, Mediterranean-Atlantic,
northeastern Pacific, northwestern Pacific, South American,
South African, and Australian. The remaining 18.3% of ma-
rine fishes are found in shallow, cold (Arctic and Antarctic),
deep (cold), or epipelagic waters.

The Indo-West Pacific region extends from East Africa to
northern Australia, southern Japan, and all of Polynesia. By
virtue of its vast expanse, it has the richest fish fauna of any

Sheepshead minnows (Cyprinodon variegatus) are found in the salt
marshes of New Jersey, USA. (Photo by Animals Animals ©Joe Mc-
Donald. Reproduced by permission.)
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marine region, estimated to be about 3,000 species. The Indo-
West Pacific also has more coral and other reef-associated in-
vertebrate species than any other region. All of the tropical
fish families found elsewhere are represented in this area, and
most show their maximum diversity in the Indo-West Pacific
region. Many species in this region have pelagic larvae and
therefore are wide-ranging species. Springer linked the dis-
tribution of many species with the Pacific Plate, and Briggs
divided the Indo-West Pacific into provinces defined by their
degree of endemism, especially around isolated oceanic island
groups, such as Hawaii. The East Indies Triangle (from the
Malay Peninsula and Philippines through the Indo-Australian
Archipelago to the Bismark Archipelago) is an important evo-
lutionary center and contains the greatest species diversity in
the marine world.

The western Atlantic region extends from the temperate
coast of North America through the Gulf of Mexico and the
Caribbean Sea south through the tropical and then temper-
ate coast of South America. Parts of this region, especially the
West Indies, contain coral reefs but only about one-tenth as
many coral species as the Indo-West Pacific. There are ap-
proximately 1,200 fish species in the western Atlantic region.
The warm waters of the Gulf Stream provide a connection
for northern and southern elements of this region and prob-
ably have prevented the differentiation of the tropical fish
fauna of the otherwise northerly Bermuda Islands. There is a
decrease in the number of species along the western Atlantic
coast as one moves north or south from the tropics into colder
waters. Some authorities consider the northwestern Atlantic
region from Cape Hatteras north to be a separate province.

The eastern Pacific region extends from the Gulf of Cal-
ifornia to northern Peru. The cold Peruvian Current that runs
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from the Antarctic up the west coast of South America
abruptly ends the tropical conditions at the Gulf of Guayquil.
The fish faunas of the western Atlantic and eastern Pacific are
similar at the generic level, because they have been separated
only recently by the elevation of the Isthmus of Panama about
three million years ago. There are only a few coral species in
the eastern Pacific, and the fish fauna likewise is much re-
duced from the numbers in the western Atlantic, with about
650 species. The Galdpagos Islands fish fauna is relatively rich,
with a large proportion of endemic species. A vast expanse of
open ocean separates the extremely rich Indo-West Pacific
fauna from the relatively depauperate eastern Pacific fauna.
Only about 8% of the coastal species are shared between the
central Pacific and the eastern Pacific.

The eastern Atlantic region is the smallest and least diverse
of the four tropical inshore marine areas. This region runs
along the West African continental shelf from Cape Verde to
Angola. Coral reefs are nearly absent from this area. There
are about 450 species of fishes, and roughly 25% of them are
shared with the western Atlantic region. This may reflect a
time when the South American and African coasts were much
closer together. The region’s remoteness probably accounts
for the fact that approximately 40% of the species are endemic.

The warm temperate Mediterranean-Atlantic region is
cooler than the inshore areas mentioned earlier. It includes
the Atlantic and Mediterranean shoreline of Europe and
Africa as well as the Black, Caspian, and Aral Seas. Northern
and southern borders are ill defined, and warm waters of the
Gulf Stream along the coast of Europe allow for a mixture of
warm-water and cold-water species. There are about 680
species of fishes in the Mediterranean-Atlantic region, 540 of
which are from the Mediterranean Sea, whose fauna is simi-
lar to the fauna of the Atlantic coasts of southern Europe and
northern Africa.

The fish fauna of the northeastern Pacific region from Baja
to the Aleutian Islands gradually changes from tropical to
temperate to Arctic and is, therefore, very diverse. It is
strongly influenced by the California Current, which brings
cold water from the Gulf of Alaska down the California coast.

Coral reefs attract, feed, and house a large variety of fishes. (Photo
by Animals Animals ©Mickey Gibson. Reproduced by permission.)
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The northwestern Pacific or Asian-Pacific region ex-
tends from Hong Kong to north of the Kamchatka Penin-
sula. Its southern area overlaps with the Indo-West Pacific
region. Temperate species reach their southern limit around
Hong Kong, and the Bering Sea may be a barrier prevent-
ing exchange of coastal species between North America and
Asia.

The South American region surrounds that continent from
the coast of Peru around Tierra del Fuego and up the east
coast to Rio de Janeiro. The borders are somewhat blurred,
with tropical species in the north and Antarctic species in the
south. The cold Peruvian Current and strong prevailing winds
dominate the western coast of South America and produce
upwellings of nutrient-rich waters that support large popula-
tions of anchoveta (Engraulis ringens) and other commercially
important fishes as well as seabirds.

The South African region is warmer than the South Amer-
ican region, owing to its more northerly location and the
warmer currents that surround Africa. Widespread tropical
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Lungfish are able to survive when their pools dry up by burrowing into
the mud and sealing themselves within a mucous-lined burrow. There
are three genera surviving today and they are found in Africa, Australia,
and South America. (Photo by Animals Animals © A. Root, OSF. Re-
produced by permission.)
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Number of fish families and percent endemic in each biogeographical region, based upon 139 families. Widely distributed peripheral families are
excluded. Data from Berra (2001). (lllustration by Argosy. Courtesy of Gale.)
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The saber-toothed blenny (Meiacanthus migrolineatus) makes its home
in a tubeworm off the coast of Egypt. (Photo by Animals Animals ©Mark
Webster, OSF. Reproduced by permission.)

families dominate the fauna, and most of the cold-tolerant
families typical of the South American region are absent.

The Australian region includes western, southern, and
eastern Australia as well as New Zealand. The southern coast
is home to temperate fauna, with some cold-tolerant species,
whereas the tropical component increases as one moves
northward as the result of the effects of the warm Pacific and
Indian Oceans.

Marine shallow, cold waters

Arctic and Antarctic shore fishes down to 656 ft (200 m)
make up about 5.6% of all fish species. The Arctic region ex-
tends from about 60° north into the Arctic Ocean, Bering Sea,
and the waters around Greenland. It shares some species with
the surrounding regions. The Antarctic region and Southern
Ocean contain less than 300 species. Many of these are en-
demic species of notothenioids adapted to the extremely cold
waters. The Antarctic shares very few species with surround-
ing regions, probably because the more temperate species did
not survive as Antarctica drifted into its present position.
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Marine deep waters

Deep benthic (bottom-dwelling) fishes are found below
656 ft (200 m) along the continental slope or on the deep-sea
floor. These fishes constitute 6.4% of all fishes. Deep pelagic
(free swimming in the open ocean) fishes, below 656 ft (200
m), make up 5% of all fishes. These fishes are not tied to con-
tinental shelves, and many have a worldwide distribution. The
habitat of the deep open sea is relatively poor in nutrients and
niches. Fish living from about 656 to 3,281 ft (200-1,000 m)
are mesopelagic, and those dwelling deeper than 3,281 ft
(1,000 m) in the water column are bathypelagic. Pelagic fau-
nas can be divided into various regions, such as north and
south, temperate, subtropical, tropical, Arctic, and Antarctic.

Epipelagic

Fishes living from the surface to 656 ft (200 m) on the high
seas are termed epipelagic. These are highly mobile fishes,
such as the tunas, and many species are worldwide. Few niches
are present in this habitat, and epipelagic fishes make up only
1.3% of the total fish fauna.

Freshwater fishes and zoogeographic realms
In his classic work The Geographic Distribution of Animals,
published in 1876, Alfred R. Wallace recognized six major
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Percentages of recent fish species living in various habitats. (lllustra-
tion by Argosy. Courtesy of Gale.)
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The palette tang (Paracanthurus hepatus), as well as other colorful
fishes, are found in the Pacific and Indian Oceans. (Photo by Animals
Animals ©M. Gibbs, OSF. Reproduced by permission.)

zoogeographical realms: Neartic (North America, except trop-
ical Mexico), Neotropical (South and Central America, in-
cluding tropical Mexico), Paleartic (nontropical Eurasia and
the north tip of Africa), Ethiopian (Africa and southern Ara-
bia), Oriental (tropical Asia and nearby islands), and Australian
(Australia, New Guinea, New Zealand, and Celebes and
nearby small islands to the east). Wallace proposed a hypo-
thetical boundary between the Oriental and Australian faunas.
"This line, which became known as Wallace’s Line, passes be-
tween Bali and Lombok, between Borneo and the Celebes (Su-
lawesi) and south around the Philippines. It is not an exact
boundary between the Oriental and Australian realms for all
animal groups, but freshwater fishes, for whom saltwater is a
barrier, have not crossed Wallace’s Line to any significant de-
gree. There is an important faunal break separating the de-
pauperate Australian island fauna from the rich Oriental
continental fauna. Of the 23 families of primary division fresh-
water fishes on Borneo, only the bonytongues (Osteoglossidae)
have crossed Wallace’s Line without the help of humans.

Freshwater distribution patterns

In the book Freshwater Fish Distribution, Berra analyzed the
distributions of 139 families of primary, secondary, and pe-
ripheral division freshwater fishes. Each zoogeographic realm
has its endemic families, which occur only in that particular
region, and some regions are richer than others. The
Neotropical realm has the most diverse fish fauna, with 51
families. Of these families, 32 (63%) are endemic primary di-
vision families, two are secondary, and one is peripheral. The
35 endemic families (69%) comprise river stingrays (Pota-
motrygonidae), South American lungfish (Lepidosirenidae),
13 families of characid-like fishes, 12 families of catfishes, six
families of electric fishes, the Middle American killifishes
(Profundulidae), and the foureyed fishes (Anablepidae).

The Oriental realm has 42 families, 14 (33%) of which
are endemic primary division, none are secondary, and two
are peripheral. The 16 endemic families (38%) include the
Sundasalangidae, Gyrinocheilidae, seven families of catfishes,

Indostomidae, Chaudhuriidae, Asian leaffishes (Nandidae),
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Pristolepidae, pikehead (Luciocephalidae), kissing gourami
(Helostomatidae), and giant gouramies (Osphronemidae).

The Ethiopian realm includes 36 families, 17 (47%) of
which are endemic primary division, and one is secondary.
There are no peripheral endemic species. The 18 endemic
families (50%) consist of African lungfishes (Protopteridae),
bichirs (Polypteridae), butterflyfish (Pantodontidae), ele-
phantfishes (Mormyridae), aba-aba (Gymnarchidae), denticle
herring (Denticiptidae), Kneriidae, Phractolaemidae, four
families of characid-like fishes, five families of catfishes, and
Bedotiidae. For our purposes, Madagascar is considered part
of this realm.

The Nearctic realm is home to 31 families, eight (26%) of
which are endemic primary division, and one is secondary. No
endemic peripheral division fishes are present. The nine en-
demic families (29%) include the bowfin (Amiidae), mooneyes
(Hiodontidae), bullhead catfish (Ictaluridae), splitfins (Goodei-
dae), troutperch (Percopsidae), pirateperch (Aphredoderidae),
cavefish (Amblyopsidae), sunfishes (Centrarchidae), and pygmy

sunfishes (Elassomatidae).

The Palearctic realm has 30 families, none of which are
endemic primary division fishes. There are one endemic sec-
ondary and two endemic peripheral families. The three en-
demic families (10%) include the Valenciidae, Comephoridae,
and Abyssocotidae.

The Australian realm has the fewest families in freshwater,
with 21. Only one family is an endemic primary division, two
are secondary, and three are peripheral; the division of one
family is not certain. The seven endemic families (33%) are
the Australian lungfish (Ceratodontidae), Australian smelts
(Retropinnidae), salamanderfish (Lepidogalaxiidae), rainbow-
fishes (Melanotaeniidae), blue eyes (Pseudomugilidae),
Celebes rainbowfishes (Telmatherinidae), and torrentfish
(Cheimarrichthyidae). For our purposes, Sulawesi is consid-
ered part of the Australian realm.

The distribution of fishes within each biogeographic realm
can be subdivided by drainage basin. These subdivisions are dis-

Nearctic Palearctic Oriental

Neotropical Ethiopian Australian

Freshwater fish families: the global pattern. (Map by XNR Productions.
Courtesy of Gale.)
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The shy damselfish peers out from swaying rods of soft coral of a
Papua New Guinea reef. (Photo by Animals Animals ©Bob Cranston.
Reproduced by permission.)

cussed by Banarescu, Bond, Moyle and Cech, Helfman et al.,
and Matthews. Berra summarized the biogeography of fresh-
water fish faunas and provided an entrance into the literature.

Families that occur in both the Nearctic and Palearctic re-
gions are said to have a holarctic distribution. Examples in-
clude the sturgeons (Acipenseridae), pike (Esocidae), salmon
and trout (Salmonidae), and perches (Percidae). The minnow
family, Cyprinidae, is the largest fish family, with more than
2,000 species. It is the dominant fish family in the world’s
freshwaters, with a continuous distribution in Eurasia, Africa,
and North America. It is absent from South America, where
characiform fishes dominate, and it has not been able to pen-
etrate the saltwater barrier surrounding Australia.

Continental drift

Between 1915 and 1936 Alfred Wegener published six edi-
tions of The Origin of Continents and Oceans, in which he pro-
posed the idea that the continents originally were one large
mass that subsequently fragmented, with the fragments drift-
ing apart. He noted the congruence of the east coast of South
America to the west coast of Africa and compared this pat-
tern to a giant jigsaw puzzle. This idea met resistance until
modern geophysical evidence of plate tectonics and paleo-
magnetics provided a mechanism for the way in which con-
tinents could move. About 200 million years ago all the
continents were part of a huge landmass, Pangaea. This su-
percontinent began to fragment about 180 million years ago,
resulting in a northern portion (Laurasia—North America
and FEurasia) and a southern portion (Gondwana—South
America, Africa, India, Antarctica, Australia, and New Zealand).
Gondwana separated into the southern continents beginning
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about 90 million years ago and, propelled by convection cur-
rents in the earth’s mantle generated by the heat of radioac-
tivity, have been drifting into their present positions ever
since. This, of course, has implications for the fish faunas car-
ried on the continental plates, especially ancient groups such
as the lungfish, which have families on three of the continents
of Gondwana: South America, Africa, and Australia. Other
more recent groups, such as the 18 families of characid-like
fishes, show a South America—African connection. (Bond,
Moyle and Cech, Helfman et al., Matthews, Lundberg, and
Lundberg et al. comment on the relationship between conti-
nental drift and freshwater fish distribution.)

Dispersal

To understand the patterns of distribution, it is necessary
to know the phylogeny and fossil record of the group under
consideration as well as the geological history of the region.
Lundberg provided an excellent analysis of South American—
African fish distribution. In addition to vicariant events, such
as drifting continents, freshwater fish also may disperse over
a continent. Fishes may move from one drainage system into
another during times of flooding. Stream capture due to low-
land meanders or headwater piracy may provide access from
one drainage system to another. Freshwater fish with some
salt tolerance may swim through brackish water or saltwater
from one river mouth to another and then ascend upstream.
Streams may become connected by glacial meltwaters,
thereby allowing passage of formerly isolated species. Some
fish species, for example, walking catfish or eels, can wiggle
through damp grass from one system to another. Mud at-
tached to the feet of aquatic birds may contain fish eggs that
hitch a ride to another drainage system. Waterspouts may pick
up small fishes or their eggs and deposit them into another
stream or lake. Lowered sea levels caused by glacial advance
may isolate streams, or the elevation of a mountain range may
divide river systems. This may lead to the divergence of ini-
tially similar faunas on both sides of a barrier. These are the
sorts of factors that must be considered when trying to ex-
plain the distribution patterns of freshwater fishes.

Galaxias maculatus—a case study

The Southern Hemisphere peripheral division family
Galaxiidae has a distribution that, at first glance, seems to re-
flect vicariance (continental drift). Most members of this fam-
ily occur in Australia and New Zealand. Several species are
in southern South America, however, and one species occurs
at the southern tip of Africa. Whether vicariance or dispersal
across the sea accounts for this pattern has been debated for
decades. One species in this family, Galaxias maculatus, has re-
ceived the most attention because it has one of the most ex-
tensive and disjunct distributions of any freshwater fish. It
occurs in western and eastern Australia, New Zealand, Lord
Howe Island, Chatham Island, southern Chile, Argentina, and
the Falkland Islands. Berra has reviewed this “poster child”
of vicariance versus dispersal.

The vicariance supporters suggested that because the
galaxiids occur on all Gondwanan continents except India,
their distribution reflects an ancient Pangaean pattern fol-
lowed by continental drift. The dispersalists attributed the
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wide geographic distribution to transoceanic dispersal of the
marine larval stage, called “whitebait.” It was suggested that
G. maculatus originated in Australia and dispersed eastward
past Tasmania to New Zealand and on to South America via
the East Australian Current and the West Wind Drift. The
dispersalists reasoned that if G. maculatus predates the breakup
of Gondwana 65 million years ago, as the vicariance advo-
cates suggest, there would be much greater differences be-
tween South American and Australian populations. Since
these populations exhibit very few physical differences, they
could not have been isolated for 65 million years. Proteins
from muscle extracts of G. maculatus from western and east-
ern Australia, New Zealand, and Chile were used to test the
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hypothesis that populations from the western Pacific and the
eastern Pacific do not differ genetically. Researchers found
no fixation of alternative genes and only minor differentia-
tion in gene frequency between western and eastern popula-
tions and concluded that the populations were part of the same
gene pool, indicating that gene flow via dispersal through the
sea is taking place. Using mitochondrial DNA variation, Wa-
ters and Burridge likewise supported the dispersal argument
but reported greater population differentiation than was de-
tected by Berra et al. with proteins. Waters et al. showed that
intercontinental marine dispersal between New Zealand and
Tasmania occurs but is insufficient to prevent mitochondrial
DNA differentiation among continents.
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Introduction

Fish behavior is often varied and complex within and be-
tween species. Sensory stimuli, cyclic influences, population
density and structure, habitat quality, the availability and use
of space, the potential for competition and coexistence, the
need to avoid predators, foraging and diet, reproduction, and
other factors all contribute towards the evolution of patterns
of behavior and their use. Despite the great diversity of fish
species, their wide patterns of geographical and spatial distri-
bution, and their highly variable ecological requirements,
there are a number of patterns of behavior common to all
fishes, as well as unique adaptations that occur only in a few.

Sensory systems and behavior

The behavior of marine fishes is shaped by sensory infor-
mation provided by any one of their senses, both singly and
in combination. They use vision to detect prey, avoid preda-
tors, identify species, choose mates, communicate, engage in
social and territorial interactions, select and use habitat, and
navigate. Fishes use their inner ear to detect sounds made by
conspecifics during communication, by approaching preda-
tors, or by other fishes as they feed. If the fish has a swim
bladder, these sounds can be amplified. Low frequency sounds
made by movement, including struggling, are detected by the
lateral line. Fishes may communicate by rasping mouthparts,
gill arches, or other organs, and amplifying the sounds with
their swim bladders. Touch is important in prey detection,
predator avoidance, social interactions, and courtship and
spawning behavior. Olfaction (smell and taste) is important
in many predators for the detection of prey. The barbels be-
neath the mouth of a goatfish are highly sensitive and allow
this fish to taste, as well as feel, potential prey. The sense of
taste also allows a fish to determine quickly where a prey item
is palatable or toxic. Chemical cues are also utilized for nav-
igation. For example, salmon utilize chemical cues to detect
the natal stream, where they will return to reproduce and die.
Some fishes, especially sharks, skates, and rays, and the electric
freshwater fishes of the families Gymnotidae and Mormyri-
dae, are capable of detecting minute electrical currents dis-
charged by their prey. The patterns they detect allow them
to pinpoint the location of the prey, even if lies buried un-
der benthic sediments or is obscured by turbid or muddy wa-
ter. Electroreception also allows some migrating fishes to
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determine their geographical position relative to Earth’s
magnetic field. Electricity is also used for communication in
gymnotids, mormyrids, and some catfishes (Synodontidae
and Ictaluridae).

Activity cycles

Fish behavior is influenced by various cycles that govern
such activities as habitat use, feeding, migration, and repro-
duction. Circadian rhythms derived from internal or endoge-
nous 24-hour clocks control hormone releases and subsequent
behaviors. Changes in light levels on a daily or seasonal ba-
sis are a principle factor influencing rhythms. Lunar periods
control tidal cycles that influence patterns of local migration,
feeding, and reproduction. Seasonal shifts in water tempera-
ture or other climatic variables trigger migratory and repro-
ductive behaviors.

Fishes and other organisms possess an internal, or en-
dogenous, clock that is set to a period of approximately 24
hours for a given day. This clock can be adjusted daily by
some sort of trigger or stimulus. Two common stimuli are
the onset of daylight and the constant progression of low and
high tides. The clock governs a number of basic behaviors,
such as the onset of movement, feeding, or courtship, along
with the hormonal activity that influences or triggers these
behaviors.

Most freshwater and marine fishes are diurnal, or active in
daylight, during a 24-hour period. As dusk approaches, diur-
nal species seek shelter in which to rest or sleep and are re-
placed by nocturnal species that are active during the night.
At dawn, these fishes retire to shelter or simply rest until dusk
approaches again. Some fishes ignore the changeover between
day and night and are more or less active for 24 hours. The
dawn and dusk changeover periods, also known as crepuscu-
lar periods, also trigger pronounced reproductive or preda-
tory activities in a number of species. Vertical migrations, in
which deep-dwelling species rise hundreds or even thousands
of feet in the water column at night, only to descend when
daylight approaches, are also triggered during these times.

Tidal shifts, either the onset of low tide or high tide, and
the corresponding movement of water off or onto a flat, tide
pool, or other type of habitat, govern the movements of fishes
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within or between affected habitats. For example, as the tide
falls in a tide pool, residents must move out of the pool and
seek shelter elsewhere to avoid desiccation or thermal shock.
As the tide returns, so do the fishes. Similarly, predators cue
on the outgoing tide and move to locations where prey will
gather or pass through as they move out of an affected habi-
tat. Tlidal shifts also trigger courtship and spawning behav-
iors that favor the movement of pelagic eggs and larvae off
the reef or flat to avoid benthic predators or, alternately, to
allow pelagic larvae to move back onto the reef or flat for
settlement.

Temperate marine and freshwater fishes often spawn on a
seasonal basis, usually during spring or summer, although oth-
ers spawn in the autumn prior to the onset of winter. Spawn-
ing in spring or summer provides an opportunity for larvae
to feed and grow before the falling temperatures of autumn
and winter slow growth and activity rates. Fishes spawning in
the autumn have eggs that may overwinter and hatch with the
onset of spring. Spawning in river species is often timed to
coincide with annual or seasonal flood cycles that trigger mi-
grations, but that also provide feeding opportunities for ju-
veniles and adults and the increased dispersal of young.

Tropical, and some temperate, species court and spawn in
relation to phases of the moon. Some species are semilunar,
in that they spawn every other week in relation to the new
and full moon. Others are lunar, in that they spawn just once
a month, either on the new or full moon. The actual day of
spawning relative to moon phase may be variable, as a num-
ber of species spawn on the days on either side of the new or
full moon, but reach a peak at a the height of the phase. Semi-
lunar and lunar spawning may also be seasonal. For example,
a number of groupers (Serranidae) form spawning aggrega-
tions once or twice a year, with the time of formation cen-
tered around a specific phase of the moon.

Many reef fishes, particularly those tropical species resi-
dent at low latitudes, court and spawn daily. Their reproduc-
tive cycle is regulated by daily shifts in light. Some species
spawn at dawn, others at dusk or into the night, and still oth-
ers during daylight, but the time of spawning shifts daily in
relation to tidal phase.

Migratory behavior of marine and freshwater fishes may
be controlled by annual, seasonal, lunar, or daily cycles that
trigger movement from one location or depth to another.
Pelagic fishes, such as marlins (Istiophoridae) or dolphinfishes
(Coryphaenidae), migrate great distances annually. These
species, and numerous others, track changes in water tem-
perature and move from winter to summer grounds, or vice
versa, for feeding and reproduction. Many river species, es-
pecially in larger rivers prone to flooding, migrate annually
or seasonally to take advantage of the new spawning habitats
and food sources made available when bottomlands are
flooded. Fishes may migrate from one body of water to an-
other for reproduction, and their progeny often migrate back
from where their parents came. Diadromous, catadromous,
and amphidromous migrations and subsequent recruitment of
young may be triggered by annual or seasonal stimuli. Verti-
cal migrations allow fishes to track the movements of poten-
tial prey as they migrate up and down in the water column.
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Atlantic manta ray (Manta birostris) with cleaner fish in the Gulf of
Mexico. (Photo by Animals Animals ©Joyce & Frank Burek. Reproduced
by permission.)

Communication

Communication is an important component of fish be-
havior. The transmission and reception of information by a
number of means facilitates social interaction, the partition-
ing of space, cooperative feeding, predation avoidance, and
reproduction. Visual communication is important in all but
the darkest or most turbid environments. Many freshwater
and marine species possess color patterns that are helpful for
species recognition, sex recognition, age determination, and
for assessments of agonistic and reproductive states. Both
black and white coloration and bright colors are utilized.
Coral reef fishes, for example, are famous for their bright
color patterns, or poster coloration. (Poster coloration, a term
coined by Nobel laureate Konrad Lorenz, refers to the con-
spicuousness and potential advertising or function of bright
color patterns in coral reef fishes. Such coloration is useful in
intra- and interspecific communication during territorial in-
teractions, aggregation formation and maintenance, or mat-
ing, and facilitates species recognition.) Color patterns may
be permanent or temporary. The latter is under hormonal
control in relation to the expression of certain behaviors. For
example, some groupers assume temporary color patterns
during social interactions. The detection of bioluminescent
signals at night or in low-light habitats is another compo-
nent of vision-based communication. Numerous deep-sea
and deep-slope fishes utilize light flashes to communicate
with conspecifics. Fishes also employ body and fin displays
to communicate intentions during territorial encounters,
courtship, and predation avoidance.

Several species of fishes communicate with sound. Sound
production is used to warn predators, warn of predators, at-
tract mates, attract conspecifics in school formation and
maintenance, and to communicate intentions during agonis-
tic, reproductive, and parental care interactions. Sound pro-
duction also places fishes at risk from predation, as some
predators have learned to locate sound producers and prey
upon them.

61



Behavior

Blue striped grunts (Haemulon sciurus) fighting. (Photo by Michael
Patrick O’Neill/Photo Researchers, Inc. Reproduced by permission.)

Fishes produce chemical secretions known as pheromones,
which may be detected by taste or smell. Chemoreception is
significant for the recognition of conspecifics in catfishes (Ic-
taluridae), minnows (Cyprinidae), and other species. This
recognition is important in establishing and maintaining so-
cial relationships, such as dominance hierarchies or territorial
interactions. Parents and young in species that practice
parental care of fry and juveniles, such as the cichlids (Cich-
lidae), employ chemical reception to identify each other.

Fishes make use of touch when communicating intentions
during aggressive behavior, courtship behavior, and parental
care. Electric communication in gymnotids, mormyrids, and
some catfishes (Mochokidae and Ictaluridae) is also used for
aggressive and courtship behaviors, and is especially helpful in
waters where visual detection is greatly reduced or nonexistent.
Electrical discharges made by these fishes are species specific.
Variations in production properties, such as pulse length, in-
terpulse length, frequency, and amplitude, allow these fishes to
communicate or assess information about species identity, in-
dividual identity, sex, size, reproductive readiness, and level of
agonistic behavior. The fishes also obtain information on the
location of and distance between communicators in this way.

Behavior and habitat use

How fishes select and make use of habitat is determined
by their behavior. In marine systems, especially coral and
rocky reefs, pelagic larvae actively swim shoreward as they
prepare to settle into a habitat. Prior to and during settlement
they assess the suitability of that habitat. For example, dam-
selfish (Pomacentridae) larvae settling onto a portion of a reef
have been observed to reject this habitat, swim back up into
the water column, and search for more suitable one. Post-lar-
vae, juveniles, and adults all utilize a variety of patterns that
allow them to compete or coexist with others already using a
habitat. Agonistic behavioral displays are common. Some-
times, the behaviors involved are cryptic, in that fishes “sneak”
into the habitat and become established without drawing at-
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tention to themselves. Size-structured schooling species likely
join the school as larvae and exploit a repertoire of innate pat-
terns that allow them to function cohesively with conspecifics.
In shoals or mixed-species schools, members use a similar
repertoire to join, maintain, or leave the aggregation. Solitary
pelagic species employ a repertoire of behavioral patterns that
allows them to swim, feed, and avoid predation in a habitat
that provides little or no cover. If cover is present in the form
of drifting pelagic algae, logs, or other flotsam or jetsam, small
pelagic species seek shelter there. Some species, such as the
sargassumfishes (Antennariidae), are adapted to life in float-
ing sargassum, where they shelter from predators, ambush
prey, and mate. Other fishes, such as juvenile butterfishes
(Stromateidae), shelter within the tentacles of pelagic jelly-
fishes. Many small pelagic fishes recruit to floating structures,
and larger predators are attracted in turn.

Benthic freshwater and marine species often adapt to spe-
cific conditions and make use of seemingly novel structures
that provide shelter, feeding sites, or places for reproduction.
In moderate or fast-moving streams, trouts and charrs learn
to make use of rocks, logs, holes, undercut banks, and other
forms of structure as shelter. Their swimming behaviors allow
them to move up into the current, feed or chase off intruders,
and return to their shelter sites. Sand-dwelling darters
(Ammocrypta; Percidae) in slower moving streams rest on the
sand, but bury into it to avoid predators. On coral reefs, var-
ious species use specific behaviors to burrow into sand, rub-
ble, cobble, or mud in order to avoid predation, ambush prey,
or rest. Fishes that employ burrows use those dug by other or-
ganisms or dig and maintain their own structures, often build-
ing multiple entrances or exits. They swim, hover, or rest near
these burrows as they feed or engage in social interactions, but
will dart quickly into an entrance if threatened. If resting in-
side a burrow, they may quickly escape via an alternate route
if a predator is blocking or has entered one of the entrance
points. These burrows are sometimes shared by more than one
fish species or by invertebrates, such as snapping shrimps, in
a symbiotic relationship. Other benthic fish use abandoned
tubes made by polychaete worms or other invertebrates. These
fishes swim out of these tubes to feed or mate, but return and
move backward into them if threatened. Some tube-dwelling
species use these structures as cryptic ambush sites from which
they attack passing fishes. Shrublike corals, sea fans, and black
corals all provide structures for a number of small reef species.
These structures are shared because intra- and interspecific
behavioral interactions define the use of space and reinforce
order and structure within the coral head.

Social behavior

Agonistic behavior is employed by fishes to establish so-
cial dominance, defend territories, and ward off potential
predators, and involves the use of displays given at increasing
levels of intensity. The displays are fixed or modal action pat-
terns, and the sequence of their use is often highly ritualized.
The information communicated by a pattern or series of pat-
terns in sequence is therefore recognized in the context of its
use, and aggressive behavior leading to the injury of one or
more parties in the interaction is often averted.
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Dominance of one or more individuals by the agonistic be-
havior towards another of the same species occurs among
groups of individuals, in shoals, and in schools. Dominance is
expressed in either of two ways. First, a single individual may
dominate all others who hold equal rank under the dominant
fish. More commonly, a dominance hierarchy forms linearly,
with a single alpha individual dominating others. The alpha
is followed by a beta individual that dominates the remaining
individuals, and so on. Dominance hierarchies such a this are
often ordered on the basis of body size, with larger fishes dom-
inating smaller fishes. They may also be ordered by different
levels of aggressive behavior between individuals, with the
more aggressive fishes dominating less aggressive fishes. Mat-
ing groups of sex-changing fishes also have hierarchies. For
example, the mating group of the hawkfish Cirrbitichthys falco
(Cirrhitidae) consists of a single dominant male, a large dom-
inant female, and two or more subdominant females of vari-
able size, which dominate one another on the basis of greater
body size.

Agonistic behavior is used to defend living space, food re-
sources, or mating groups and sites. This is known as terri-
torial behavior. Territorial displays include the use of body
displays, erect fins, color changes, sound production, chasing,
or a combination of patterns. Defense may be against both
intra- and interspecific intruders. The latter include com-
petitors for food and space, but may also include potential
predators of a defender’s nest of eggs or free-swimming off-
spring. Territories usually consist of an area of relatively fixed
size. The size of a territory varies within species and between
species, usually as a function of size or sex, but will also vary
in relation to the give and take of interactions with neighbors.
A territory will often be nested in a much larger home range
that is utilized by the fish or a group of fishes. Only that space
that is actively defended by an individual is considered a ter-
ritory. Territories may be permanent or temporary. For ex-
ample, territories needed for courtship and spawning of a
number of fishes are formed only during the breeding season
or at certain times during the breeding season. Agonistic be-
havior increases during these times, but will often be absent
during nonmating periods. Fishes may leave their home
ranges or territories to form temporary multimale territories
at courtship sites, known as leks, at which to attract females
for mating. Some of these leks are “floating,” in that their po-
sition may change relative to the location of females in the
area. Territories required for feeding may be quite large, es-
pecially for larger predatory fishes, and may often greatly ex-
ceed the area defended for shelter space. Permanent territories
often involve the defense of a shelter site. Males in single-
male, multifemale, mating groups will defend their territories
and those of the females contained within. Females, in turn,
defend their smaller territories from intrusions by neighbor-
ing females within the same group. Mating sites of these fishes
are defended in the same way. At the extreme end of territo-
rial behavior is the defense of personal space, as seen in shoal-
ing or schooling fishes that display to, or ward off, neighboring
fishes who swim too close.

Territorial defense is also practiced by monogamous pairs
of fishes. The best-known examples are the butterflyfishes
(Chaetodontidae) on coral reefs. Pairs of butterflyfishes patrol
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Salmon leap up a waterfall to return to the place where they hatched
to spawn. (Photo by Randy Wells/Corbis. Reproduced by permission.)

a territory and may encounter potential competitors for food
or space. These competitors include conspecifics (also usually
in pairs), as well as other species that may utilize the same re-
sources. Defense involves an exchange of ritualistic displays
culminating in the departure of the combatants. Highly terri-
torial butterflyfishes, not usually in pairs, chase intruding com-
petitors away; however, noncompetitive species are usually
ignored. Clustering behavior, in which one or more individ-
uals within a group, or mosaic, of territories rises up into the
water column to assess others in the mosaic without engaging
in agonistic interactions, is an interesting offshoot of territo-
rial behavior, and has been observed in damselfishes.

Fishes form shoals or schools for protection from poten-
tial predators, foraging, overcoming the territorial defenses
of individuals migration, and reproduction. Shoals are unor-
ganized aggregations and may often be temporary in nature.
They may consist of different species with a changing mem-
bership (heterospecific shoal), are relatively unstable, and may
be dissolved and reformed quickly. Schools are organized or
polarized aggregations that form permanently or temporar-
ily. Generally, they are monospecific (contain only one species),
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Tropical angler (Antennarius sp.) “fishing” for food using its elongated
dorsal fin, wiggling its tip to simulate a small fish or worm. (Photo by
Tom McHugh/Steinhart Aquarium/Photo Researchers, Inc. Reproduced
by permission.)

and membership is often age specific. Schools may dissolve at
night for diurnal species, during daylight for nocturnally ac-
tive species, or remain constant over a 24-hour period. Some
schools dissolve under heavy attacks from predators, but re-
form afterward if sufficient numbers of fishes survive. The
movements of schools are governed by a unique set of be-
haviors that determines position, synchronized movements,
swimming speed, evasion, and flight.

Fishes have been found to be capable of transmitting tra-
ditional information socially. For example, certain benthic
reef fishes follow predictable long-term routes between feed-
ing and sheltering grounds as either darkness or dawn ap-
proaches. Experimental manipulations of the composition of
a shoal of these fishes have shown that resident fishes can
transfer information about the location of resting shelters to
fishes new to the shoal during a dusk or dawn migration.

Fishes form symbiotic relationships with other fishes, or
with invertebrates that share some common form of micro-
habitat, food, or need. An excellent example of shared mi-
crohabitat is seen in the anenomefishes (Pomacentridae) and
the burrowing shrimp gobies (Gobiidae). Anenomefishes live
in close association with anenomes, flowerlike benthic inver-
tebrates related to corals that have poisonous nematocycts in
their tentacles and are capable of inflicting an injurious or
deadly sting. The function of these nematocysts is to deter
predators and immobilize prey. Anenomefishes have devel-
oped defenses against the effects of the sting and make use of
the tentacles for shelter and nest sites. Part of the anenome-
fish’s defense is behavioral, in that its undulating movements
within the tentacles communicate to the anemone that it is
neither a threat nor some form of prey to be stung and in-
gested. In exchange, the anemonefish defends the anenome
against potential predators, such as butterflyfishes, that feed
upon the anemone’s tentacles. Anenomefishes may also
“groom” the anenome by removing foreign matter and feces,
as well as consuming potential parasites. Shrimp gobies share
burrows with one or more species of snapping shrimps of the
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family Alpheidae. The shrimp, which is usually blind, con-
structs a burrow that may be shared with one or two indi-
viduals of a given species. The goby, or pair of gobies, guards
the burrow at its entrance while the shrimp maintains it. If
danger approaches, the shrimp is alerted as the goby or gob-
ies signal it with flicks of the caudal fin. If the threat contin-
ues, the goby or gobies will dive headfirst into the burrow
and the shrimp will retreat. Often there is species specificity
between shrimps and gobies, and there is some evidence that
both the goby and the shrimp settle out of the plankton to-
gether as post-larvae, prior to the construction of their shared
burrow. The behavior exhibited by the anenomefishes and
anenomes, and the shrimp gobies and the burrowing shrimps,
is known as a mutualistic symbiosis, in that parties benefit
from the relationship. Other examples of mutualistic behav-
ior relating to cleaning and the control of parasites, and com-
mensalistic behavior, such as the relationship between remoras
and large pelagic fishes, are discussed in the section on feed-
ing behavior.

Reproductive behavior

Behavior is an essential component in the reproduction of
fishes, and is essential for the identification of conspecifics,
the attraction and selection of mates, the process of courtship
and spawning, and, in a number of fishes, parental care. To
perform these functions, fishes have developed a repertoire of
behavioral patterns. These are often used in conjunction with
some physical trait, such as a larger body size, elongated fin
rays, larger hook-shaped lower jaws (kypes), well-developed
humps on the forehead, and unique color patterns (tempo-
rary or permanent). These physical traits are coupled with
one or more behavior patterns, whose use and intensity of use
accentuate the traits. The products of sexual selection, these
patterns and traits confer reproductive advantages to individ-
uals in a given species population. Other patterns are essen-
tial for the physical act of spawning or breeding to occur, or
for parental care to be successful.

Fishes identify conspecifics as potential mates by the recog-
nition of species-specific morphological shape and form, color
patterns, scents, or various behaviors. This recognition is not
as easy as it seems because of variation in each as a function
of sexual dimorphism or individual variation. Sometimes “mis-
takes” in species identification are made, and interspecific mat-
ing occurs. Most of these mating attempts likely fail, but
occasionally functional offspring, or hybrids, result. Once
species identity is recognized, the next step is to determine if
the potential mate is of the opposite sex. Again, differences in
morphology and color pattern or other factors accentuated by
sexual dimorphism are recognized. If no such differences ex-
ist, then the use of behavioral patterns becomes an essential
tool for the recognition of sex. Once sex is recognized, po-
tential mates have to determine if they are attractive or suit-
able for one another and if they are ready to mate. Sexually
selected traits and patterns are utilized to determine this. In
many mating systems, females select mates. Females are at-
tracted to males that appear stronger, fitter, and capable of
providing the greatest investment for her offspring. Males uti-
lize a series of behavioral patterns to convey this impression.
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They may also emphasize the quality of their resources, such
as feeding or sheltering territories, nest sites and qualities, or
spawning site locations. Females assess these attributes and se-
lect the most attractive male or males, accordingly. Males, for
their part, may wish to mate with the largest female or the
most females possible. Larger females tend to be more fecund,
thus increasing a male’s opportunity to fertilize more eggs,
pass down his genes, and achieve greater fitness. Mating with
more than one female also increases fitness. Males compete
with other males for access to females. The quality of their
behavioral and physical traits and their use in intermale inter-
actions, convey an advantage to one male over another.

Courtship patterns are used to attract mates, assess spawn-
ing readiness, and facilitate spawning or mating. A male em-
ploys a series of patterns to attract passing females or initiate
courtship with females that form part of his mating group,
and courtship bouts ensue with variable success. For example,
in single male, multifemale mating groups (called “harems” by
some authors), a male courts and spawns with each of his fe-
males in succession. Unfortunately for the male, this is not
always easy. Individual variation in readiness to spawn among
females means that a male may have to make repeated visits
to females within his group before spawning takes place, and
there is no guarantee that he will be successful in spawning
with all females during a given spawning period. Sometimes
the male is so busy attempting to spawn with one female that
too much time passes and the “spawning opportunity win-
dow” closes before he can mate with others in his group. Al-
ternatively, especially at dusk when light levels are falling, the
male may become the target of a predator as he moves be-
tween females to court. Predator avoidance is costly because
spawning opportunities may be lost. Worse, from the male’s
perspective, is that he might become lost, and control of the
mating group will pass to a sex-changing female within his
group or to another male from outside the group. Females
are also at risk while waiting to court and spawn, and this
threat may affect spawning readiness.

If courtship is successful and the male is able induce the
female to spawn or mate, another series of patterns comes
into play, which help the pair (or group, if spawning is in an
aggregation) synchronize their activities so that the spawning
or mating event is successful. Some of these patterns are as
gentle as a male nuzzling the female’s abdomen during a
paired pelagic ascent, as in some of the marine angelfishes
(Pomacanthidae). Other patterns, such as a sharp-toothed
male shark grabbing a female’s flank so that he can insert his
clasper inside her and attempt internal fertilization of her
eggs, are more forceful.

Modes of reproduction classify how fishes reproduce phys-
ically. The mode itself is not specific to a single taxonomic
group, but may be shared by many taxa regardless of their phy-
logenetic affiliation. Criteria are defined based upon the de-
gree of parental care, if any, invested. Thus, fishes may fall
into three general guild categories: those that do not guard
offspring, those that guard offspring, or those that bear off-
spring. Nonguarding species spawn openly upon substrates,
either pelagically or benthically, or they hide their broods.
Open pelagic spawning occurs in the water column. Fishes
swimming in the water column engage in courtship and re-
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lease eggs. Benthic fishes swim upward into the water column
and release eggs and sperm at the apex of the spawning rise
or rush. Spawning may be paired or in groups. Open benthic
spawning includes the release of eggs onto the substrate (rocks,
cobble, etc.), with the resultant larvae being either pelagic or
benthic. Benthic spawning may also occur on plants as an
obligatory or nonobligatory function, or on sand. Brood hiders
deposit their eggs on the bottom, in caves, on or in inverte-
brates (such as corals, bivalve mollusks, and crinoids), or on
beaches during a tidal cycle. They may also deposit eggs on a
substrate that is prone to annual desiccation, in which case the
eggs are adapted to resist this and hatch out when wet condi-
tions return.

Spawning aggregations are a specialized behavior, and are
formed by migrations of fishes to specific sites for courtship
and spawning. There are two general types of spawning ag-
gregations: resident and transient. Resident aggregations oc-
cur locally, in that members of the aggregation are drawn
from the general area in which the aggregation forms. These
aggregations usually form on a daily, semilunar, or lunar fre-
quency. Transient aggregations consist of fishes that are
drawn from a much larger area and population. Some species
of groupers, for instance, migrate hundreds of miles along
coastal waters in the Gulf of Mexico and Caribbean, and the
number of individuals forming the aggregations can be in the
hundreds or even thousands. These aggregations usually form
annually or seasonally in relation to the lunar period. Both
kinds of aggregations form at sites that appear to facilitate
mating and the dispersal of eggs and larvae.

Guarders include those fishes that choose the substrate
they spawn upon with subsequent guarding of the offspring.
The substrates chosen include rocks, plants, terrestrial struc-
tures (such as overhanging leaves or flooded grasses), or the
water column. Nest spawners construct simple or complex
nests to attract females, deposit eggs, and provide parental
care. Nests are made from a variety of materials, including
gravel and rock, sand, holes, plant materials (with or with-
out a “glue” secreted by the male), anenomes, or bubbles.
In the latter case, males of some species make the nest by
blowing bubbles of air and mucous onto an object or even
the underside of the surface of the water. Miscellaneous ma-
terials are also utilized in nest construction. Generally speak-
ing, nest construction is more common in freshwater than
in marine species.

Fishes that bear young are either external or internal bear-
ers. External bearers include mouth brooders, pouch brood-
ers, gill chamber brooders, forehead brooders, skin brooders,
or brooders that transfer offspring between one individual and
another. Fertilization may be external or internal depending
upon the taxon. Internal bearers have internal fertlization.
Oviparous fishes deposit egg cases on the substrate; these eggs
hatch externally. Ovoviviparous fishes retain fertilized eggs
until they hatch and then release offspring “live.” Viviparous
fishes retain fertilized eggs that, as embryos, develop inter-
nally and are also released live. There are two forms of this
strategy. The first is yolk-sac viviparity, in which the egg’s yolk
sac is attached to the digestive system of the developing em-
bryo. The second is placental viviparity, in which a placental
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connection between the mother and the developing embryo
occurs. Not all internally fertilizing fishes have internal bear-
ing, however. For example, glandulocaudine characins (family
Characidae) and many catfishes of the family Auchenipteridae
have internal fertilization but are egg scatters. Similarly, mem-
bers of the genus Campellolebias (family Rivulidae) have inter-
nal fertilization but are egg hiders.

One specialized form of live bearing is parthenogenesis, in
which young are produced by a female without the fertiliza-
tion of eggs by males. There are two forms, gynogenesis and
hybridogenesis. In gynogenesis, an egg is activated following
mating with a male of another species, but no fertilization of
that egg occurs. The egg develops within its mother and is
born as a female identical to the mother. In hybridogenesis,
mating with a male of another species also occurs, but the egg
is fertilized. The male’s genetic component is discarded and
the egg develops into a female identical to the mother.

Fishes select sites for reproduction in a variety of ways.
For instance, salmons, trouts, and charrs make short or long-
distance migrations to spawning habitat. Spawning occurs in
gravel beds or other suitable substrates and includes the
preparation of a redd, a depression made into the substrate
where eggs are deposited, fertilized, and buried. In other
fishes, nest sites may be placed within the territory of a male
(or less commonly, a female) and are defended after spawn-
ing takes place between the nest owner and one or more
mates. Nest sites may also be located within a home range of
a temporary or permanent pair of fishes. There the eggs are
deposited and fertilized, after which the site is abandoned. In
some species, there is no nest at all, and eggs are merely broad-
cast over a suitable substrate. Spawning sites of pelagic species
follow similar rules. Sites may be within a territory or cluster
of territories, and are defended against intruders (usually
same-sex rivals). Sites may also be used on a regular basis, due
to some physical feature that may favor pelagic spawning, but
are not defended.

Parental care of eggs and offspring is most often practiced
by males than females, and is more commonly seen in fresh-
water rather than marine species. In some species of African
cichlids, such as members of the genus Lamprologus, care is
provided by helpers that are usually related to the parents and
offspring. These helpers forego the opportunity to breed at
this time, but manage to realize some sort of evolutionary fit-
ness by learning parenting behaviors and by protecting off-
spring that carry a fraction of their own genes.

Care behaviors provide defense and maintenance of off-
spring. Parents protect the eggs and larvae in their mouths,
brood pouches, or other structures, but also attack intruders
that attempt to prey upon them. Defense also includes herd-
ing or shielding larvae or post-larvae from attacks. Mainte-
nance behaviors include blowing on eggs to provide them with
oxygen and to remove detritus or other undesirable objects
(including dead eggs). Parents also provide alternative food
sources for growing larvae. For example, some cichlids secrete
a skin mucous that provides nutrition for their young, who
ingest this by “glancing off” the flanks of their parents where
the mucous is deposited. Intertidal species may wrap their
bodies around an egg mass to shield it from desiccation dur-
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ing low tide. A freshwater tetra, Copella sp. (Lebiasinidae) from
South America, lays its eggs on the leaves of overhanging ter-
restrial plants to avoid predation, and splashes water on the
egg mass to provide it with oxygen and to prevent desicca-
tion. Electric eels and some bagrid catfishes produce infertile
trophic eggs to feed their free-swimming young.

A number of fishes practice alternative mating tactics that
exploit certain behaviors to a strategic advantage. For exam-
ple, in mating systems with paired spawning, the pair consists
of a dominant or parental male and a female. Other, smaller,
males in the vicinity, known as satellite males, mimic females
both in color and behavior. The satellite males approach a
mating pair and, if successful at “fooling” the male, will not
be chased off. Then the intruder inserts itself into the dom-
inant male-female courtship bout and attempts to fertilize at
least some of the female’s eggs. In other cases, smaller
“sneaker” males use stealth to approach a mating pair, then
quickly streak or dart into the pair’s spawning bout as eggs
are released to fertilize a portion of them. Among nesting
fishes, both tactics have been observed in the bluegill sunfish
(Lepomis macrochirus; Centrarchidae), whereas the latter has
been seen in salmons.

In pelagic spawning fishes, smaller satellite males will
streak into the water column to join a pair during their spawn-
ing ascent and fertilize part of the female’s eggs. This has
been observed in a number of groups, and variations on the
theme occur. Two independent teams of researchers study-
ing the reproductive behavior of the “haremic” Japanese sand-
perch (Parapercis snyderi; Pinguipedidae), observed repeated
sneaking behavior by dominant males from neighboring mat-
ing groups instead of by satellite males. One team found that
these males sneak fertilizations in neighboring groups after
spawning with all the females in their own groups had been
completed for the night. The other research group also ob-
served this pattern, but found that dominant males tem-
porarily abandoned courtship with their own females and
carried out “sneak” fertilizations in a neighboring group in
close proximity to their own location, when the opportunity
presented itself. Males also spent considerable amounts of
time and effort defending their groups from sneaking neigh-
bors. The downside of these behaviors was that the opportu-
nity to mate with their own females was lost and the females
mated with other males while their males were busy.

Lizardfishes (Synodus dermatogenys; Synodontidae) have
two strategies that depend upon local population size and sex
ratio. If the population is relatively low, and the numbers of
female and males are approximately equal, paired courtship
and spawning occurs. If, however, the population size is larger
and males outnumber females, then a different strategy pre-
vails. In this case, males form floating leks at sunset to dis-
play to larger females as the latter move about the spawning
site. One male may be more successful and joins the female
as she rises into the water column to release her eggs. As the
female and male ascend, however, they are joined by other
males, who all contribute sperm toward the fertilization of the
eggs. Females do appear to exercise control over the timing
of the spawning and the composition of the group. Unlike fe-
males of many other pelagic spawning reef species, female
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lizardfishes may spawn more than once during an evening. As
courtship continues, the female rises to spawn again and is
joined by more than one male. If, however, only one male
joins her, she will abort the spawning ascent, return to the
bottom, and wait for courtship from the group of males to
resume. Females seem to pursue this strategy of group spawn-
ing in order to assure complete fertilization of their egg
masses. The male closest to her in an ascent, the one she
chooses from the others as the most attractive, will likely fer-
tilize a significant proportion of her eggs, but the contribu-
tions of the other males may promote both genetic diversity
and completion of the job!

Feeding behavior

Fishes use a variety of behaviors while feeding to detect
and capture prey, extract plant materials, or to sift sediments
to extract objects of nutritional value. Planktivory by fishes
occurs during the day and at night. During daylight, hover-
ing planktivores such as fairy basslets (Serranidae: Anthiinae),
some freshwater sunfishes, damselfishes, angelfishes, certain
triggerfishes (Balistidae), and many other species, feed upon
zooplankton or phytoplankton by plucking individual plank-
ton out of the water column. Plucking is accomplished with
specialized mouthparts or by rapid movements of the mouth.
The mola (Molidae), and other species that feed upon
macroplankton or mesoplankton in the water column, forage in
a similar fashion. Garden eels (Congridae) and other burrow-
dwelling planktivores emerge partially from their burrows to
feed upon plankton that drift past in the current. Schools of
fusiliers (Caesionidae) dart erratically in the water column as
they grab and feed upon plankton they detect there. Alter-
nately, fishes such as whale sharks (Rhyncodontidae), basking
sharks (Cetorhinidae), manta rays (Mobulidae), herrings, an-
chovies (Engraulidae), scads (Decapterus spp.; Carangidae),
and similar species open their large mouths and strain the
plankton from the water column as they swim. Fishes with
smaller mouths, such as reef herrings and flyingfishes (Exo-
coetidae), also strain plankton in the water column. At night,
a new set of planktivores emerges from shelter to feed upon
pelagic and demersal plankton in the water column. These
include squirrelfishes and soldierfishes (Holocentridae), car-
dinalfishes (Apogonidae), bigeyes (Priacanthidae), along with
a host of deep-dwelling species. These fishes use their large
eyes and other well-developed senses to detect and feed upon
plankton.

Herbivory in marine fishes is more pronounced in trop-
ical than in temperate species. Among the tropical fishes,
halfbeaks (Hemirhamphidae), sea chubs (Kyphosidae), dam-
selfishes, parrotfishes (Scaridae), blennies (Blenniidae), rab-
bitfishes (Siganidae), and surgeonfishes (Acanthuridae), are
the prominent groups. In freshwater systems, numerous
species feed upon benthic algae, emergent plants, and even
seeds and fruits from terrestrial plants. Some marine groups,
such as the butterflyfishes, angelfishes, filefishes (Monacan-
thidae), and triggerfishes, include species that are omnivorous
and feed upon benthic algae. In temperate marine waters,
some members of the Sparidae (porgies), Kyphosidae, Aplo-
dactylidae (sea carps), Odacidae (rock or weed whitings), and
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Pack of whitetip reef sharks (Triaenodon obesus) hunting at night in
the Pacific Ocean, near Cocos Island off Costa Rica. (Photo by Jeff
Rotman/Photo Researchers, Inc. Reproduced by permission.)

Stichaeidae (pricklebacks) are more dependent upon plant life.
Freshwater omnivorous species, such as the carp and its rel-
atives (Cyprinidae), and a number of characins (Characidae),
often include plant materials as a significant part of their diet.

Herbivores feed by grazing or browsing, and are capable
of learning what species of plant are edible and what are toxic.
Access to edible benthic algae, sea grasses, or other plant ma-
terials may be as simple as swimming into a given area and
stopping to graze or browse. Parrotfishes feed on zooxan-
thellic algae contained in coral skeletons by using their spe-
cialized beaks scrape algae off rocks or dead corals. They also
bite off chunks of the coralline skeleton as they graze. The
parrotfish’s pharyngeal teeth crush the chunk within the
mouth cavity, swallow and extract the algae, expel the result-
ing coralline sand. Territorial species, such as certain dam-
selfishes known as “farmer” fishes, actively maintain patches
of desirable species of algae that they tend, defend, and feed
upon. Other herbivores attempting to feed upon this patch
(or patches of algae not tended, but within the territory of
any herbivorous species) are turned away. Fishes defending
the patches must be overwhelmed before other herbivores can
gain access to this resource. One way to accomplish this is for
the grazing or browsing species to form schools that can move
into a territory and easily outnumber the defender. One form
of this type of school, the heterospecific or mixed-species
shoal or school, consists of fishes of a number of species (in-
cluding nonherbivorous fishes) that move about the bottom.
Membership in the school is temporary, and its members not
only gain protection from schooling but, more importantly,
are able to breech the defenses of a territorial herbivore to
feed upon the algae it attempts to protect.

Feeding by herbivorous monospecific schools takes place
both at night and during the day. For example, unicornfishes
(Acanthuridae) form schools that graze on sea grass flats at
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night. Their efficiency at feeding upon sea grass and benthic
algae there is analogous to a giving the flat a good haircut.

Predators rely heavily upon one or more sensory systems in
their search for prey. Among benthic species, ambush preda-
tors such as scorpionfishes (Scorpaenidae), flatheads (Platy-
cephalidae), and sculpins (Cottidae) use vision to detect passing
prey. Scorpionfishes and many sculpins remain motionless un-
til they detect prey and estimate the distance to it. The preda-
tor then engulfs the prey by rapidly opening its mouth and
sucking it in. Flatheads grab the prey with a mouthful of teeth,
and manipulate and swallow it. Other ambush predators, such
as lizardfishes or hawkfishes, launch themselves into the water
column or down to the substrate to grab prey. Freshwater pikes
and pickerels (Esocidae), groupers, basses (Centrarchidae), the
Murray cod (Percicthyidae), and the barramundi (Centropo-
midae) utilize structures, such as submerged trees and stumps
or weed beds, to mask their presence as they ambush passing
prey. Their acute vision allows various trout species in streams
to identify and assess aquatic insects carried by surface and sub-
surface currents. At night, the enlarged eyes of many noctur-
nal predators allow them to detect, track, and attack prey on
the bottom or in the water column.

Other sensory systems, such as taste, touch, and chemore-
ception, allow fishes that prey on benthic invertebrates and
smaller fishes, such as catfishes (various families), goatfishes,
threadfins (Polynemidae), freshwater eels (Anguillidae), and
moray eels (Muraenidae), to detect prey buried just beneath
the surface of the substrate. Similarly, electrical receptors
known as ampullae of Lorenzini allow elasmobranches, such
as sharks and rays, to detect minute electrical currents gen-
erated by prey buried beneath sand, rubble, or mud; locate
their position; and feed upon them. Knifefishes (Gymnoti-
formes) of South America and the Mormyridae of Africa use
other organs to generate weak electric fields that allow them
to detect prey in murky water.

In the pelagic realm, vision, olfaction, touch, and sound
detection are important sensory components of predatory be-
havior. Swiftly moving predators, such as tunas (Scombridae)
and billfishes (Istiophoridae), rely upon keen eyesight to track
and hunt their swiftly moving prey. Predators, especially
sharks, also rely upon the smell of prey, and in particular, the
smell given off by injured prey, to detect them. Low frequency
sounds generated by the movement of prey, whether swim-
ming or struggling, are detected by the predator’s lateral line
system. These vibrations are felt, rather than heard, by the
lateral line receptors. Higher frequency sounds generated by
prey are detected by the inner ear and direct it to the loca-
tion of the prey.

In deepwater environments, visual capabilities may be re-
duced in favor of other senses in some species, but accentu-
ated in others. Deepwater predators with large eyes can detect
bioluminescent flashes generated by potential prey. Chemore-
ception, hearing, and lateral line senses are also important in
prey detection in waters where darkness prevails and little or
no light penetrates from above.

The pursuit of prey varies among predatory species. Am-
bush predators frequently employ camouflage and position

68

Vol. 4: Fishes |

themselves among rocks, corals, or marine plants to conceal
themselves until they can detect and ambush prey. Some am-
bush predators use lures fashioned from modified fin rays or
other body parts. These lures, which may resemble a small
fish or invertebrate in shape, are waved about to attract the
prey. This behavior, sometimes referred to as aggressive mim-
icry, occurs in a few shallow and deepwater predatory families
of fishes. In deepwater species, the lure may be biolumines-
cent. Other predators, such as juvenile snappers (Lutjanidae)
or hamlets (Serranidae), mimic nonthreatening species such
as damselfishes to get closer to prey. Predators, such as
trevallys (Carangidae), often rapidly patrol the bottom
throughout the day and night in search of prey that cannot
retreat to shelter quickly enough to escape being eaten. These
predators may also attack schooling baitfish species in the wa-
ter column singly, in pairs, groups, or schools. Barracudas
(Sphyraenidae) rest motionless in the water column, then
strike rapidly, sometimes over a distance of several meters, at
an unwary fish in the water column or on the bottom. Schools
of salmon, striped basses (Moronidae), amberjacks (Carangi-
dae), bluefishes (Pomatomidae), and tuna (Scombridae) rapidly
chase and slash schools of fleeing baitfishes, and may also herd
them while attacking. Other species, such as some barracudas
and lionfishes (Scorpaenidae), hunt in packs and often utilize
structures, including reef and cave walls and even suspended
fishnets, to act as barriers to aid in escape. At sunset, a pack
of lionfishes assembles and gathers near a school of sweepers
(Pempheridae) that is emerging for the night. Then the li-
onfishes extend their large pectoral fins and use them to push
the sweepers into an increasingly small aggregation that is ul-
timately trapped between the pack of lionfishes and the reef
wall. The predators then rapidly inhale the sweepers with
their large mouths as they try to escape. Other predators, such
as groupers and large soapfishes (Serranidae), take advantage
of this behavior to ambush escaping sweepers.

Many species detect prey hidden in bottom sediments and
then dig or sift them out. A number of these predators have
specialized teeth, mouths, or gills that allow them to do this;
others fan the sediments to expose the prey. Some fishes, such
as certain wrasses (Labridae) and trevallys, allow other fishes,
such as stingrays and goatfishes, to do the digging for them.
These predators follow the bottom-foraging species and feed
opportunistically upon whatever may be exposed. Barracudas
have been observed hanging motionless in the water column
above nests of large triggerfishes (Pseudobalistes spp.). The
triggerfishes constantly tend these nests by rearranging the
substrate and turning over rocks, and in doing so they expose
or startle prey fishes or other organisms. When this happens,
the barracudas quickly rush down to the exposed prey and
grab it before the triggerfish can respond.

Pelagic deepwater species ascend the water column as night
falls and may rise hundreds of meters toward the surface as
they track their prey. Some species are following the similar
movements of pelagic invertebrates upon which they feed.
Others track these fishes as prey, and some species, such as
the snake mackerels or oilfishes (Gempylidae), have feeding
behaviors that appear to be similar to shallow water species,
such as barracudas (Sphyraenidae) or wahoos (Scombridae).
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A number of predators employ mechanisms or behaviors
that allow them to stun or otherwise immobilize their prey be-
fore they eat it. For example, torpedo rays (Torpedinidae),
electric eels (Electrophoridae), electric catfishes (Malapteruri-
dae), and some stargazers (Uranoscopidae) discharge a strong
electrical current that stuns passing prey. Some wrasses
(Labridae) smash their invertebrate prey with or against rocks.
Archerfishes (Toxotidae) stun and knock down insect prey
resting on mangrove branches or emergent grasses above the
water surface by shooting a stream of water “bullets” at them.
Billfishes and the swordfish (Xiphiidae) utilize their bills to
herd, stun, spear, or slash their prey before eating them. Ham-
merhead sharks use their unique cephalic lobes to pin down
stingrays, a favored prey. Sharks and barracudas use sharp
teeth to capture and cut prey into smaller pieces before they
are eaten. Sharks also take bites out of larger prey, such as
whales, without capturing them. Relatively diminutive fishes,
such as the poison-fang and fang blennies also practice this
behavior. These small predators hover in the water column
and launch themselves at passing fishes to bite off a scale or
small piece of flesh. Fishes in the genus Aspidontus mimic blue-
streak cleaner wrasses (Labroides dimidiatus), approaching
fishes that may be fooled into thinking they will be cleaned,
but end up being bitten. Juveniles of larger predators, such as
the leatherback, Scomberoides lysan (Carangidae), also engage
in this behavior. Scale-eating or biting off small pieces of flesh
is also practiced in tropical freshwater fishes of Africa and
South America. Specialized genera of scale-eating African ci-
chlids (Cichlidae) include Perridodus and Plecodus from Lake
Tanganyika, and Corematodus and Gemyochromis from Lake
Malawi. Fin-eating is practiced by characoid fishes of the fam-
ilies Citharinidae (genera Ichthyoborus, Mesoborus, and Phago
from Africa) and Characidae (subfamily Serrasalminae, the pi-
ranhas and their relatives; genera Catoprion and Serrasalmus
from South America).

Cleanerfishes, including the cleaner wrasses Labroides and
Labropsis (Labridae), cleaner gobies (Gobiosoma), and some
butterflyfishes establish cleaning stations along coral or rocky
reefs, where they attract and clean the “client” fishes that ap-
proach. The cleaners swim in a regular pattern of movements.
The client fishes, responding to the swimming behavior and
distinctive color pattern of the cleaner, as well as to the lo-
cation of the cleaning station, assume a posing posture to sig-
nal that cleaning is required and may begin. The cleaners then
forage along the client’s body, feeding on parasitic copepods
and other parasitic organisms, along with any damaged tis-
sues. Cleaner wrasses and gobies also enter the mouths and
gill cavities of their clients, including large predators like
groupers and moray eels, without being preyed upon. This
type of behavior is a mutualistic symbiosis, because both the
cleaner and the client benefit. Cleaning behavior has also been
observed in freshwater fishes, including some members of the
family Cichlidae. A pelagic variation of this behavior is prac-
ticed by remoras or sharksuckers (Echeneidae). These fishes
attach themselves to large predators, such as sharks, billfishes,
turtles, and whales, and hitchhike as their hosts swim. In turn,
the remoras feed upon parasitic copepods on the host, but will
also take advantage of scraps left over from the host’s feed-
ing bouts. This behavior is a commensalistic symbiosis, in that
the cleaner gains while the client neither benefits or loses out.
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Parasitism by marine fishes is not a common strategy, but
it does occur in a number of different species. Internal para-
sites include the pearlfishes (Carapidae) that live in the gut
cavities of seacumbers and large starfishes, where they feed
upon gut tissue. The eel-like Simonchelys parasitica (Synapho-
branchidae) has been found burrowed into the flesh of vari-
ous bottom-dwelling fishes, but has also been recorded from
the heart of a mako shark, a fast-swimming pelagic species.
In freshwater fishes, however, catfishes of the tropical Ama-
zon family Trichomycteridae are parasitic. Most species at-
tack gill tissues of larger fishes, but members of the genus
Vandellia are known to parasitize the urethra of mammals, in-
cluding humans, causing considerable harm. Lampreys
(Petromyzontidae) are external parasites, which attach them-
selves to the skin of their prey and feed upon tissue and body
fluids with their specialized mouths.

Fishes that feed upon detritus use their mouths to scoop up
sediments, from which they extract detrital materials with their
pharyngeal teeth and expel sediments through their gills. Scav-
engers feed upon dead and dying fishes or other organisms and
play an ecological role. Fishes bite or peck at the body of the
organism to remove chunks of flesh. Some fishes, such as the
deepwater hagfishes (Myxinidae), are specialized to enter the
body cavity of dead fishes to feed upon them internally.

Predator avoidance behavior

Marine fishes have evolved a number of mechanisms and
behavioral strategies to avoid predation. These include color
patterns and modifications of body structure to provide cam-
ouflage, mimicry, or warnings of toxicity. Color patterns that
disrupt the fish’s outline, reduce its contrast against back-
ground coloration, or allow it to blend into the background
all provide camouflage and protection from predation. These
same attributes also favor predators who wish to hide from
their prey. Countershading (dark color dorsally and pale or
white ventrally) and reverse countershading (pale or white
dorsally and dark ventrally) obscure the fish when it is viewed
from above or beneath. A silvery or mirrorlike coloration, as
seen in herrings, tarpons (Megalopidae), ladyfishes (Elopidae),
smelts (Osmeridae), carps and minnows, and mullets (Mugili-
dae), reflects light and confuses potential predators. Fishes
that are relatively transparent, such as in the glassfishes
(Channidae) and some cardinalfishes, are difficult to see, es-
pecially in low light conditions. Similarly, modifications to
the skin, fin rays, or other portions of the body can convey
similar benefits. For example, the sargassumfish (Antennari-
idae) has modifications, which, in conjunction with its green-
ish brown coloration and hovering behavior, allow it to
resemble sargassum algae. Pipefishes and seahorses (Syng-
nathidae), and some filefishes, have similar adaptations. Adult
leaffishes (Nandidae) and juveniles of a number of species,
including spadefishes and batfishes (Ephippidae), combine a
color pattern with behavior to resemble inedible objects such
as leaves.

Warning coloration informs potential predators that a fish
is (or is giving the impression of) being toxic and should be
ignored. The juveniles of some species of sweetlips (Haemul-
idae) have color patterns and behaviors that allow them to
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mimic toxic nudibranches and flatworms. Other fishes with
toxins in their skin or organs, such as various tobys or sharp-
nose puffers (Canthigaster spp.; Tetraodontidae), have color
patterns that advertise their toxicity. One species of filefish,
Paraluteres prionurus, is nonpoisonous, yet is afforded pro-
tection from predation because it has a color pattern and
behavior that exactly mimics the black saddled toby (Can-
thigaster valentini), and, to a lesser extent, the crowned toby
(C. coronata).

Behavioral responses to perceived threats detected by
senses such as vision, hearing, the lateral line, and smell may
be rapid or subdued. These responses are used by solitary in-
dividuals but are accentuated in aggregations or schools. Many
species react swiftly to the sight of an approaching predator
or to the detection of noises or pressure waves generated by
its approach. Flight avoidance, usually in the form of rapid or
erratic swimming away from the predator, occurs in the wa-
ter column. Some species, such as flyingfishes, halfbeaks, and
needlefishes (Belonidae), leap above the surface of the water
and may coast for a few to several meters in the air before en-
tering it again. As a school or aggregation, reef herrings and
other baitfishes leap repeatedly into the air as they flee ap-
proaching predators. Schooling behavior provides significant
predation avoidance benefits because of the fact that there is
safety in numbers. Most predators have to target a single in-
dividual to successfully prey upon it. The presence of many
individuals within a school means that, with more prey to
choose from, the chances of any one healthy individual of be-
ing preyed upon is reduced as the school takes flight.

Fishes with less energetic responses than the reef her-
rings, such as lionfishes and other scorpionfishes, merely
erect pectoral and dorsal fins that have poison-tipped spines
to detract predators. Other fishes with poisonous spines
show a similar behavior. Adult pufferfishes (Tetraodontidae)
and porcupinefishes (Diodontidae) inhale water and inflate
their bodies to avoid predation by all but the largest preda-
tors. These fishes may also be poisonous or have spines that
make ingesting them difficult. Other species, such as garden
eels (Congridae), sanddivers (Trichonotidae), tube blennies,
burrowing gobies, and triggerfishes duck into holes or bur-
rows. Triggerfishes can “lock themselves in” their holes by
extending their dorsal and anal fin spines. Similarly, soles
(Soleidae), flounders (Bothidae), and their relatives bury
themselves in the sand. At night, sleeping parrotfishes wedge
themselves into the reef and secrete a somewhat gelatinous
cocoon that allows it to detect predators by touch if the co-
coon is violated.

Another behavior normally attributed to birds but also
observed in some species of reef and freshwater fishes is
mobbing. Mobbing serves to ward off an intruding preda-
tor by displaying to or attacking it in number, but also to
warn conspecifics of the intruder. For example, the dam-
selfish Pomacentrus albifasciatus maintains territories adjacent
to conspecifics on reef flats. If a predator, such as a moray
eel or scorpionfish, enters the area, those damselfishes clos-
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est to the intruder rise into the water column and display
their erect fins as they dance in front of, behind, or along
the flank of the intruder. These damselfishes are soon joined
by others from the territorial matrix, and together they mob
the intruder until it leaves the area. This damselfish also ap-
pears to be able to recognize which kind of danger the in-
truder may pose before mobbing it. If the intruder is a
scorpionfish, the damselfishes avoid displaying near its head
and focus their attacks along the posterior flank or tail, pre-
sumably because scorpionfishes have large mouths and are
capable of extremely rapid feeding attacks. However, if the
intruder is a moray eel, the damselfishes also mob in the re-
gion of its mouth because it is relatively smaller and the eel’s
feeding behavior is different.

Behavior, evolution, and conservation

The behavior patterns in fishes evolved over countless
generations, largely in response to pressures from natural and
sexual selection. These behavior patterns are distinct and
measurable, and they are just as much characteristics or traits
as those based upon morphology or biochemistry. Although
general patterns among different, and often quite divergent,
species exist, the applications of these patterns and their sub-
tle differences are often unique. Similarity in patterns may be
a function of convergent evolution, common descent among
related groups, or an affinity among species. Differences in
patterns may be the result of a lack of affinity or may be sub-
tle changes in application within a group of closely related
species. The study of phylogenetic relationships among species
by the comparative method provides an understanding of the
patterns of behavior observed, as well as the processes that un-
derscore their evolution within species. This field of study,
known as historical ecology, has great utility in ascertaining
patterns of character development between and within species,
and has predictive power in instances where information on a
particular species within a group of related species is relatively
lacking. This method also allows for testing hypotheses that
may confirm the validity of the prediction.

The methods of historical ecology in the study of fish be-
havior have considerable utility as tools for predicting how
fishes behave under exploitation, habitat destruction, or other
problems addressed in the science of conservation biology.
Conservation efforts, especially in highly diverse systems, are
often stymied because of a lack of information on the biology
and behavior of some fishes within those systems. As detailed
studies of most groups are lacking, some considerable effort
has been expended upon understanding the biology and be-
havior of a relatively few species within these systems. Gen-
eralizations are feasible for attempting to understand species
that are less well studied. However, only the steady collection
of data coupled with the predictive advantages of historical
ecology allows scientists to understand the larger picture so
they can convey to fishery managers the information neces-
sary for the design and implementation of effective conser-
vation and management plans.
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Fishes and humans

Overview

Fishes have figured prominently in human lives, cultures,
and economies since ancient times. Fish themes appear in di-
verse aspects of human culture, including mythology, religion,
literature, and art. In addition, fishes are important to humans
as a source of food and income; thus, the quest for fishes
played a large role in historical patterns of exploration, set-
tlement, and even war. Fishes are the central focus of recre-
ational activities enjoyed by many as well. Despite their value
to humans, fishes are often negatively affected by the direct
and indirect consequences of human actions. As a result, many
fish species are threatened or endangered, and some have be-
come extinct in recent years.

Fishes in human culture

Mythology and religion

Throughout history, fishes appeared in the legends, myths,
and folklore of a variety of cultures. In many societies, fishes
were associated with deities, perhaps indicative of the value
and mystery of fishes in ancient cultures. In Iran and Baby-
lon, archeological evidence revealed a deity with human legs
covered by the full body of a fish. In Syrian culture, the myth-
ical goddess of generation and fertility, Atargatis, was repre-
sented as the body of a woman with a tail of a fish—a depiction
that gave rise to the image of mermaids. The ancient Egypt-
ian deities Isis and Hat-Mehit were associated with fishes; due
to the abundance of fishes available during the spawning sea-
son in the Nile Valley, these goddesses symbolized fertility.
Many other indigenous cultures recognized deities that were
believed to protect fish stocks and those persons that har-
vested fishes.

In some myths, fishes interact with deities in other ways.
For example, two fishes derived from Greek mythology are
visible in the sky each night—those of the constellation Pisces.
According to this myth, Aphrodite, the goddess of love and
beauty, was walking along the Euphrates River with her son,
Eros, when they encountered the monster Typhon. One story
suggests that Aphrodite and Eros jumped into the river, where
they were transformed into fishes and fled. In another version
of this myth, two fishes carried the mother and son to safety.
Both versions imply that fishes can confer protection to deities.

72

Fishes continue to serve as important symbols in modern
Christianity. The Greek word for fish, ichthys, is derived as
the acronym for the biblical phrase Iesous Christos Theou Hyious
Soter, which translates to “Jesus Christ, Son of God, Savior.”
The activity of fishing plays a central role in a variety of en-
counters between Jesus and his disciples, as he instructs them
to be “fishers of men.” It is believed that the fish symbol
formed by two half-crescents arose as a way for persecuted
Christians to identify themselves to one another in ancient
Rome; this symbol remains widely used by Christians today
and has been adopted in modified forms by those advocating
alternative beliefs to certain Biblical teachings.

Literature and art

Many legends in classical and medieval literature convey
tales of fishes as monstrous sea creatures that invoke fear into
even the bravest humans. In his epic Roman poem 7he
Pharsalia, Lucan suggests that large remoras, or shark suck-
ers, could impede the progress of sailing and naval ships.
Other stories tell of menacing sea serpents; some legends,
such as that of the Loch Ness Monster, are perpetuated still
today. In reality, many of the legendary “sea serpents” turned

From a small bowl with one fish to huge aquariums, people are faci-
nated by the underwater world. This huge fish tank is at the Osaka
Aquarium in Osaka, Japan. (Photo by Will & Deni Mcintyre/Photo Re-
searchers, Inc. Reproduced by permission.)
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out to be nothing more than large eels, cuttlefish, squid, or
sharks, and others were dismissed as figments of the imagi-
nation created by the interplay of light and water. Initially re-
garded as a folk legend, reports of “rains of fishes” date back
to the third century A.D. Such incidents have been reliably
documented in more recent years, and it is believed that vi-
olent storms may sweep fishes from water bodies and drop
them back to land as air currents dissipate.

Fishes have been depicted in artwork throughout cultural
history as well. Hieroglyphics of the ancient Egyptians show
precise details of many fishes from the Nile River. Many of
these carvings remain preserved on the walls of tombs, as
fishes were believed to lead people to and sustain them in the
afterlife. Native Americans of the Northwest carve fishes,
specifically salmon, on totem poles, thereby conveying myths
and spiritual connections of their societies to fishes. Fishes
have long served as popular subjects in Asian art, particularly
that of the Chinese, through which they are often displayed
on pottery, screens, and paintings.

Fishes continue to appear in many forms in literature and
media of modern culture. Novels such as Ernest Hemingway’s
Old Man and the Sea and nonfiction works such as Sebastian
Junger’s Perfect Storm recount the challenges and rewards of
the pursuit of fishes, while childhood stories such as Dr.
Suess’s One Fish, Two Fish, Red Fish, Blue Fish are widely rec-
ognized and adored. In addition, movies periodically revital-
ize myths and fears of fishes. In the movie The Little Mermaid,
the myths of mermaids, serpents, and sea gods again come to
life. In contrast, 7aws preys upon general unfamiliarity with
shark behavior to instill viewers with fear of these dominant
ocean predators.

Human uses of fish

Historical fisheries

Fishes have been utilized by humans throughout history
for food, income, and other purposes. Archeological records
indicate that Egyptians exploited fishes in the Nile River from
prehistoric times. Carvings record the types of fishes caught,
fishing techniques, preparation methods, and the trade of
fishes. The Egyptians used spears, hooks, weirs, and nets to
capture fishes in the wild, but residents of Mesopotamia con-
structed ponds in the fertile crescent of the Tigris and Eu-
phrates rivers to maintain regular, accessible supplies of fishes.
Pliny the Elder recommended fishes as medicinal remedies
for a variety of ailments. Still today, cod-liver oil and castor
oil are used to relieve internal and external ailments; and in
some parts of the world, otoliths, the small ear bones of fishes,
are believed to prevent colic.

The quest for fishes played a large role in early exploration
and settlement patterns. Access to herring in the Baltic Sea
conferred prosperity upon the Hanseatic League during the
twelfth century. Disputes over fishing rights and profits led
to conflicts, sometimes escalating to war, that continued
among European nations long after the demise of the league.
By the fourteenth century, Europeans traversed the sea to fish
for cod off of Iceland. They preserved the fish in dried or
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Fish ladders provide passageway around dams for migratory adults
headed up-river for breeding, such as salmon. (lllustration by Amanda
Humphrey)

salted forms to supply European markets, thereby rendering
it a valuable commodity, and disputes over access to cod fish-
ing grounds sparked further wars. Cod constituted a major
portion of the diet and trade base of later British colonists
that explored and settled on the northeast coast of the United
States. By the late 1600s, the international cod trade involved
other commodities as diverse as salt, sugar, molasses, cotton,
tobacco, and even slaves.

Modern fisheries

Fisheries continue to provide a vital source of food, em-
ployment, and income in many countries today. World fish-
eries catch increased rapidly during the 1950s and 1960s.
Following the collapse of the Peruvian anchoveta fishery in
the 1970s, total catches appeared to level off, but worldwide
catch began growing again in the 1980s. In 2000 marine fish-
eries captured nearly 95 million tons, and aquaculture pro-
duction added another 35 million tons of fishes that were
consumed by humans in some form—most commonly as food,
oil, or fertilizer. Despite the value and varied uses of fishes,
relatively few species dominate the catch. In 1997 marine fish-
eries exploited 186 species, but seven species accounted for
50% of the total biomass harvested.

A variety of gear types are used to catch fishes in modern
commercial endeavors. Trawls (nets) may be towed along the
ocean bottom to target demersal fish (bottom-dwellers) such
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Fishery centers—catches are given in millions of tons (numbers from
2000). (Map by XNR Productions. Courtesy of Gale.)

as cod, or suspended in the water column to catch pelagic
species such as herring. Purse seines surround migratory
schools of fishes such as tuna. And hooks on long lines—baited
lines stretched sometimes for miles through the water col-
umn—capture large predatory species, including sharks and
swordfish. A variety of diverse techniques are utilized by many
people throughout the world to harvest fishes for subsistence
or local consumption. Much fishing occurs near shore using
traps, nets, and spears. However, as fish populations are de-
pleted, particularly in areas with few alternative sources of
protein, humans resort to small mesh nets or destructive fish-
ing techniques, including dynamite fishing, to capture as many
remaining fishes as possible.

Recreation

Many people throughout the world enjoy recreational ac-
tivities centered around fishes. Recreational anglers pursue
fishes for sport in freshwater, coastal, and deep sea settings.
In the United States alone, the number of anglers is estimated
at over 50 million. Many of these anglers enjoy the sport for
the thrill of hooking and landing a feisty fish; since the catch
is of secondary importance, anglers often release their catch
to reduce mortality effects on the fish population.

Another recreational pursuit involving fishes is that of
maintaining aquariums. The idea of the aquarium was first
developed in the mid-1800s, and the first public aquarium
opened at the London Zoological Gardens in 1846. Today,
the keeping and breeding of ornamental fishes is a popular
hobby worldwide. Many individuals maintain smaller, per-
sonal aquariums, ranging from a single goldfish in a bowl to
elaborate tropical marine tanks. This activity was the third
most popular hobby in the United States in 2001. Worldwide,
it generates millions of dollars of economic activity.

Conservation of fishes

Despite their value to our society, fishes suffer the direct
and indirect consequences of human actions. Habitat alter-
ation including inadequate water supplies and declining wa-
ter quality, overharvesting, and introduced species all threaten
the viability of fish populations. Over time, many humans have
recognized the negative impacts of certain actions and initi-
ated efforts to ameliorate the consequences of these activities.
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Habitat alteration

Human actions alter fish habitats in a variety of ways, of-
ten resulting in the decline of fish populations. Dredging of
channels and clearing of debris to maintain navigation in wa-
terways removes substrates and rich food sources that fishes
prefer. In addition, the loss of wetlands eliminates spawning
and nursery habitats for numerous fish species. In some cases,
wetlands are destroyed to create urban living space or agri-
cultural land; in other instances, tapping into groundwater
supplies lowers the water table so that wetlands are no longer
inundated. While hydroelectric power provides energy to
many areas, the construction of dams across rivers substan-
tially alters the nature of flowing-water habitats and limits up-
stream migrations of fishes. Upstream of the dam, the river
essentially becomes a lake, and dam operations control down-
stream water flows. Further, despite the fact that most large
dams are now equipped with fish ladders to facilitate upstream
migrations, significant declines in the populations of many
fish species are commonly noted following dam construction.
Indirect human effects on fish habitat are also important. In
many tropical regions, deforestation can destroy a watershed’s
ability to store seasonal rainfall and release it slowly over an
extended period of time. Such alterations to hydrological pat-
terns can induce extreme cycles of flood and drought in
streams that result in catastrophic consequences for the local
fish fauna.

Humans consume large amounts of water for drinking and
irrigation, and much of the water used is obtained from rivers
and lakes inhabited by fishes. In many regions, reservoirs of
dams offer convenient holding areas from which water can be
withdrawn for human uses. In other settings, streams and
rivers are diverted to cities for human consumption or to agri-
cultural areas for irrigation. Either scenario results in less wa-
ter to maintain natural flow patterns in rivers and streams;
thus, the flooded habitat area available to fishes shrinks, many
species move out of the area or become locally extinct, and

Not only do we like to watch fish swim, we sometimes join them un-
derwater. Here, a diver swims with a lemon shark (Negaprion brevi-
rostris). (Photo by Jeff Rotman/Photo Researchers, Inc. Reproduced
by permission.)
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An appetizer plate holds three kinds of caviar: golden whitefish, keta
salmon, and American sturgeon. (Photo by Macduff Everton/Corbis.
Reproduced by permission.)

others suffer mortality from crowding and disease. The dra-
matic collapse of the Aral Sea ecosystem after two major trib-
utaries were tapped for agricultural irrigation in the 1980s
demonstrates the potential consequences of water diversion
on aquatic systems and their fish faunas. This problem is ex-
acerbated in areas that draw their water from underground
aquifers. Water held in aquifers is often extracted at rates that
exceed natural replenishment. Mining these aquifers for hu-
man use can lower the water table sufficiently to completely
eliminate aquatic habitats that are dependent on artesian
spring flows, a situation of particular concern in arid regions
of the southwestern United States and northern Mexico. As
water shortages become more prevalent throughout the world
and the human demand for water escalates, the severity of
threats to fish populations will likely increase, and decisions
concerning the allocation of water will become more com-
plex and contentious.

In addition to concerns about water quantity, declining wa-
ter quality also has serious implications for fishes. Humans
have dumped industrial wastes, agricultural chemicals, and
sewage directly into water bodies for much of history, and
similar discharges continue in many areas today. Indirect
runoff further reduces water quality. For example, deforesta-
tion increases siltation in adjacent streams, and nutrient runoff
from the watershed may cause algal blooms in the receiving
lake. These activities all impair water in ways that may be
harmful to fishes. Waste effluents contribute to disease; chem-
icals may prove toxic or impair reproductive success; and al-
gal blooms and the decay of materials may deplete oxygen to
inadequate levels for sustaining fish life.

Overfishing

Overfishing poses another substantial threat to fish popu-
lations worldwide. The pattern noted in the history of many
fisheries involves discovery, high levels of exploitation until
the stock collapses, and then switching to a new stock. Even
in classical times, stock collapses due to overfishing were com-
mon, and as early as the twelfth century, Edward II banned
the use of a specific type of trawl net in the Thames Estuary.
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In recent years, we have witnessed the collapse of major fish-
eries, including those for Peruvian anchoveta, California sar-
dine, and Georges Bank cod. The failure of California sardine
and Atlantic cod populations to recover demonstrates that in-
tense fishing may deplete stocks to a point that the surviving
population may not be large enough to assure recovery, even
if fishing effort is eliminated entirely. In addition to the
demise of exploited stocks, overfishing may have conse-
quences at the ecosystem level as well. Fishing activities may
destroy habitat if inappropriate fishing gear or techniques are
utilized. Further, it has been suggested that as humans de-
plete stocks at high trophic levels, we move to species lower
on the food chain; over time, this pattern of “fishing down
the food web” threatens collapse of the whole ecosystem.

Introduced species

Finally, human actions affect fish populations and com-
munities by introducing certain species to areas beyond their
native range. In many cases, the introduction to a new envi-
ronment frees a species from natural controls on its popula-
tion growth. The introduced species may prey upon native
fishes, infringe upon habitats and food supplies used by other
species, hybridize with native species and reduce genetic di-
versity of the stocks, or act as vectors of exotic pathogens and
parasites to which native species have no resistance. Some in-
troductions are intentional and others accidental, but both
may result in severe consequences to native fish stocks. In-
tentional introductions often follow collapses of native fish
stocks due to overexploitation. As an example, the Nile perch
(Lates niloticus) was introduced into Lake Victoria to expand
protein production and enhance fisheries after the demise of
an endemic tilapia, the ngege (Oreochromis esculentus), due to
overfishing. Over three decades, predation by Nile perch re-
sulted in the loss of up to 70% of species in the diverse flock
of haplochromine cichlids that evolved in the lake.

Status and future of fishes
The human actions described above may result in fish pop-
ulation declines; in some cases, extinction of the species follows.

Shark fins drying on a fishing vessel. The fins are to be used for such
delicacies as shark’s fin soup. Federal regulators are trying to deter-
mine the impact on shark populations. (Photograph. AP/Wide World
Photos. Reproduced by permission.)
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As of 2002, 115 distinct species and subspecies of fishes were
protected by the U. S. Endangered Species Act, and many other
species are threatened or endangered in countries throughout
the world. Despite the protection afforded to these species, over
40 species have already been lost to extinction in North Amer-
ica alone since the early 1900s. Estimates suggest that approx-
imately 20% of all freshwater fish species are in serious decline
or already extinct. Relatively few marine species are considered
at risk of extinction, despite high levels of utilization of these
stocks in fisheries. The much higher threat to freshwater fishes
likely reflects their utilization of restricted habitats that are in-
tertwined with land-based human populations. It is likely that
even higher numbers of species are threatened in many tropi-
cal countries due to the rich species diversity and small geo-
graphical ranges of many species.

Despite the diversity and immensity of the threats iden-
tified above, many people now recognize the negative con-
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sequences of environmental decisions and actions. Thus, ef-
forts have been initiated to mitigate impacts to fish species
and populations. Local activities often include the rearing of
fishes in hatcheries to supplement wild stocks and restoration
of habitat areas that have been degraded by human activities.
Other efforts involve a broader group of people and often re-
quire government mandates. Such endeavors include setting
aside reserves to preserve highly diverse areas, protecting crit-
ical habitats of threatened species, and developing regulations
to reduce overfishing and pollution. Internationally, countries
have adopted several treaties that advance conservation of
fishes and their habitats, including the Convention on Bio-
logical Diversity, the Ramsar Convention on Wetlands, and
the Convention on International Trade in Endangered Species
(CITES). Locally and globally, it seems that we are beginning
to recognize that the futures of fishes and of humans may be
closely linked.
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Myxiniformes
(Hagfisbes)

Class Myxini
Order Myxiniformes
Number of families 1

Photo: A Pacific hagfish (Eptatretus stoutii) with
secreted slime. (Photo by Tom McHugh/Photo Re-
searchers, Inc. Reproduced by permission.)

Evolution and systematics

Modern vertebrates are classified into two major groups,
the Gnathostomes (jawed vertebrates) and the Agnathans
(jawless vertebrates). The Agnathans are classified into two
groups, myxinoids (hagfishes) and petromyzonids (lampreys).
The Gnathostomes constitute all the other living vertebrates,
including the bony and cartilaginous fishes and the tetrapods.
The hagfishes are considered the most primitive vertebrates
known, living or extinct.

Hagfishes are members of the family Myxinidae, which is
the only surviving family of the class Pteraspidomorphi. The
species are divided into two primary genera: Eptatretus and
Myxine. The genus Eptatretus (found in the Pacific Ocean) has
37 species; the genus Myxine (found in the Atlantic Ocean)
has approximately 18 species.

Hagfishes are the products of a long evolutionary history
and can be considered as primitive, specialized, and degener-
ative. The hagfish lineage extends over 530 million years and
is clearly monophyletic in its origin. Hagfishes are the oldest
lineage of vertebrates and are thus very important to evolu-
tionary studies. However, hagfishes are not well represented
in the fossil record due to their lack of bony structures. The
fossil record consists of a single fossil representing one species
of one genus, Myxinikela siroka. The discovery of this fos-
silized hagfish, in sediments deposited roughly 330 million
years ago, put the significance of the hagfishes into new light.
The hagfishes are an important link between invertebrates
and vertebrates, and thus are of interest to evolutionary biol-
ogists in regard to both their anatomy and physiology, be-
cause they may retain characteristics of ancestral extinct
species that are common to their closest relatives, the primi-
tive fossil fishes.
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All hagfish species have a cartilaginous skeleton with no
vertebrae, true fin rays, paired fins, or scales. Hagfishes lack
jaws, but have two laterally biting dental plates with kerati-
nous cusps. The mouth is an oval slit, with four fleshy bar-
bels, and a strong tooth on the tongue. The single nostril is
surrounded by another four sensory barbels that allow the
hagfish to acutely scent food. The eyes of the Pacific hag-
fishes (Eptatretus stoutii) exist as degenerative eyespots cov-
ered with thick skin. Atlantic hagfishes (Myxine glutinosa) have
more degenerative eyespots than Pacific hagfishes. Atlantic
hagfishes range in size between 17.7-23.6 in (45-60 cm), but
not exceeding 30.7 in (78 cm), in length. Pacific hagfishes are
slightly smaller, not exceeding 25.6 in (65 cm) in length. Hag-
fishes have six to 10 pairs of internal gill pouches, which may
open separately to the exterior or unite to form a single ex-
terior opening on each side of the animal, depending on the
species. In Pacific hagfishes, short efferent ducts lead to 10-14
external gill openings; in Atlantic hagfishes the efferent ducts
discharge through a common external opening. Color ranges
from reddish brown to grayish pink.

One interesting feature of the hagfishes that is unique
among other fishes or vertebrates is the production of copi-
ous quantities of slime. Hagfishes have approximately 150 to
200 slime glands along the side of the body. When a hagfish
is attacked or handled, it will secrete small amounts of slime.
When the slime comes in contact with the surrounding sea-
water, the mucous component of the slime expands greatly as
it is hydrated with the water, increasing its volume several
fold. In order for the hagfish to rid itself of the slime, it lit-
erally ties itself in a knot and scrapes itself clean by moving
the knot down the body. The slime is used as a defense mech-
anism and may be involved in reproduction.
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A. External anatomy of hagfish subfamily Eptatretinae; each gill pouch has a separate opening to the exterior. B. Ventral view of closed mouth
and single nasal opening. C. Anterior section of subfamily Myxininae; gill pouches have a single common external opening on each side. (lllus-

tration by Jacqueline Mahannah)

Distribution

Hagfishes have been reported from the Atlantic, Pacific, In-
dian, Arctic, and Antarctic Oceans, and from the Bering,
Mediterranean, and Caribbean Seas. Hagfishes do not occur in
the Red Sea or the Gulf of Thailand. Atlantic hagfishes are found
on both sides of the North Atantic and in Arctic Seas in deep
water of 3,937-11,811 ft (100-300 m) on soft muddy bottoms.
Their distribution is varied and patchy, being confined to areas
with a suitable bottom. Pacific hagfishes are found along the
Pacific coast of North America, from southern California to
southeast Alaska. They are found on diverse substrates from
muddy bottoms to sand/gravel and boulder/ sand substrates.

Habitat

Hagfishes mostly inhabit deep marine environments that are
relatively free of circadian or seasonal changes. Temperature
and salinity are thought to be two of the most important fac-
tors to influence hagfish distribution. The fishes are most of-
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ten found in waters that are cooler than 71.6°F (22°C) and have
salinities between 32-34 parts per thousand. Although they are
most commonly found at the bottom of the ocean—the deep-
est reported hagfish sighting was 196,850 ft (5,000 m)—some
species have been reported in depths as shallow as 394 ft (10
m). Pacific hagfishes occupy a wider range of substrate types
than Adlantic hagfishes. Pacific hagfishes occur on substrates
ranging from soft muddy bottoms to boulder/sand substrates,
and are often found in a coiled position nestled among the
rocks. Atlantic hagfishes are most often found on soft muddy
substrates in which they form burrows. Atlantic hagfishes bur-
row by first orienting the body in a vertical position above the
substrate and then swimming head first into the substrate. Once
the anterior half is below the surface of the mud, the anterior
portion pulls the posterior portion below the surface.

Hagfishes are an important part of the benthic marine en-
vironment. They are a substantial proportion of the benthic
biomass; are critical for substrate turnover and the clean-up
and processing of carrion falls; they prey on benthic inverte-

Grzimek’s Animal Life Encyclopedia



Vol. 4: Fishes |

brates as well as provide prey for marine mammals and large
predatory invertebrates.

Behavior

The Japanese hagfish (Eptatretus burgeri) is the only known
species that undertakes an annual migration, which is thought
to be associated with the reproductive cycle.

Feeding ecology and diet

Hagfishes are chiefly scavengers and feed on crustaceans,
small marine worms, and vertebrate remains. Using its strong
teeth, the hagfish pierces the fish’s skin and bores into the
body, eating the flesh and eventually only leaving the bone
and skin. Gut analyses of Atlantic hagfishes have shown a diet
consisting primarily of invertebrate organisms, including
polychaetes, hermit crabs, and shrimps.

The Atlantic hagfish has few known predators. Small hag-
fish have been found in the stomachs of codfish, harbour por-
poise, octopus, Peale’s dolphin, and sea lions. Hagfish eggs
have also been found in the stomachs of male hagfish.

Reproductive biology

"The reproductive patterns of most hagfishes are unknown.
Females produce a small number (20-30) of large yolky eggs
0.8-1 in (20-26 mm) long. The eggs are enclosed in a tough
shell with threads at each end, which act as anchors in the
mud. Males produce a small amount of sperm. As neither sex
has a copulatory organ, the mode of fertilization is thought
to be external.

Sex is often difficult to determine in hagfishes. Atlantic
hagfishes have been considered functional hermaphrodites,
with their single unpaired sex organ developing sperm in the
posterior portion and eggs later in the anterior portion.
Other investigations have shown that hagfishes are not her-
maphrodites, but that the gonads undergo differentiation into
male and female gonads. More recent studies suggest that
Atlantic hagfishes could indeed function as hermaphrodites
for part of their life cycle, reproducing as either male or fe-
male at other times.

The spawning behavior and frequency is unknown. The
Japanese hagfish appears to have an annual reproductive cy-
cle associated with its migration into deep waters. At least two
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species of hagfishes spawn throughout the year, for ripe At-
lantic hagfish females and those nearing ripeness have been
recorded during all seasons.

It has been noted that Pacific hagfish females in an
aquaria ceased to feed when they approached sexual matu-
rity, as do many other fishes. Hagfishes lay their eggs in
clutches, strongly supporting evidence that hagfishes do not
die after spawning. Although there are no documented an-
swers as to how hagfishes reproduce, considerable data have
led to the following conclusions: reproduction takes place at
a depth in excess of 164 ft (50 m), there is no marked sea-
son of sexual activity (except in the Japanese hagfish), and
the eggs are fertilized externally and anchor themselves by
their hooks not far from where they were extruded. The last
fertilized hagfish eggs reported were obtained by Julia Wor-
thington in 1903.

Conservation status

No species are listed on the IUCN Red List. During the
past 40 years, hagfishes have constituted a valuable fishery
off the coasts of Japan and Korea, for both meat and skins.
A commercial fishery for hagfishes begin in 1987 on the
West Coast of the United States, and moved to the East
Coast in early 1992 when catches on the West began to de-
cline. There are currently few regulations on the commer-
cial hagfish industry in the United States. Catches from the
Gulf of Maine have increased steadily since the mid 1990s,
as the Atlantic hagfishes were targeted by U.S. and Cana-
dian fishermen to meet the South Korean demand for “eel”
skin, used to manufacture leather goods. Since the fishery
began along the New England coast there has been an ap-
parent decline in the number of hagfishes caught in the
nearshore fishery.

Significance to humans

Atlantic hagfishes are considered an important species in
the Gulf of Maine because they play a significant role in the
benthic ecosystem throughout the gulf; have both important
direct and indirect effects on commercial fisheries in the gulf,
consuming by-catch and providing food; and are targeted by
U.S. and Canadian fishers to meet the South Korean demand
for “eel” skin. It is likely that all hagfishes have a crucial and
significant role in the benthic ocean ecosystem, and the loss
of hagfishes could have a major impact on nutrient recycling
in the world’s oceans.
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Species accounts

Atlantic hagfish
Myxine glutinosa
FamILy

Myxinidae

TAXONOMY
Myxine glutinosa Linnaeus, 1785, Europe; Mediterranean to
Murmansk.

OTHER COMMON NAMES
English: Slime eel.

PHYSICAL
CHARACTERISTICS
Between 17.7-23.6 in
(45-60 cm) in length,
but not exceeding
30.7 in (78 cm). Jaw-
less, single nasal
opening, single pair
of external gill open-
ings, degenerative
eyespots covered with
thick skin. Grayish or
reddish brown.

DISTRIBUTION
Widely distributed
in European seas

Myxine glutinosa

from Murmansk to Mediterranean Sea. Absent in eastern
Mediterranean and Black Seas. Present in northwest Atlantic.

HABITAT
Deep waters of 328-984 ft (100-300 m) on soft muddy sub-
strates in which they form burrows.

BEHAVIOR

Burrows by first orienting the body in a vertical position above
the substrate and then swimming head first into the substrate.
Once the anterior half is below surface of the mud, the poste-
rior portion is pulled below the surface by the anterior, leaving
only the nasal opening extruding above the mud.

FEEDING ECOLOGY AND DIET
Feeds on dead and dying fishes, crustaceans, and other small
benthic organisms.

REPRODUCTIVE BIOLOGY

Females produce 20-30 large yolky eggs. Fertilization is
thought to be external, but has never been observed. It is not
known if there is a seasonal reproductive cycle.

CONSERVATION STATUS
Not listed as a threatened or endangered, but fishermen have
reported reduced catches in recent years in the Gulf of Maine.

SIGNIFICANCE TO HUMANS
Hagfish skin is processed into various leather goods and mar-
keted as “eel” skin. &

7 o

Eptatretus stoutii

Myxine glutinosa
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Pacific hagfish

Eptatretus stoutii
FamILY
Myxinidae

TAXONOMY
Bdellostoma stoutii Lockington, 1878, West Coast of North
America, South China Sea, Philippines.

OTHER COMMON NAMES
English: Slime eel.

PHYSICAL
CHARACTERISTICS
Does not generally
exceed 25.6 in (65
cm) in length. Jaw-
less, single nasal
opening; 10-14 gill
pouches open di-
rectly to external gill
openings. Dark
brown, tan, gray, or
brownish red, often

tinted with blue or
purple, never black,
lighter ventrally,

Eptatretus stoutii

Order: Myxiniformes

rarely with large patches of white. Eyes exist as degenerative
eye spots covered with thick skin.

DISTRIBUTION
Widely distributed in the Eastern Pacific: southeastern Alaska
to central Baja California, Mexico.

HABITAT

Occupies a wider range of substrate types than Atlantic hag-
fishes. Occurs at over 330 ft (100 m) on substrates ranging
from soft muddy bottoms to boulder/sand substrates.

BEHAVIOR
Burrows in soft sediments and is often found in a coiled posi-
tion nestled among rocks in boulder/gravel substrates.

FEEDING ECOLOGY AND DIET
Feeds on dead and dying fishes, crustaceans, and other small
benthic organisms.

REPRODUCTIVE BIOLOGY

Females produce 20-30 large yolky eggs. fertilization is
thought to be external, but has never been observed. it is not
known if there is a seasonal reproductive cycle.

CONSERVATION STATUS
Not threatened.

SIGNIFICANCE TO HUMANS
Hagfish skin is processed into various leather goods and mar-
keted as “eel” skin. &
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Petromyzoniformes
(Lampreys)

Class Cephalaspidomorphi
Order Petromyzoniformes
Number of families 3

Photo: A sea lamprey (Petromyzon marinus) feed-
ing on a fish. (Photo by Berthoula-Scott/Jacana/
Photo Researchers, Inc. Reproduced by permis-
sion.)

Evolution and systematics

Modern vertebrates are classified into two major groups,
the Agnathans (jawless vertebrates) and the Gnathostomes
(jawed vertebrates). The Agnathans are classified into two
groups, myxinoids (hagfishes) and petromyzonids (lam-
preys). The Gnathostomes include all other living verte-
brates, including the bony and cartilaginous fishes and the
tetrapods.

There are approximately 40 species of lampreys, which be-
long to the order of Petromyzoniformes. This order is di-
vided into three families: the Petromyzonidae, the Northern
Hemisphere lampreys (also referred to as the Holarctic
species), and the two Southern Hemisphere families, Geotri-
idae and Mordaciidae. The Petromyzonidae consists of six
genera: Ichthyomyzon, Petromyzon, Caspiomyzon, Eudontonry-
zon, Tetrapleurodon, and the Lampetra. The genus Lampetra
is further divided into three subgenera: Entosphenus, Lethen-
teron, and Lampetra. The Geotriidae and Mordaciidae each
consist of only one genus, Geotria and Mordacia, respectively.

The phylogeny of lampreys is based primarily on denti-
tion and is justified by other shared anatomical traits, such as
the proportional measurements of body parts, size of the
adult, snout shape, eyes, and dorsal fins. The species of Ichthy-
omyzon are thought to be the most ancient of the lampreys
because their simple teeth are arranged into rows throughout
the entire oral disc. Of these species, the silver lamprey (I.
unicuspis) is considered the most primitive.

Lampreys are representatives of the oldest lineage of ver-
tebrates, the Agnathans. The agnathans probably arose as the
first vertebrates about 550 million years ago, immediately af-
ter the evolutionary explosion of multicellular organisms in
the Cambrian period. Paleontological analysis of extinct ag-
nathans suggests that lampreys are more closely related to
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gnathostomes (the jawed vertebrates) than either group is to
the hagfishes, although recent molecular analysis groups the
hagfishes together with the lampreys in a single clade. Defi-
nite fossil records date back to the Upper Carboniferous,
about 280 million years ago. Like hagfishes, lampreys are an
important linkage between invertebrates and vertebrates and
thus their anatomy and physiology are of interest to evolu-
tionary biologists because they may retain characteristics of
ancestral extinct species that are common to their closest rel-
atives, the primitive fossil fishes.

Physical characteristics

Lampreys are scaleless, eel-like fishes that have skeletons
of cartilage instead of bone. They have a notochord, but lack
vertebrae. They also lack true fin rays and paired fins, but
have one to two dorsal fins. Lampreys lack jaws but have teeth
on the oral disc and tongue. Adult lampreys range in length

from 7.9 in to 47.2 in (20 to 120 cm).

Lamprey species may be parasitic or nonparasitic. With a
few exceptions, the nonparasitic species appear, based on char-
acters and distribution, to have evolved from an extant para-
sitic lamprey. The four species of lampreys described in this
chapter are parasitic lampreys: the sea lamprey (Petromyzon
marinus), the silver lamprey (I. unicuspis), the pouched lam-
prey (Geotria australis), and the short-headed lamprey (Mor-
dacia mordax). The sea lamprey and silver lamprey belong to
the Northern Hemisphere family; the pouched lamprey and
short-headed lamprey belong to the Southern Hemisphere
family. Members of Petromyzonidae have the highest num-
ber of chromosomes (164-174) among vertebrates. Adult lam-
preys are distinct in their sex, either male or female. Lampreys
spawn only once in their lifetime, after which they die. Par-
asitic lampreys are generally anadromous.
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A. Sea lamprey (Petromyzon marinus) feeds on a host fish; B. Mouth of P. marinus; C. Sagittal section of P. marinus attached to host. (lllustra-

tion by Bruce Worden)

Distribution

Lampreys occur mainly in temperate zones. Parasitic species
are generally of one of two types: those that are anadromous
and feed at sea, and those that are restricted to river systems.
There is little information on the marine distribution of
anadromous species, although it is thought that the larger
species move farther away from the coastline than the smaller
species. The larger species may in turn give rise to forms that
feed in lakes, such as the landlocked sea lamprey of the Great
Lakes. Nonparasitic species are restricted to fresh water, most
commonly to creeks and smaller rivers. The sea lamprey is
found in coastal waters on both sides of the North Atlantic
and in the western Mediterranean, and also in fresh waters of
the Atlantic coasts of Europe and North America. The land-
locked sea lamprey is found in the Great Lakes of North
America. The silver lamprey is found in and around the states
and provinces of the Great Lakes region. The distribution
records of Southern Hemisphere lampreys are less well known
due to lack of systematic investigations, but it is known that
the pouched lamprey occurs in New Zealand, Western Aus-
tralia, and Tasmania, and on both coasts of South America;
the short-headed lamprey occurs only in southeast Australia
and Tasmania.
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Habitat

Larval lampreys are wormlike filter-feeding fishes that
bury in the sand or mud of rivers. Toward the end of the lar-
val phase, lampreys undergo an extensive metamorphosis in
which they become free swimming and migrate to oceans or
lakes, where they become parasitic. After one to three years
in the parasitic phase, lampreys return to freshwater streams
with sand, gravel or pebble substrates to spawn.

Behavior

Lampreys spawn only once in their lifetime, after which they
die. The parasitic lampreys begin their lives as freshwater
ammocoetes (larval lampreys), which are blind, filter-feeding
larvae. After approximately three to seven years in freshwater
streams, metamorphosis occurs, and the ammocoetes become
free-swimming, sexually immature lampreys, which migrate to
the sea or lakes. The actual time for the parasitic phase is not
known for all species, but is generally thought to be one to two
years. After this period, lampreys return to freshwater streams
and undergo the final maturational processes resulting in ma-
ture eggs and sperm. The lampreys carry out specific spawning
behaviors, including nest building and fanning behavior, after
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A sea lamprey (Petromyzon marinus) showing underside of sucker-disc
mouth. (Photo by Animals Animals ©Zig Leszczynski. Reproduced by
permission.)

which they die. Prior to metamorphosis, the parasitic and non-
parasitic lampreys are indistinguishable. After metamorphosis,
the two are distinguished based on size, feeding behavior, and
gonad structure, among other traits.

Feeding ecology and diet

During their larval phase, lampreys feed on microscopic
plankton, algae and detritus filtered from the mud. During
the parasitic phase, they attach to a host fish and extract the
blood and/or muscle tissue. Lampreys do not feed in the fi-
nal spawning phase. Natural predators of the nonparasitic and
immature parasitic lampreys include a variety of species of
fishes (e.g., eel sand trout) and birds (e.g., gulls).

Reproductive biology

The gonad in both sexes of lamprey sexes is unpaired and
median, and is suspended from the dorsal wall of the body cav-
ity by means of a mesentery containing connective tissue.
Lampreys are among the few vertebrates, including teleost
fishes, that have no intraperitoneal genital ducts. After hatch-
ing, for periods varying from six months to over two years in
the larval phase, the undifferentiated gonad shows compara-
tively little further development. Throughout this stage, the
germ cells divide only slowly, if at all, remaining solitary or
arranged in small groups of slightly advanced cells. After this
period, these cells continue to develop into primary oocytes,
which occur in all ammocoete gonads regardless whether the
lamprey is to become a male or female. Just before metamor-
phosis, the lampreys undergo sexual differentiation. In lam-
preys destined to become females, the gonad will continue with
the process of oogenesis. In males, the oocytes undergo de-
generation and atresia, and the remaining germ cells develop
into nests of primary spermatogonia either shortly before, or
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during, metamorphosis. In the parasitic sea lamprey, sexual
maturation is a seasonal, synchronized process. During the
parasitic sea phase, which lasts for approximately one to three
years, the development of the gametes progresses. In males,
spermatogonia proliferate and develop into primary and sec-
ondary spermatocytes; in females, vitellogenesis occurs. After
this period, lampreys return to freshwater streams and undergo
the final maturational processes that result in mature eggs and
sperm, and finally spawn, after which the lampreys die. Both
sexes of lampreys develop secondary sexual characters during
the final weeks of reproduction and spawning activity.

Conservation status

No species of Petromyzoniformes are included on the
TUCN Red List.

Significance to humans
Lampreys are important species in the ecosystems in which
they reside, whether in streams as filter-feeding organisms

A sea lamprey (Petromyzon marinus) showing its circumeral teeth. (Photo
by Gary Meszaros/Photo Researchers, Inc. Reproduced by permission.)
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helping to recycle nutrients, or as food for predatory fishes
and birds in streams and oceans. In certain parts of the world,
such as New England in the United States, efforts are be-
ing made by state and federal agencies to maintain or in-
crease the populations for this reason. However, in the Great
Lakes Region and Lake Champlain, sea lampreys are con-
sidered a major deterrent to fish populations because of their
parasitic phase, during which they feed on other fishes with
their suctorial mouth, extracting body fluids, and often caus-
ing high mortalities. The extraordinary amount of damage
to the fishery of the Great Lakes caused by the invasion of
the sea lamprey has resulted in one of the largest and most
intensive efforts to control a vertebrate predator ever at-
tempted. The lampreys are believed to have invaded the
Great Lakes beginning with the opening of the Erie Canal
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in 1819, and the Welland Canal in 1829, which allowed the
movement of fishes from Lake Ontario into the Upper Great
Lakes from the Atlantic Ocean. By the 1930s, the lampreys
had established themselves in all the Great Lakes. The Great
Lakes Fishery Commission (GLFC) was established in 1955
by a treaty between Canada and the United States. The two
major responsibilities of this Commission were, and con-
tinue to be, to develop coordinated programs of research in
the Great Lakes, and to formulate and implement programs
to eradicate or minimize sea lamprey populations in the
Great Lakes.

While lampreys are not presently regarded as food fishes,
they were highly prized by both classical and medieval con-
sumers of sea food.
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1. Silver lamprey (Ichthyomyzon unicuspis); 2. Pouched lamprey (Geotria australis); 3. Sea lamprey (Petromyzon marinus); 4. Short-headed lam-
prey (Mordacia mordax). (lllustration by Emily Damstra)
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Species

Pouched lamprey

Geotria australis

FAMILY
Geotriidae

TAXONOMY
Geotria australis Gray, 1851.

OTHER COMMON NAMES
English: Wide-mouthed lamprey; Spanish: Anguila blanca,
lamprea de bolsa.

PHYSICAL CHARACTERISTICS

Total length generally around 19.7 in (50 cm), but fishes up to
24.4 in (62 cm) have been reported. Eel-like, scaleless, lack
jaws, have funnel-like mouths and cartilaginous skeletons.
Grayish in color with bands of blue-green or brown, depend-
ing on stage of reproductive development. Gonad in both sexes
is unpaired and median, and is suspended from the dorsal wall
of the body cavity by means of a mesentery containing connec-
tive tissue.

DISTRIBUTION
Coastal waters of continents of the Southern Hemisphere; also
upstream within freshwater tributaries.
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HABITAT

Heads of freshwater streams in coastal areas. Lives in open wa-
ters for approximately two years, then returns to fresh waters
to spawn.

BEHAVIOR

Anadromous; returns to fresh waters to reproduce, during
which time it carries out spawning behaviors, including nest
building and fanning behavior.

FEEDING ECOLOGY AND DIET

Larvae feed on microscopic plankton, algae, and detritus filtered
from the mud. During the parasitic phase, this lamprey attaches
to a host fish and extracts blood and/or muscle tissue. Does not
feed during migration upstream to spawn in fresh water.

REPRODUCTIVE BIOLOGY

The spawning run lasts for approximately 16 months and takes
place during the night, particularly during heavy rains and on

nights with a dark moon. The female releases her eggs, which
are fertilized by released sperm from the male. The adult lam-
preys die shortly after spawning.

CONSERVATION STATUS
Not listed by the TUCN.

SIGNIFICANCE TO HUMANS
Research on this species can provide insight into human biol-
ogy and perhaps yield medicinal applications. ¢

Mordacia mordax

Geotria australis
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Short-headed lamprey

Mordacia mordax

FAMILY
Mordaciidae

TAXONOMY
Mordacia mordax Richardson, 1846.

OTHER COMMON NAMES
English: Australian lamprey, Murray lamprey.

PHYSICAL CHARACTERISTICS

Length generally around 20 in (50 cm). Eel-like, scaleless, lack
jaws, have funnel-like mouths and cartilaginous skeletons. Body
grayish brown in color, but turns blue during upstream spawn-
ing migration. The gonad in both sexes is unpaired and me-
dian, and is suspended from the dorsal wall of the body cavity
by means of a mesentery containing connective tissue.

DISTRIBUTION
Coastal waters of southeastern Australia and Tasmania, as well
as upstream within freshwater tributaries.

HABITAT

Heads of freshwater streams of coastal areas of southeastern
Australia and Tasmania. Lives in the open waters around
southeastern Australia, then returns to fresh waters to spawn.

BEHAVIOR

Anadromous; returns to fresh waters to reproduce, during
which time it carries out spawning behaviors, including nest
building and fanning behavior.

FEEDING ECOLOGY AND DIET

Larvae feed on microscopic plankton, algae, and detritus fil-
tered from the mud. During the parasitic phase, adult attaches
to a host fish and extracts blood and/or muscle tissue. Does
not feed after migrating upstream to spawn in fresh water.

REPRODUCTIVE BIOLOGY
Female releases her eggs, which are fertilized by released
sperm from the male. The adults die shortly after spawning.

CONSERVATION STATUS
Not listed by the TUCN.

SIGNIFICANCE TO HUMANS
Research on this species can provide insight into human biol-
ogy and perhaps yield medicinal applications. ¢

Silver lamprey
Ichthyomyzon unicuspis

FAMILY
Petromyzonidae

TAXONOMY
Ichthiomyzon unicuspis Hubbs and Trautman, 1937.

OTHER COMMON NAMES
None known.

PHYSICAL CHARACTERISTICS
Total length 15.3 in (39 cm). Eel-like, scaleless, lack jaws, have
funnel-like mouths and cartilaginous skeletons. Body grayish
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brown in color. Gonad in both sexes is unpaired and median,
and is suspended from the dorsal wall of the body cavity by a
mesentery containing connective tissue. Considered the most
primitive Ichthyomyzon species.

DISTRIBUTION
Hudson Bay and Great Lakes regions, as well as the St.
Lawrence river system.

HABITAT
Heads of freshwater streams around the Great Lakes and Hud-
son Bay regions, as well as the St. Lawrence.

BEHAVIOR

Anadromous; returns to fresh waters to reproduce, during
which time it carries out spawning behaviors, including nest
building and fanning behavior.

FEEDING ECOLOGY AND DIET

Larvae feed on microscopic plankton, algae, and detritus fil-
tered from mud. During the parasitic phase, adult attaches to a
host fish and extracts blood and/or muscle tissue. Does not
feed after migrating upstream to spawn in fresh water.

REPRODUCTIVE BIOLOGY
Female releases her eggs, which are fertilized by released
sperm from the male. The adults die shortly after spawning.

CONSERVATION STATUS
Not listed by the IUCN.

SIGNIFICANCE TO HUMANS
Research on the species can provide insight into human biol-
ogy and perhaps yield medicinal applications. ¢

Sea lamprey
Petromyzon marinus

FAMILY
Petromyzonidae

TAXONOMY
Petromyzon marinus Linnaeus, 1758.

OTHER COMMON NAMES

English: Eel sucker, Green sea lamprey, lamprey eel; French:
Lamproie marine; German: Grofie lamprete; Spanish: Lamprea
de mar.

PHYSICAL CHARACTERISTICS

Total length 47.2 in (120 cm). Eel-like, scaleless, lack jaws,
have funnel-like mouths and cartilaginous skeletons. Body
grayish brown in color. Gonad in both sexes is unpaired and
median, and is suspended from the dorsal wall of the body cav-
ity by a mesentery containing connective tissue.

DISTRIBUTION
Coastal waters on both sides of the North Atlantic, the western

Mediterranean, also fresh waters of the Atlantic coasts of Eu-
rope and North America: landlocked in the Great Lakes of
North America.

HABITAT

Immature fishes can be found in the mouths of freshwater
streams of eastern North America, Northern Europe, and
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Petromyzon marinus

Ichthyomyzon unicuspus

western regions of the Mediterranean. Mature fishes live in the
open waters of the Atlantic Ocean and Mediterranean Sea.

BEHAVIOR

Anadromous; returns to fresh waters to reproduce, during
which time it carries out spawning behaviors, including nest
building and fanning behavior.

FEEDING ECOLOGY AND DIET

Larvae feed on microscopic plankton, algae, and detritus fil-
tered from mud. During the parasitic phase, adult attaches to a
host fish and extracts blood and/or muscle tissue. Does not
feed after migrating upstream to spawn in fresh water.

REPRODUCTIVE BIOLOGY
Female releases approximately 200,000 eggs, which are fertil-

ized by released sperm from the male. The adults die shortly
after spawning.

CONSERVATION STATUS

Not listed by the IUCN. Considered a critical species in their
natural ecosystems and efforts are being made by state and fed-
eral agencies to maintain or increase populations there. In the
Great Lakes, where the species has been introduced, authori-
ties are working to control their populations because of their
detrimental impact on native fishes.

SIGNIFICANCE TO HUMANS

Very destructive to fish populations in the Great Lakes Region
and Lake Champlain. During the parasitic phase, feeds on
other fishes with its suctorial mouth, extracting body fluids and
often causing high mortalities. ®
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Chimaeriformes

(Chimaeras)

Class Chondrichthyes
Order Chimaerformes
Number of families 3

Photo: Spotted ratfish (Hydrolagus colliei) swim
just above the sea floor and eat clams, worms,
starfish, fish, and shrimp. (Photo by Brandon D.
Cole/Corbis. Reproduced by permission.)

Evolution and systematics

The chimaeras are an ancient lineage of cartilaginous fishes
related to sharks, skates, and rays. All chimaeras, sharks,
skates, and rays are united in the class Chondrichthyes, which
is further subdivided into two subclasses: Holocephali, con-
sisting of the chimaeras characterized by a unique jaw and
tooth morphology, and the Elasmobranchii, which includes
the sharks, skates, and rays. Fossil evidence indicates that the
chimaeras probably evolved nearly 300 million years ago.
What is especially remarkable is that many of the modern
forms look very much like their fossil ancestors.

Within the Order Chimaeriformes there are three families,
each of which is distinguished by a unique snout morphology.
The plow-nosed chimaeras of the family Callorhinchidae have
a delicate flap of skin in the shape of a hoe projecting from
the snout; the long-nosed chimaeras of the family Rhinochi-
maeridae are characterized by elongate, pointed snouts; and
the ratfishes, family Chimaeridae, have blunt fleshy snouts.
As of 2002 there are 33 described species of chimaeras with
at least 10 additional species that are known, but not yet for-
mally described.

Physical characteristics

Chimaeras are characterized by large heads and elongate
bodies that taper to a whip-like tail. They range in size from
small, slender-bodied fishes of 1-2 ft in total length (about
30.5-61 cm), to massive fishes, nearly 4 ft in length (122 cm),
with gigantic heads and large girth. The skin is smooth and
rubbery, completely lacking in scales or denticles. The four
gill openings on each side of the head are covered by a fleshy
operculum. The mouth is small with teeth that are formed
into three pairs of non-replaceable tooth plates, two pairs in
the upper jaw and one pair in the lower jaw. These tooth
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plates tend to protrude from the mouth like a rodent’s in-
cisors, suggesting the common names ratfish or rabbitfish for
some of the species. The pectoral fins of chimaeras are broad
and wing-like and serve to propel the fish through the water
by a flapping motion much like underwater flying. All chi-
maeras have two dorsal fins; the first is preceded by a stout
and often toxic spine, and the second is spineless. The lateral
line canals are visible externally, and in many species are
formed as open grooves. Chimaeras are sexually dimorphic.
Adult males possess three unique secondary sexual character-
istics: a bulbous, denticulate frontal tenaculum that rests in a
pouch atop the head; blade-like prepelvic tenaculae that are
hidden in pouches anterior to the pelvic fins; and pelvic
claspers that extend from the posterior edge of the pelvic fins.

Distribution

These fishes are entirely marine and are distributed in all
of the world’s oceans with the exception of Arctic and Antarc-
tic waters. Most species live in deep waters of the shelf and
slope, generally at depths greater than 1,500 ft (457 m), and
the deepest recorded capture was near 9,000 ft (2,743 m).
Although most chimaeras are deepwater dwellers, several
species occur in shallower waters, and some migrate inshore.
Many species are known from a very widespread geographic
range, sometimes throughout an ocean basin spanning the
northern and southern hemisphere, while other species ap-
pear to be more restricted in their range both vertically and
horizontally.

Habitat

Chimaeras usually live on or near muddy bottoms. They
tend to remain close to the bottom and are not known to

91



Order: Chimaeriformes

move into the pelagic zone. Most species occur near conti-
nental landmasses or off oceanic islands and on the slopes of
seamounts and underwater ridges.

Behavior

Some species are locally migratory and congregate near
the shore for breeding and spawning. It also has been ob-
served that some chimaeras tend to aggregate into single-sex
groups and to separate into groups based on age.

Feeding ecology and diet

The diet consists primarily of benthic invertebrates. The
tooth plates are used to crush hard-bodied prey such as crabs,
clams, and echinoderms. Chimaeras also are known to prey
upon other fishes. Very little information exists with regard
to predation of chimaeriformes; their main predators are
sharks and humans.

Reproductive biology

Most species reach sexual maturity at about 18 in (45.7 cm)
body length measured from the distal edge of the gill open-
ing to the origin of the dorsal lobe of the caudal fin. Females
are generally larger than males. Like their shark relatives, chi-
maeras have internal fertilization in which males, equipped
with pelvic claspers, transfer sperm directly into the female
reproductive tract. Males also possess two additional organs
used in copulation. Unique to chimaeroids is the club-like
frontal tenaculum that emerges from the top of the head in
sexually mature males and has been observed to be used to
grasp the posterior edge of the pectoral fin of the female dur-
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ing courtship. Additionally, a pair of blade-like prepelvic
tenaculae aid in anchoring the male during copulation. Sperm
storage in females has been observed in one species and is
likely to occur in all species.

All species of chimaeras are oviparous and reproduce by
laying eggs. Fertilized eggs are encased in egg capsules and
deposited onto the ocean floor. Egg capsules are laid in pairs
with each egg capsule containing only a single egg. The egg
capsules are generally spindle shaped, sometimes with broad
lateral web-like flanges that vary in size and shape depending
on the species. Embryological development may take six to
twelve months, and fully developed hatchlings measure about
51in (12.7 cm) in length and look like miniature adults. Very
little is known about details of reproduction and development
for most species of chimaeras.

Conservation status

There is insufficient data to determine if any species of
chimaeras are threatened. However, chimaeras may be inad-
vertently subject to overexploitation from fisheries due to lack
of understanding of their age, growth, and population struc-
ture, and seemingly low fecundity.

Significance to humans

A few species of chimaeras are fished commercially for hu-
man consumption, particularly in the southern hemisphere;
however, most species of chimaeras are little used and are un-
likely to become an important fishery resource. Chimaeras
are sometimes taken as minor bycatch in trawls and can be
processed for oil and fishmeal.
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1. Female spotted ratfish (Hydrolagus colliei); 2. Female Pacific spookfish (Rhinochimaera pacifica); 3. Female ghost shark (Callorhinchus milii).
(lllustration by Dan Erickson)
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Species

Ghost shark

Callorbinchus milii

FAMILY
Callorhinchidae

TAXONOMY
Callorhinchus milii Bory de St. Vincent, 1823, Australia.

OTHER COMMON NAMES
English: Elephant shark, whitefish; Maori: Reperepe.

PHYSICAL CHARACTERISTICS

Distinguished by a plow-shaped snout. Unlike other chimaeras,
all of which have whip-like tails, callorhinchids have externally
heterocercal tails with a large dorsal lobe and smaller ventral
lobe. Body color is silvery and is black along the dorsal midline
and top of the head with black saddle-like bands along the dor-

sal surface of the trunk.

DISTRIBUTION
Southern coasts of New Zealand and Australia.

HABITAT
Prefers coastal waters, living on or near sandy, muddy, or
rocky bottoms.

BEHAVIOR
Known for seasonal migration inshore to spawn in shallow
coastal waters.

FEEDING ECOLOGY AND DIET
Feeds on benthic invertebrates, particularly small bivalves. It
may also eat other fishes.

REPRODUCTIVE BIOLOGY
This is an oviparous species, with eggs fertilized within the fe-
male reproductive tract. Females lay two eggs at a time, each

Rhinochimaera pacifica
Hydrolagus colliei

Callorhinchus milii
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contained within its own egg capsule, over a period of months.
Development appears to take 6-12 months.

CONSERVATION STATUS

Large fluctuations in population size have been recorded in
New Zealand with a general trend toward decreasing num-
bers over the years. This species may be impacted by over-
fishing.

SIGNIFICANCE TO HUMANS
Commercially fished and used for human consumption in New
Zealand and Australia. ¢

Spotted ratfish
Hydrolagus colliei

FAMILY
Chimaeridae

TAXONOMY
Hydrolagus colliei Lay and Bennett, 1839, Monterey, California.

OTHER COMMON NAMES
None known.

PHYSICAL CHARACTERISTICS

Head contains a bluntly pointed snout. Body color is a reddish
to dark brown with silvery-blue and gold highlights, as well as
numerous small white spots on the head and along sides and
back of the trunk. Ventrally the color is an even pale cream or

gray.

DISTRIBUTION

Southeastern Alaska to Baja, California, and the northern Gulf
of California. It has been recorded at depths ranging from the
surface to 2,995 ft (912.9 m).

HABITAT
Usually occurs near muddy, sandy, or rocky bottoms.

BEHAVIOR
Known to migrate from deeper to shallower waters. It tends to
aggregate into groups based on age and sex.

FEEDING ECOLOGY AND DIET
Feeds on benthic invertebrates and other fishes.

REPRODUCTIVE BIOLOGY

Opviparous, with eggs fertilized within the female reproductive
tract. Two egg capsules, each containing a single embryo, are
laid every 7-10 days for a period of months. Development ap-
pears to take 6-12 months.

CONSERVATION STATUS
Not threatened.

SIGNIFICANCE TO HUMANS

At one time this species was fished locally for the oil extracted
from the liver. There is no known commercial value, and it is
considered a nuisance fish by local fishermen.
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Pacific spookfish

Rhbinochimaera pacifica

FAMILY
Rhinochimaeridae

TAXONOMY
Rbinochimaera pacifica Mitsukuri, 1898, Japan.

OTHER COMMON NAMES
English: Knifenose chimaera; Spanish: Tucdn; Japanese:
Tengu-ginzame.

PHYSICAL CHARACTERISTICS

A long, narrow conical snout extends forward from the head.
The body is elongate and tapering to a whip-like tail. Body
color is usually a uniform brown or grayish brown, with fins a
darker shade. The skin along the ventral side of the snout and
around the mouth is generally white in color.

DISTRIBUTION

Widely distributed throughout the western Pacific Ocean from
Japan to subantarctic waters. Also reported from the southeast-
ern Pacific of Peru.

Order: Chimaeriformes

HABITAT
Inhabits deep water slopes and seamounts usually associated
with muddy bottoms.

BEHAVIOR
Nothing is known.

FEEDING ECOLOGY AND DIET
Diet consists of a wide variety of benthic invertebrates and
possibly other fishes.

REPRODUCTIVE BIOLOGY

Opviparous, with eggs fertilized within the female reproductive
tract. Females lay two egg capsules at a time, each containing a
single embryo. Very few egg capsules and embryos have ever
been observed, and almost nothing is known of spawning and
embryological development in rhinochimaerids.

CONSERVATION STATUS
Insufficient information is available.

SIGNIFICANCE TO HUMANS
Not known to be commercially fished, although it may be
caught as bycatch and processed for oil or fishmeal. &
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Heterodontiformes
(Bullbead or born sharks)

Class Chondrichthyes
Order Heterodontiformes
Number of families 1

Photo: A California bullhead shark (Heterodontus
francisci) near San Clemente Island, California.
(Photo by Animals Animals ©Randy Morse. Re-
produced by permission.)

Evolution and systematics

The earliest fossil bullhead (or horn) shark known from
articulated specimens is from the marine late Jurassic strata
of Solnhofen, southern Germany (about 150 million years
old). However, fragmentary remains are known from the early
Jurassic of Germany, and most fossil bullhead species have
been described from isolated teeth or finspines from Creta-
ceous and Tertiary deposits of Europe, North and South
America, Australia, and Africa. These fossils indicate that
bullhead sharks have occupied shallow marine environments
throughout their long history.

Bullhead sharks are part of the superorder Galeomorphii,
a group that also contains the carpet sharks (Orectolobi-
formes), mackerel sharks (Lamniformes), and ground sharks
(Carcharhiniformes). These orders have the hyomandibular
fossa closely adjacent to the orbit on the neurocranium (this
fossa, or depression, anchors the hyomandibula, a cartilage
that connects distally to the jaw joint, to the skull). Bullhead
sharks were believed to be closely related to more primitive
Mesozoic hybodont sharks (which also had dorsal finspines),
and therefore considered to be living relics, but it is now well
established that bullheads share a common ancestry with mod-
ern (galeomorph) sharks. However, the phylogenetic rela-
tionships among bullhead species have not been satisfactorily
studied. All bullhead species are classified in the single fam-
ily Heterodontidae.

Eight living species of bullheads are currently recognized,
all in the single genus Heterodontus. Most species have been
described in the mid- to late nineteenth century, but H. por-
tusjacksoni was described in 1793, and two species have been

Grzimek’s Animal Life Encyclopedia

discovered and named in the twentieth century (in 1949 and
1972). Additionally, there is one undescribed species of bull-
head shark off southern Oman, in the northwestern Arabian
Sea. Most living species of bullheads have been relatively well
characterized, but some species (such as H. portusjacksoni) are
far better known than others (such as H. ramalbeira).

Physical characteristics

Bullhead sharks have a tapered profile due to their large,
bulky heads. Their snouts are blunt, short, and rounded. Bull-
heads also have prominent supraorbital ridges (elevated crests
supporting the eyes), which provide a greater range of vision,
possibly an advantage for bottom-dwelling sharks. Bullheads
have two relatively large dorsal fins (the first is clearly larger
than the second), each preceded by a short finspine. The fin-
spine in embryos is blunt so as to not harm the mother, but
relatively sharp in adults. The caudal fin is robust, with a promi-
nent notch separating the upper and lower lobes. There are
five pairs of gill slits. Bullheads are covered with large, abra-
sive dermal denticles, which are visible without magnification.

Bullheads are the only living sharks with a finspine pre-
ceding each dorsal fin in combination with presenting an anal
fin. They also have unique dentitions, with small anterior
teeth endowed with small cusps for clutching prey, contrast-
ing to the more posterior tooth rows where the teeth are flat-
tened and enlarged (up to 0.4 in/1 cm wide), adapted for
grinding hard-shelled invertebrates (hence the generic name
Herterodontus, meaning “having different teeth”). Their nos-
trils are also unique, being very large and circular, providing
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A Port Jackson shark (Heterodontus portusjacksoni) swimming with
fish. (Photo by Jeffrey L. Rotman/Corbis. Reproduced by permission.)

them with a well-developed sense of smell that is also im-
portant for bottom-dwelling species.

Coloration is helpful to distinguish among bullhead
species. Three species present light-brown to grayish-brown
background coloration with darker-brown spots on the head,
body, fins, and tail (H. fiancisci, H. quoyi, and H. mexicanus)
but the arrangement, number, and diameter of the spots is
usually distinct for these species. Heterodontus ramalbeira is
unique in having a reddish-brown background with creamy-
white, minute spots. Heterodontus japonicus and H. galeatus have
dark saddlelike markings on their dorsal surfaces (and also
over the eyes and underneath the first dorsal fin in the latter
species), both with lighter background colors. Heterodontus
portusjacksoni is unique in the genus in presenting a horizon-
tal pattern of brownish-black stripes. However, the most spec-
tacular of all bullhead species, and one of the most ornate
sharks known, is H. zebra, with an intense, dark brownish-
black vertical-stripe pattern from head to tail and over the

pectoral fins, with some of the stripes coupled together along
the sides of the trunk.

Bullheads are only average-sized sharks, reaching from
28-51 in (70-130 cm) long, but a few species may reach
slightly larger sizes. Most species are sexually mature when
between 15.7-28 in (40-70 cm) long for males, and slightly
larger for females.

Distribution

Three species are present in the tropical eastern Pacific:
H. francisci; H. mexicanus, distributed in the Gulf of Califor-
nia, along the Central American coast down to Colombia and
possibly Peru; and H. guoyi, found in the Galdpagos Islands
and the coasts of Ecuador and Peru. Two species are Aus-
tralian: H. galeatus (eastern Australia and perhaps in Tasma-
nia and off Cape York) and H. portusjacksoni (southern
[including Tasmania], western, and eastern Australia, and pos-
sibly in New Zealand). Heterodontus ramalbeira occurs along
the eastern African coast extending northward to the Arabian
Peninsula; H. japonicus is a western Pacific species, occurring
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around Japan, Korea, and off the Chinese coast; H. zebra is
somewhat widespread in the western Pacific, distributed from
Japan and Korea down to Vietnam, with records also in In-
donesia and northwestern Australia.

Habitat

Bullheads inhabit the continental shelf, usually in shallow
waters from the intertidal zone down to about 328 ft (100 m),
and less frequently at greater depths (to 820 /250 m for H.
ramalbeira and H. portusjacksoni). They occur on hard and soft
bottoms, including reefs, rocky, and sandy substrates, and com-
monly frequent caves, crevices, and kelp and sea grass beds.

Behavior

Bullheads are more active nocturnally, as are many benthic
sharks. They are usually solitary, although recently born indi-
viduals may group together for a small period before going
their separate ways, and aggregations of adults have been ob-
served in some species. Their strong pectoral fins are used to
“walk” over the substrate. In the most-studied species, (H. por-
tusjacksoni), adults tend to occupy a restricted range, returning
to the same resting location daily, and there is a certain de-
gree of territoriality and competition for favored resting caves.
Courtship patterns have been observed in H. francisci. At least
one species, H. portusjacksoni, appears to be migratory, return-
ing to breeding sites after periods spent in deeper waters.

Feeding ecology and diet

Bullheads consume abundant amounts of hard-shelled ben-
thic invertebrates, including crabs, lobsters, shrimp, barnacles,
starfish, urchins, gastropods, and polychaetes. Most species also
eat fishes. Smaller individuals eat softer prey items while their
molariform posterior teeth are sdll in development. Bullhead
sharks commonly employ strong suction feeding. One bullhead
shark has been found in the stomach of a tiger shark, but they
are generally avoided as prey because of their finspines.

Reproductive biology

All bullhead sharks have internal fertilization and are
oviparous (egg-laying), laying large, spiral-rimmed egg cases.
The fully formed egg cases are expelled rather early by fe-
males, so that most fetal development occurs in the egg cases
while in the environment, not inside the mother. Young hatch
from between five and 12 months after being laid, one per
egg case, and measure about 3.9-5.5 in (10-14 cm). The
young often move into nursery areas or bays after hatching.
The egg cases are laid in shallow water, sometimes in un-
guarded “nests” (H. japonicus), and usually in protected kelp
beds or enclosed in protected areas (the egg may be carried
and lodged by the mother, using her mouth, in a crevice).
Adults have been observed to eat their own egg cases.

Conservation status
Not threatened.
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Significance to humans

Their significance is mostly recreational (e.g., when ob-
served by divers), as bullheads are not consumed on a regular
basis. They are caught as bycatch in bottom trawls and usu-
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ally discarded, but they may be occasionally consumed or used
as fishmeal (off eastern Mexico, for example). Various species
of bullheads are commonly kept in public and private aquaria,
where they can be maintained successfully for over a decade.
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1. California bullhead shark (Heterodontus francisci); 2. Port Jackson shark (Heterodontus portusjacksoni). (lllustration by Dan Erickson)
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Species

California bullhead shark

Heterodontus francisci

FAMILY
Heterodontidae

TAXONOMY
Cestracion francisci Girard, 1854, California (Monterey Bay).

OTHER COMMON NAMES
English: Bullhead shark, horn shark; Spanish: Dormil6n cornudo.

PHYSICAL CHARACTERISTICS

Background gray or light brown with smaller darker brown
spots (smaller than eyes) scattered over body, head, fins, and
tail. The young have more intense coloration, sometimes with
darker bands in between eyes and on fins. The supraorbital
ridges are moderately high; finspines relatively tall, but dorsal
fins are not as tall as in H. zebra and H. japonicus.

DISTRIBUTION

California bullhead sharks occur off central and southern Cali-
fornia and Mexico (Baja California and Gulf of California), ex-
tending south possibly to Ecuador and Peru. During warm
water influxes, they may reach as far north as San Francisco Bay.

HABITAT

These sharks commonly inhabit from 6.6 to 33 ft (2-10 m),
even though they can be found from the intertidal zone down
to about 490 ft (150 m). Juveniles are usually in shallower wa-
ters, over sandy surfaces. These fishes occur on rocky and
sandy bottoms, kelp forests, and in caves and crevices.

BEHAVIOR
These sharks are nocturnal, sluggish, and mostly solitary, pre-
ferring the protection of caves and shelters during the day, and

Heterodontus francisci
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accounts

hunting mostly at night. They can remain in a relatively small
home range for much of the summer, moving into deeper wa-
ters in the winter, at least in some regions. Experiments
demonstrate that their diel (24 hours, including one day and
night) activity patterns appear to be regulated by light.

FEEDING ECOLOGY AND DIET

California bullhead sharks eat many different invertebrates, in-
cluding sea urchins, crabs, shrimp, isopods, octopuses,
anemones, bivalves, gastropods, polychaetes, and occasionally
fishes (at least pipefishes [Syngnathidae] and blacksmiths [Po-
macentridae]). Specimens have been filmed devouring purple-
colored urchins, turning their teeth and spines into a strong
shade of purple. Recently born pups take about one month to
begin feeding. Adults in aquaria have been observed consuming
their own egg cases.

REPRODUCTIVE BIOLOGY

The mating ritual of California bullhead sharks has been ob-
served in captivity, particularly at the Steinhart Aquarium in
San Francisco. Males pursue larger females until obtaining con-
sent, and mating occurs on the bottom of the tank. The male
grasps the female’s pectoral fin with his teeth, and subsequently
one clasper is inserted into the female after coiling around her.
Copulation may last between 30 to 40 minutes, and in captivity
the eggs are expelled one or two weeks later. In the wild, eggs
can be expelled even after one to three months of copulation, as
females can produce eggs for extended periods, and sperm is
stored and utilized in stages. The young develop for between
seven and nine months before hatching.

CONSERVATION STATUS
A decrease in numbers of individuals has been noticed in regions

of southern California where there is substantial diving activity,
but the species is not listed by the IUCN as Threatened.

SIGNIFICANCE TO HUMANS

These sharks are very common in public aquaria, where mating,
egg-laying, and hatching have been observed. In the wild, they are
not considered a threat to humans. However, despite their appar-
ent calm demeanor, H. francisci have been known to infrequently
swim after and bite divers after being harassed by them. &

Port Jackson shark
Heterodontus portusjacksoni

FAMILY
Heterodontidae

TAXONOMY

Squalus portus jacksoni Meyer, 1793, Australia (Botany Bay, New
South Wales).

OTHER COMMON NAMES
English: Bullhead shark, oyster crusher, tabbigaw.

PHYSICAL CHARACTERISTICS

Port Jackson sharks are distinguished by a gray to brownish
background with a harnesslike pattern of darker brown stripes
over the pectoral fins and below the first dorsal fin, with a dark
stripe across the head and eyes and a few dark oblique stripes
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Heterodontus portusjacksoni

along the trunk. The supraorbital ridges are only moderately
high. The finspines do not reach the dorsal fin tips, being
rather blunt and short; and the dorsal fins are not nearly as
high as in H. zebra and H. japonicus.

DISTRIBUTION

These sharks occur around the southern, western, and eastern
Australian coast, including Tasmania. A single record exists for
New Zealand, but this is possibly a stray.

HABITAT
Port Jackson sharks are common on the temperate Australian

continental shelf and upper slope, from close inshore down to
902 ft (275 m).
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BEHAVIOR

Port Jackson sharks are nocturnal, occurring in caves and shel-
ters during the day, and hunting at night. Seasonal migrations
are frequent, and these may extend 528.2 mi (850 km) in one
direction, after which they may return to the same localities
each year. Migrations from Sydney to Tasmania have been re-
ported. Captive juvenile Port Jackson sharks may grow 2-2.4 in
(5-6 cm) per year; adults grow slightly less at 0.8-1.6 in 2-4
cm) per year. They take in water for