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Memories of Joe Nelson

Terry Grande and Mark Wilson asked if I could write a short essay involving
my own personal memories of Joe, and I willingly agreed to do so. It should be
noted that the paragraphs below are not an in-depth summary of Joe’s life, but
rather personal recollections. A more complete summary of his most interest-
ing life and highly productive scientific career, written by David G. Smith for
the continuing series entitled “Historical Perspectives,” appeared recently on
pages 169-176 of Copeia, 2011, no. 4.

In 1976, Joseph S. Nelson published the first edition of his book, Fishes of
the World, involving all living and extinct groups of fishes. The work was widely
recognized as the definitive source of information on fish classification, and a
“must have” reference in the library of any person seriously involved in work
with this group of animals. The success of this book, coupled with ongoing
changes in knowledge and understanding of fish classification, brought the
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realization that periodic updates to this book would be necessary. This resulted
in new editions during each succeeding decade (1984, 1994, and 2006), and
it was Joe’s intention that these would be followed by another edition during
the succeeding decade. However, Joe’s illness and subsequent passing made
it impossible for him to finish the project alone, and led him to invite Terry
Grande and Mark Wilson to assist him, and then, when his illness became
terminal, to complete the project without him.

I first met Joe Nelson, during the 1970s, at one of the annual meetings of
our primary professional society, the American Society of Ichthyologists and
Herpetologists (ASIH). I was already aware of his work on salmonid fishes,
nine-spine sticklebacks, and New Zealand marine fishes through the exchange
of reprints of publications, and particularly his landmark 1976 work, the first
edition of Fishes of the World, which had been accepted by ichthyologists (and
scientists in general) as the most important published modern summary on
classification of the world’s living and fossil fishes. This publication had already
propelled Joe, at the relatively young age of 39, to the forefront among world
ichthyologists.

Although I knew Joe only casually in those early days, we nevertheless had
frequent opportunities to discuss matters of mutual interest, especially those
involving taxonomic and distributional problems involving North American
marine and freshwater fishes. He immediately struck me as a friendly and soft-
spoken person, and certainly not one to make a big deal of his already impres-
sive professional accomplishments. This impression was one I never had any
reason to change and, it can be said without fear of contradiction, one that has
always been shared by all his colleagues and friends.

An incident occurred at a social gathering at one of these meetings when a
young student, upon seeing the name on his name tag, approached Joe and
rather tentatively asked, “Are you theJoe Nelson?” His positive response elicited
an expression of awe, and in subsequent years this incident led to our referring
to Joe as “TheJoe Nelson.”

As noted, Joe and I were regular attendees at the annual ASIH meetings.
We were sometimes accompanied by our respective spouses, Claudine and
Nancy, both of whom were more interested in the attractions and activities
associated with the local meeting site than sitting in a room listening to pre-
sentations on fishes. The 1988 ASIH meeting in Ann Arbor, Michigan, was
one such occasion, and that meeting can be pinpointed as the beginning of a
long and enduring friendship. In subsequent years, when the question arose
whether Nancy might choose to accompany me to the meetings, the deciding
factor was whether Joe and Claudine would be there. This friendship resulted
in trips together to rather exotic meeting sites such as La Paz, Baja California
(Mexico), in 2000, and Manaus, Brazil, in 2003.

In 1991, Joe was asked to serve as chair of the joint AFS (American Fisheries
Society)-ASIH committee on common and scientific names of fishes (often
abbreviated to “c & sn of fishes”). This committee, which had been in existence
since the late 1940s, is charged with maintaining and publishing, at approxi-
mate ten-year intervals, an updated checklist, with broad indications of distri-
butions, of all species of United States and Canadian freshwater fishes and of
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marine species occurring within the 200-meter depth limit. The geographical
scope of the list was expanded in the sixth edition, in 2004, to include Mexico
as well. This list serves as an important authoritative reference for taxonomists,
fisheries biologists, aquarists, and those involved in matters of conservation.
Equally important are the accompanying appendices, which include explana-
tions and justifications for changes or additions to the list. Throughout the
preceding years, I had regularly provided pertinent information to the com-
mittee as it came to my attention. Shortly after assuming the chair, Joe invited
me to join the committee on a formal basis.

Joe’s years of productive ichthyological research had resulted, by the turn of
the century, in well over one hundred papers in professional journals, together
with books such as the definitive regional work co-authored with Martin Paetz,
The Fishes of Alberta, first published in 1970 and then revised in 1992, and espe-
cially the aforementioned four editions of Fishes of the World. His distinguished
record of publications throughout the years resulted in Joe being selected, at
the 2002 ASIH meetings in Kansas City, Missouri, as the recipient of the pres-
tigious Robert H. Gibbs Award, presented by the society “for an outstanding
body of published work in systematic ichthyology.”

Although the introduction of computers had by now greatly facilitated
exchanges of information, the volume and complexity of new information
made it necessary for the committee to meet, either yearly or every other year,
for four-day work sessions, at which time ongoing issues and new information
could be discussed and resolved on a face-to-face basis. Such meetings were
normally held during the winter or early spring, and this, plus the fact that
two of the committee members happened to reside in Gainesville, Florida,
were factors in that city usually being selected as the meeting site. Claudine
often used that opportunity to accompany Joe and escape the wintry weather
of northern Canada for a few days.

Breaking with the usual pattern, the bi-yearly meeting of the c & sn of fishes
committee was held in Mexico City in March 2009. At the meeting, Joe made
a comment about feeling more fatigued than usual, although this was not
immediately apparent to us and did not seem especially alarming, consider-
ing the somewhat thinner air associated with the higher elevation of Mexico
City. At the ASIH meetings in Portland, Oregon, the following July, his fatigue
had not abated, although it was not enough to prevent Joe from enjoying the
meetings, which were highlighted by his election as ASIH President for the
coming year.

Tests done shortly thereafter, however, showed the ongoing fatigue to
be symptomatic of a serious medical problem, in which his bone marrow
was not producing sufficient numbers of normal red and white blood cells.
The condition, termed “Myelodysplastic Syndrome,” could progress to acute
leukemia. This led to a regimen of blood transfusions and several experimen-
tal drugs, of which one seemed to hold the most promise for a prolonged and
undiminished quality of life.

At the 2010 ASIH meetings in Providence, Rhode Island, Joe received the
Robert K. Johnson Award for long-term distinguished service to the society.
Although he was unable to attend the meetings, an arrangement was made
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by which members could communicate visually with Joe via the Internet.
This allowed a large number of us to express our best wishes and hopes for
improvement to his health.

In the meantime, it became evident that Joe’s health would not allow him to
fulfill his obligations as ASIH President-Elect, forcing him to resign this posi-
tion, as he did also chairmanship of the committee on common and scientific
names of fishes.

Despite this, the positive effects of his treatment during the subsequent year
were sufficiently encouraging that Joe and Claudine were making plans to
attend the 2011 ASIH meetings in Minneapolis, Minnesota, in July. A few weeks
before the meeting, however, came the devastating news that the experimen-
tal drug was no longer working, and blood transfusions were the only option.
From this point on, Joe’s health underwent a precipitous decline, ending in his
passing on August 9, 2011. In 2013, Joe’s importance to ichthyology was rec-
ognized when ASIH established the Joseph S. Nelson Lifetime Achievement
Award for an outstanding body of work in ichthyology.

At the 2012 ASIH meetings in Vancouver, British Columbia, Claudine pre-
sented a touching tribute to Joe during the plenary session. Her presentation
brought home to us once again the realization that a wonderful friend and
colleague was no longer with us. We will always miss you, Joe!

Carter Gilbert

Curator Emeritus

Florida Museum of Natural History
University of Florida

Gainesville, Florida

November 2015



Foreword

In 1976, Joseph S. Nelson published a modest volume with a bold title: Fishes
of the World. Nelson was not the first to publish a book so named, but he was
to become—for the next four decades—the only modern author associated
with that title. This book, and the three editions that followed, are known sim-
ply by his last name: Nelson became the standard secondary reference for fish
systematics.

To write Fishes of the World was a complex task. The first edition came 10
years after Greenwood et al.’s (1966) wholesale reorganization of fish classi-
fication, seven years after Gareth Nelson’s (1969) classification of vertebrates
based on the cladistic principles of Hennig (1966), and just three years after
the audacious Interrelationships of Fishes of Greenwood, Miles, and Patterson
(1973). For many, Nelson (1976) supplanted all of these because of its acces-
sibility as a textbook and its philosophical aim: an eclectic mix of traditional
and cladistic taxa diagnosed by both primitive and derived characters. A typi-
cal family account included the taxon, its common name, an outline sketch, a
brief distribution, some maps (in the first two editions), a synopsis of charac-
ters (both primitive and derived), an estimate of the number of species, and
some other comments that Joe considered to be of interest. Treatments could
be uneven, yet this formula was repeated in all following editions. Nelson was
cautious, especially about new taxa. His compromise was to discuss what he
considered to be a radical proposal, such as that of the Neoteleostei by Rosen
(1973), but not incorporate it into his classification.

After critical reviews of the first edition (e.g., Winterbottom, 1977, Journal
of the Fisheries Research Board of Canada, 34:2431-2432), Joe published an
expanded second edition in 1984. At 523 pages, the second Nelson (1984)
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was 107 pages longer than the first. Popularity of the first edition transferred
to the second, and by the mid-1980s, before the age of the Internet, Joe
Nelson and his book became a central clearing house for fish classification.
Fish systematists enjoyed debating the latest classifications, and the largely
morphological characters that supported them, with Joe at the annual
meetings of the American Society of Ichthyologists and Herpetologists. Joe
was kind and dignified as he engaged junior and senior ichthyologists with
equal interest and respect. The newly published, monographic dissertations
of an emerging generation—for example, Vari (1978) on terapontid perches,
Johnson (1980) on lutjanids, Parenti (1981) on cyprinodontiforms, Stiassny
(1981) on cichlids, and L. Grande (1982) on clupeomorphs—were cited
and their classifications incorporated, in part, into Nelson (1984). This was
validation of our place in the field of systematic ichthyology.

A decade passed between the second and third editions. Cladistic analysis
and classification, once considered rogue, were now mainstream in systematic
ichthyology. The pace of publication of revisionary studies of fishes increased,
as did the third edition: Nelson (1994), at 600 pages, was the largest of the
volumes to date. The distribution maps of the first two editions were elim-
inated due to space considerations. The third edition exposed more of Joe’s
unique views of characters and classification (Parenti, 1995, Copeia, 1: 262-264).
He alone combined the billfish families Xiphiidae and Istiophoridae into the
Xiphiidae. Further, he admitted to omitting characters that he found diffi-
cult to describe briefly, even if diagnostic. Many of the characters he listed
are “field” or “key characters,” useful to identify specimens, but not necessarily
to infer phylogenetic relationships. Joe absorbed criticism readily and alone.
Despite the benefits a collaborator may have brought to the project, he never
took on a co-author until asking Terry Grande and Mark Wilson to join him in
writing the current edition, a job they would complete without him.

The fourth edition was published a decade ago. Dominance of the Internet
meant that Nelson (2006) was no longer the sole, ready source of information
on fish classification. The Catalog of Fishes, the spectacular achievement of Bill
Eschmeyer, was available online (www.calacademy.org) and included fishes in
a classification. Nonetheless, Nelson (2006) had become firmly established as
the leading source of information on taxon diagnoses, summaries of species
composition, and classification of fish taxa. Countless numbers of publications
on fish systematics begin with a summary of number of species and other rel-
evant data, citing the source as “Nelson (2006).” It stands alone as “the single
most important book for fish classification” (Britz, 2006, Journal of Fish Biology,
69:1901).

The last edition of Fishes of the World that Joe wrote alone just hinted at the
molecular phylogenetic revolution that was soon to come. These molecular
studies and their proposed classificatory changes are summarized ably in
this fifth edition by Grande and Wilson. Like Joe, they too use restraint
in revising classifications and incorporate a judicious mix of the old and
the new. There is a tension between using molecular versus morphological
variation as phylogenetic data, and in what proportion, analogous to the
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tension that once existed between adopting a traditional versus a cladistic
classification. Resolution of this tension is likely not imminent, and we may
not wish it so, as it enlivens discussion and debate and moves systematic
ichthyology onwards.

Lynne R. Parenti

Division of Fishes

Department of Vertebrate Zoology
National Museum of Natural History
Smithsonian Institution, Washington, DC
October 2015






Preface

Many years ago, when preparing to enter the American Museum of Natural
History/CUNY doctoral program, I (TCG) was handed the first edition of
Nelson’s Fishes of the World by my Masters advisor who said, “Memorize it.”
I spent that summer memorizing the contents of the book. My first day in
Donn Rosen’s ichthyology class, with book in hand, I was prepared—or at
least I thought I was—and thus began my love of Fishes of the World. Little did
I know that years later, I would receive a call from my friend and colleague
Joe Nelson, to help him finish the fifth edition of the book. Life had come full
circle and I was honored and ecstatic to work with Joe on this project. Sadly,
my friend died soon after I agreed to help with the book, and my enthusiasm
quickly turned to panic.

Mark Wilson (Joe’s long-time colleague at the University of Alberta), had
also agreed to help. We began sifting through Joe’s library, files, and corre-
spondence, trying to assemble the information needed to revise the book.
We quickly realized that Joe had been unable to make much progress apart
from gathering some scientific papers and accumulating comments and cor-
rections from colleagues about the previous edition. We enlisted two amaz-
ing colleagues, W. Cal Borden (who was a postdoc in the Grande lab, and
is now an Assistant Professor at Saginaw Valley State University) and John C.
Bruner, research assistant in the Wilson lab at University of Alberta, to help
search through the enormous volume of systematic and taxonomic publica-
tions that had appeared since 2005. We also later solicited the help of col-
leagues with expertise in specific fish groups to read and critique sections of
the book (see Acknowledgments). However, any errors or omissions remain
the responsibility of the authors.
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Since the last edition of “Fishes” was published, the field of ichthyology
has seen an explosion of published research, molecular systematics has
become mainstream, new species descriptions have flourished, and large
collaborative projects such as the NSF-funded Best Fish Phylogeny Project,
the All Catfish Species Inventory Project, and the Cypriniform, Euteleost
and Chondrichthyan Tree of Life projects have expanded our knowledge,
challenged traditional paradigms, and stimulated new efforts. Transformative
technologies in both morphology (e.g., 3-D scanning and imaging) and molec-
ular systematics (e.g., Next-Gen Sequencing) are yielding their first results
and promise to advance the field even further. In the paleontological and
morphological realm, there have been international collaborations, meetings,
and publications generated by the Early/Lower Vertebrates and the Mesozoic
Fishes communities, as well as advanced anatomical, biomechanical, physio-
logical, and ecological studies of extant fishes. This edition of Fishes of the World
is written to reflect the present state of knowledge in the field, which is dynamic
and constantly changing. This book shows how far we have come, and reflects
current thinking, but by no means should it be taken as the final answer.
There is much work still to do and there are many exciting discoveries ahead.

In the fifth edition of Fishes of the World, we have tried to preserve key features
of the previous editions such as the iconic little fishes and the pithy and some-
times eccentric style of presentation that have been a hallmark of this much
loved book. We also retain the style of scientific presentation for continuity
with previous editions.

The fifth edition, however, differs in many respects from previous editions.
We have tried to eliminate redundancy in the descriptions. To update diversity
data such as numbers of species and genera, including synonymies, we used
a combination of original literature and web-based resources. The systematic
relationships and classifications of all fish groups were evaluated and updated
in light of current, strongly supported research findings. In cases where
there was conflict among studies and no convincing evidence for change, we
retained the traditional placement of the group and discussed the conflict
and alternative hypotheses. Systematic relationships are now represented by
a greater number of simple cladograms. We have also added a significant
number of new references and brought back important references dropped
from previous editions.

Numerous additional fossil taxa, many of them discovered in recent years,
have now been included. However, as in previous editions, space does not per-
mit a comprehensive treatment of the diverse and remarkable fossil record
of fishes.

Working on this edition has given us a renewed appreciation for the enor-
mity of the task that Joe Nelson completed for each of the previous editions
and a deeper understanding of the innovative and important work of our many
ichthyological colleagues. It is our sincere hope that you, the reader, will find
this edition of Fishes of the World to be worthy of the memory of Joe Nelson.
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Introduction

Over one-half—32,000 species and counting—of the world’s living
vertebrates—more than 60,000 species—are fishes. They arose and began to
radiate more than 500 million years ago and both now and in the past exhibit
incomparable diversity in their morphology, in the habitats they occupy, in
their physiology, and in their behavior. This diversity is, in part, what makes
understanding their evolutionary history and establishing a classification
so challenging and yet fascinating. From hagfishes and lampreys to sharks,
lungfishes and flatfishes, fishes include a vast array of amazing adaptations to
almost all aquatic environments on earth.

Since the last edition of Fishes of the World (2006), a great many (thousands)
of important studies on fish diversity, biology, morphology, and phylogenetic
relationships have been published. We now have a much better understanding
of their evolutionary relationships than we had even a decade ago. Science
is a continually forward-moving search for knowledge, and this book reflects
scientific knowledge about fishes as it exists today. As is normal in science,
future researchers will build upon and improve upon what we know now.

The body of information known about fishes is vast and includes all aspects
of biology. Fishes are fascinating to researchers because of the wealth of infor-
mation and diversity to be found, both in fossil and living (extant) taxa. Since
the 2006 version of this book, exciting new discoveries about fish morphology
and evolution have been published. These include studies about the evolu-
tion of jaws, teeth, paired fins, internal fertilization, mimicry, hearing, and
the biomechanics of feeding and locomotion. There have also been revolu-
tionary findings concerning phylogenetic relationships, such as the hypothe-
ses that extinct placoderms may be paraphyletic, that the Holostei are again
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monophyletic, that elopomorphs rather than osteoglossomorphs are the basal
lineage of crown teleosts, that Lepidogalaxias is the most basal living euteleost,
and that paracanthopterygians are once again united, though with revised
membership.

The toolbox of the fish systematist has expanded to include molecular
sequence analysis, evolutionary (including molecular) developmental biology,
and technological advances such as 3D imaging to visualize complex internal
morphology of both fossil and extant species. The new tools are being applied
to many of what were the most intractable problems in fish systematics,
including the relationships of rays, catfishes and percomorphs. There has
also been an explosion in the number and variety of web-based databases

1077 new spp.;
28% of total

674 new;
17% of total

607 new;
16% of total

Groups of fishes in which at least 20 new species were described in the decade 2005-2014.
The area of each circle is approximately proportional to the number of new species in the group.
The total number of new species described was about 3900, raising the total of known valid species
to more than 32,000 (Eschmeyer and Fong, 2015).



Taxonomic Diversity 3

and interactive tools, including Encyclopedia of Life, Phenoscape, Fishbase,
Catalog of Fishes, Index to Organism Names, World Registry of Marine
Species (WORMS), online academic libraries, journal publishers” web sites,
the Paleobiology Database, and Fossilworks, all of which are available to almost
any researcher, and all of which have been consulted by us. We also compiled
and consulted thousands of original journal articles to better understand the
current state of ichthyological knowledge.

Taxonomic Diversity

Since the 2006 version, more than 3890 species have been named. The species
numbers of fishes given in the text, as in previous editions, are intended to be
conservative estimates of valid described species, not of all named species nor
of what might be undescribed. They are based, as far as possible, on the latest
taxonomic revisions of families and genera and the opinions of the specialists.

There are 85 orders and 536 families of fishes recognized in this edition.
Interestingly, about two-thirds of all species in the largest families are freshwa-
ter fishes, whereas only about 43% of all fishes are predominantly freshwater
species. Freshwater habitats comprise only a small proportion of the earth’s
surface water, but contain a disproportionately large number of the world’s
fish species. The known diversity of both freshwater and marine fishes contin-
ues to increase rapidly, and the regions of the world where the greatest number
of new discoveries are being made are indicated in the following figure.

Hotspots for New Fish Species

-

Geographic regions of the world in which discoveries of new fish species have been most numer-
ous. Newly discovered marine fishes have been found most often in the SW Caribbean, NW Indian
Ocean, southern China Sea, and off the corners of Australia. Newly discovered freshwater fishes
have been found most often in the Amazon Basin and the Parana Basin of South America, western
Equatorial Africa, and southeastern Europe, especially near Turkey, as well as in Southeast Asia.
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Importance to People

Fishes, like many other forms of life, are of immense value to humans.
They have long been a staple item in the diet of many peoples, unfortunately
leading to the downfall of many species (e.g., Atlantic Cod, Gadus morhua,
fished to the brink of commercial extinction in the Western North Atlantic).
Today fishes form an important element in the economy of many nations
while giving incalculable recreational and psychological value to the nat-
uralist, sports enthusiast, and home aquarist. They are also the subject of
international and domestic agreements (Great Lakes Fishery Commission,
a cross-border cooperation between the United States and Canada in the
control of lamprey) and disagreements (suspension of albacore tuna fishing
by Canadian fisherman in US waters in 2012). Many government institutions
are devoted to the study of fish biology and propagation (e.g., propagation
of Esox lucius and E. masquinongy for stocking by the Jake Wolfe Fish Hatchery,
Illinois). Particular aspects of various species lend themselves to studies in
behavior, ecology, evolution, genetics, and physiology. They are used as gen-
eral indicators of pollution, partly to the direct benefit of humans and partly
to protect what people consider a valuable and necessary part of their heritage
and life.

Systematics and Classification

Systematics is the study of biological diversity, including reconstructing the
phylogenetic (genealogical) relationships of organisms. Taxonomy is that part
of systematics dealing with the theory and practice of describing diversity and
erecting classifications. Classification is the practice of arranging items into
groups or categories, and the resulting arrangement is called a classification.
Taxa (singular taxon) are groups of organisms recognized in a classification
and given biological names (e.g., Salmoniformes, Salmonidae, Oncorhynchus,
Oncorhynchus nerka). A category is the level or rank at which the taxon is placed
(e.g., order, family, genus, species). Generally, the objective in constructing
a classification of a group of organisms is to reflect what are thought to be
the evolutionary relationships of the various taxa in a hierarchical system of
named groups.

We give examples of recognized generic names for each family; if the num-
ber is relatively small, we usually list them all. In choosing listed examples of
generic names for large families, we have tried to choose: (1) genera with many
species; (2) the type genus of the family, a subfamily, or a nominal family no
longer recognized; (3) genera whose species exhibit some extreme biological
diversity or unusual features, especially if mentioned in text; and (4) genera
whose species are commonly encountered or are important in commercial fish-
ery, sports fishery, or aquarium use. Generic synonyms are usually given only
for genera recognized as valid in earlier editions of this book but that are now
considered junior synonyms, or for cases when a family-group taxon is made
synonymous because its type genus has been synonymized.
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We consider fossils to be critical in understanding evolutionary relation-
ships. Unfortunately, the fossil record in fishes is incomplete (more so in some
than in other groups), and many decisions must be made with little or no
evidence from fossils. However, we can answer many critical questions of inter-
relationships of higher taxa only with the assistance of the fossil record and
not, conclusively at least, from extant material only. Many important fossil taxa
are ranked along with extant taxa in the classification of this book, and many
others are mentioned where appropriate.

A framework of formally named and ranked taxa is an important aid to
understanding and communicating the implied relationships among groups
of organisms. Completely unranked classifications are popular in some circles
but are not used here because they communicate little information to those
without specialized knowledge.

As in previous editions, we recognize a large number of named taxa in a
formal hierarchy of taxonomic categories. The taxa are always intended to be
monophyletic (i.e., clades), but in many cases future research may show that
they are not, and the classification must be modified accordingly.

The categories used, and their endings in parentheses when consistent, are
as follows: phylum, subphylum, superclass, grade, class, subclass, infraclass,
division, subdivision, superorder (these 10 categories are centered in the text;
the following categories are aligned left), series, subseries, infraseries, order
(-iformes), suborder (-oidei), infraorder, superfamily (-oidea), family (-idae),
subfamily (-inae), tribe (-ini), genus, subgenus, and species. Not all categories
are employed within any one particular taxon. A dagger (1) denotes those taxa
containing only fossil species.

Although there is a framework of named and ranked taxa, not all recog-
nized (named) taxa are assigned a rank (i.e., placed in a named category).
The following are examples of major taxa that are part of the classification
but for which no formal rank is assigned: Vertebrata, Neoteleostei, and
Acanthomorpha.

This edition, like earlier editions, adopts a simplified classification scheme,
although even the simplified scheme can appear daunting. The number of
categories and of named taxa are minimized by employing the “sequencing
convention” for multiple named taxa at the same rank. For example, in a
sequenced list of families within an order, the first family is the sister group of
all others in the list, the second family is the sister of all except the first two,
and so on. The last two families in the list are interchangeably each other’s
sisters. Consider this example classification of a hypothetical order with
six families:

Order Numberiformes
Family Oneidae
Family Twoidae

Family Threeidae
Family Fouridae
Family Fiveidae

Family Sixidae
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The sequence of the listed families tells us the phylogeny, using the sequenc-
ing convention. For example, Family Oneidae is the sister group of the clade
of all five other families, and the Family Threeidae is the sister group of the
clade of families Fouridae through Sixidae. The last two families could have
been listed in either order, since they are each other’s sisters. The tree that
reflects these relationships is as follows:

Numberiformes

In some larger taxa, we use the term “basal” or “most basal” when referring
to the lineage, usually of low diversity, that is sister to all others in the group.
Some call these more basal lineages “early-branching lineages.” Less often used
but sometimes useful is the term “apical” or “more apical” to refer to a taxon
that is high in the branching of the group’s tree. A basal group is, of course, of
equal age to its sister group and is not necessarily more primitive. In the tree
shown above, the Family Oneidae would be considered basal while the families
Fiveidae and Sixidae would be considered apical.

We report for many extant taxa the geologic age of the oldest reliably iden-
tified fossil members to give the reader an appreciation for the known fossil
record. Such fossils give the minimum ages of lineages based on concrete data
from the fossil record, even though in many cases the group in question must
be considerably older than its first fossils because older fossils belonging to its
sister-group are known. The difference between these two ages implies, for the
lineage with the younger first fossil, a “ghost lineage”: a period of time during
which it is inferred to have existed but is not recorded by fossils found to date.

It has become popular in phylogenetic literature to include estimates of past
divergence times of lineages based on rates and amounts of molecular evolu-
tion. We do not list them or use them here.

In discussing fossil relationships, we make use of the concept of stem and
crown groups. For any given taxon with extant members, the crown group is
all those species descended from the last common ancestor (LCA) of all the
extant members (see figure). Note that certain fossil taxa can be members of
the crown group.
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?}& Crown Group

Tree diagram illustrating stem-group and crown-group concepts.

The stem group or stem-group taxa are all those extinct taxa known by fossils
that are more closely related to this particular crown group than they are to
any other extant clade. The Total Group is the sum of the stem group and the
crown group. Using a real example, the Teleosteomorpha are the Total Group
for teleostean fishes. The Teleocephala are the Crown Group teleosts.

A friendly word on the terms “fishes” and “fish” and on capitalizing their
common names: The term “fishes” is properly used when referring to indi-
viduals of more than one species. However, when referring to one or more
individuals of one species, the term “fish” is appropriate. Hence, it is correct
to refer to 100 Rainbow Trout as fish, but to two different trouts, such as one
Brook Trout and one Brown Trout, as fishes (the plural form Rainbow Trouts is
discouraged). The common names of the three species given in this example
(which happen to be in three different genera) were capitalized. The princi-
ples of common names in fishes established in 1960 by a joint committee of
the American Fisheries Society and the American Society of Ichthyologists and
Herpetologists, and explained in Nelson et al. (2004) are followed, except that
the official common name of a species is treated as if it were a proper noun
(see Nelson, Starnes, and Warren, 2002), as is common for some other groups
of vertebrates (such as birds).

Anatomical Terminology

When given, the numbers of abdominal and caudal vertebrae are placed in
parentheses after the total vertebral number—for example, 25 (10 + 15).
When possible, the length is qualified by giving standard length (SL), fork
length (FL), or total length (TL). Also included are estimated numbers of
recognized (valid) genera and species (in some cases the number of species



8 Fishes of the World

in each genus is also given). These figures are always for living forms, even if
fossils are known for the taxon; selected fossil taxa are mentioned separately.
The degree of agreement with these figures by specialists will vary from group
to group (in part due to the subjective matter of lumping and splitting).
For example, nearly everyone would agree that there are but two valid species
of described percopsids, but one can easily find disagreement on the number
of valid species of cichlids and gobiids that should be recognized.

Proposals to change the names of some bones from those used in previous
editions to conform better with probable homologies have not been adopted
unless otherwise indicated. For example, as noted in Janvier (1996) and
Schultze (2008), what are commonly termed the frontals and parietals in
actinopterygians, terms originally taken from human anatomy, are now
known to be homologous with the parietals and postparietals, respectively, of
early tetrapods.

Distribution and Biogeography

Fishes occur in lakes, streams, estuaries, and oceans throughout the world.
In most species of fishes, all individuals live entirely either in fresh or in marine
waters. Over 225 species are diadromous, regularly living part of their lives
in lakes and rivers and part in the oceans. Among these, most are anadro-
mous, spawning in fresh water but spending much of their time in the sea.
A few are catadromous, spawning in the oceans but returning to fresh water.
Classification of some species as marine, diadromous, estuarine, or freshwater
is impossible, except as a generalization. Just as in an otherwise marine fam-
ily there may be one species confined to fresh water, so in some species there
are populations that occur in an environment opposite that of most others.
Individuals of some otherwise marine species ascend rivers for short distances
in part of their range, and those of some species that are usually freshwater
are anadromous in some areas. Many freshwater and marine species are also
common in brackish-water estuaries. About one-third of the 555 families have
at least one species with individuals that spend at least part of their life in
fresh water. Berra (2001) gives much information and distribution maps for
the freshwater fish families.

Many environmental factors influence just where a certain species will pre-
dominate. Competition and other biological interactions may exert a strong
influence along with physicochemical factors. In freshwater environments,
species may show a preference for lakes or streams. Variations in preferences
may exist over the range of a species. Among lakes they may show a prefer-
ence for deep, cold, oligotrophic lakes or for shallower, warmer, and more
productive mesotrophic and eutrophic lakes. In lake waters they may show
a preference (horizontal and vertical) for the open-water limnetic zone, the
benthic area, or shallow littoral areas. Fishes may even be restricted to certain
types of bottom or do best under certain physicochemical conditions. Stream
fishes may prefer riffle or quiet areas, and a zonation of species is usually



Distribution and Biogeography 9

found from the headwaters to the mouth. In the oceans, the vast majority
of fishes are coastal or littoral. Most of those living beyond the 200-m-deep
continental shelf (oceanic species) are deep-sea (mesopelagic, bathypelagic,
abyssopelagic, or benthic at various depths); only a small minority regularly
live close to the surface in the well-lighted upper 200-m zone (epipelagic),
a region much larger in volume than the coastal waters. The epipelagic and
mesopelagic fishes, which consist of both large predators and small plankton
feeders, are varied, whereas most of the bathypelagic and abyssal fishes are
relatively small.

Many species, both geologically young and old, have small ranges; the
smallest is perhaps that of the Devils Hole Pupfish, Cyprinodon diabolis, found
only in one spring in Ash Meadows, Nye County, Nevada. Many areas have
a high degree of endemism. Marine fishes face the obvious land barriers
(notably the New and Old World land masses) and mid-ocean barriers as
well as many ecological and physiological barriers; freshwater species are
limited by marine and land barriers. Some species have remarkably large
ranges, and it would be interesting to know why some of their relatives have
small ranges.

Over 130 marine species are known to extend around the world in tropical
or subtropical waters. Many genera are represented in both the Pacific and
Atlantic, but, almost always, different species are involved. Representatives of
many marine genera and of some species occur in the temperate and polar
faunas of both hemispheres. Individuals of some of these bipolar or antitropi-
cal taxa are surface-bound; others are deepwater. The vast majority of species,
however, are tropical; most of the rest occur only in the Northern or only
in the Southern Hemisphere. We know little of the abyssal depths and their
species composition. Many abyssal species have been found at widely separated
localities, which suggests that some may be virtually worldwide. No freshwater
species is circumtropical, but two species, Esox lucius and Lota lota, are cir-
cumpolar and several others are almost so. No genus of freshwater fish has
an antitropical distribution. Many freshwater fishes have shown a remarkable
ability to disperse across newly exposed land areas following glaciation. In addi-
tion, they may occur in isolated waters in deserts as a result of a reduction of
waters from times when drainage systems were connected.

In both fresh and marine waters, the largest number of species occurs in
the tropics. There is a reduction toward the polar areas, although numbers
of individuals in certain northern species are large. A great many species
of freshwater fishes occur in tropical Africa, southeastern Asia, and the
Amazon River—by far the world’s largest river. For a tropical region, Central
America has relatively few freshwater species because of the physiography and
geological history of the area. Most oceanic islands lack indigenous fishes
confined to fresh water, and continental areas recently exposed from the last
ice age— for example, northern regions of North America, Europe (espe-
cially western Europe), and Asia—tend to have a relatively sparse fish fauna.
In tropical areas, Africa exhibits the greatest diversity of nonostariophysan
freshwater fishes; South America exhibits surprisingly little. In temperate
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areas, eastern North America shows the greatest diversity in nonostariophysan
fishes. In marine waters, the Indo-West Pacific (Red Sea and Indian Ocean
to northern Australia and Polynesia) is the richest, with the most species
occurring in the New Guinea to Queensland area. In terms of diversity,
southeastern Africa and Queensland appear to have the largest number of
families of marine shorefishes. The West Indian or Caribbean fauna (southern
Florida to northern Brazil) is also a rich one. The western African fauna,
however, is relatively poor. Arctic and Antarctic faunas are depauperate. In all,
the greatest number of fish species in the world inhabit the southeastern
Asian region.
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Broad surface thermal zones of the ocean, biogeographic regions of the continents, and native
distribution of the family Cyprinidae, the most species-rich family of vertebrates. The biogeograph-
ical regions express degrees of endemism and are useful indicators of numbers and proportion of
endemic organisms. We rarely use the continental regions in the text, and ichthyologists do not
use them as much as in former times; the Nearctic and Palearctic are frequently combined into
one region, the Holarctic. The thermal divisions of the sea denote tropical (or warm), subtropical,
temperate, and cold (or polar) waters; warm temperate is sometimes used for all or part of the sub-
tropical and warmer parts of the temperate (versus cool temperate) waters. Surface isotherms, used
to define thermal regions, are subject to seasonal and annual changes. Major biogeographic regions
recognized in the oceans include the Indo-West Pacific, tropical western Atlantic, tropical eastern
Atlantic, North Pacific, North Atlantic, and Mediterranean-East Atlantic. Marine oceans share differ-
ent similarities with one another; for example, for many families the tropical eastern Pacific shows a
greater resemblance to the western Atlantic than to the Indo-West Pacific because of the mid-Pacific
barrier and the relatively recent marine connection across the Isthmus of Panama. Information on
the generalized thermal zones is based partly on Briggs (1974) and modified by numerous other
sources. Distribution of the family Cyprinidae, shown by the shaded land area, is based on Berra
(2001) and papers in Winfield and Nelson (1991).
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Various methodological and philosophical approaches are used to explain
the origin of distributional patterns of fishes, including areas of endemism.
Both dispersal and vicariant events are important. Dispersal is regarded
here as the movement, active or passive, of individuals to areas new to the
existing population. Barriers of varying effectiveness may be involved as well
as varying degrees of chance of reaching particular sites. It is of greatest
biogeographic significance if the breeding range of the species is increased.
Vicariance is the fragmentation of a former continuous distribution of the
ancestral group into geographically separated units through the appear-
ance of a barrier—for example, through plate tectonics. Both dispersal
and vicariant approaches are used to explain disjunct distributions (the
occurrence of a taxon in different areas with a marked geographical gap
between them).

Examples of disjunct distributions include the following: occurrence of
Prosopium coulteri in western North America and in Lake Superior; Geotria
australis and Galaxias maculatus in Australia, New Zealand, and South America;
cottids and agonids in cool temperate waters of the Northern and Southern
Hemispheres; characiforms, aplocheiloids, and cichlids in Africa and South
America. Plate tectonics had a profound effect on the distribution of many
freshwater and marine fishes (e.g., it could well explain the occurrence of
characiforms in South America and Africa), but not all disjunct distributions
have a likely plate-tectonic explanation.

Human Impacts

We consider it desirable to maintain the fish diversity that systematists study,
and systematists can play a leading role in protecting this diversity. We rec-
ognize the value of and our dependency upon fishes and other organisms,
but our threats to the integrity of the environment also pose a serious threat
to our fishes. As examples, according to the Great Barrier Reef Marine Park
Authority, rising sea surface temperatures, ocean acidification, and rising sea
level will negatively affect over 1600 species of fishes that live on the reef.
Increased temperatures associated with lower dissolved oxygen levels in estu-
aries are affecting distribution patterns and abundance of Menhaden along
the Atlantic and Gulf Coasts. The reduction of Menhaden, an important food
source for larger fishes such as Bluefin (Pomatomus saltatix) and Bluefin Tuna
(Thunnus thynnus), may likely have devastating effects on these fisheries.
Changing distribution patterns of many species and the extinction of native
fishes has been directly linked to the human intervention. One recent and
familiar example is the inadvertent introduction of the Round Goby (Neogobius
melanostomus) native to central Eurasia, into the Great Lakes system via the
ballast water of commercial tankers. In Lake Michigan, the Round Goby has
outcompeted the native Mottled Sculpin (Cottus bairdi), causing its extirpation.
The sheer mention of the famous Asian carp (actually the collective name for
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four species of carp that were imported in the 1970s to clean catfish ponds
in the southern United States, but which then escaped and headed north)
causes alarm. These carps are spreading widely in North American waterways,
leading to habitat destruction and provoking sometimes unwise and expensive
containment measures. Systematists have unique roles as experts on natural
geographic distributions and as witnesses recording changes in biodiversity,
whether natural or human-induced.



Phylum Chordata

Chordates are part of the superphylum Deuterostomia. The possible
relationships of the chordates and deuterostomes to other metazoans were
discussed by Halanych (2004). He restricted the deuterostomes to the
chordates and their immediate sister group, comprising the hemichordates,
echinoderms, and the wormlike Xenoturbella. Holland et al. (2015) reviewed
the most popular theories about the origin of chordates.

The phylum Chordata has been used by most modern workers to encompass
members of the subphyla Urochordata (tunicates or sea-squirts) , Cephalochor-
data (lancelets), and Craniata (fishes, amphibians, reptiles, birds, and mam-
mals). A fourth, fossil-only subphylum (fConodontophorida, or conodonts)
is also included here, although some authorities place it within the Craniata.
Among extant taxa, the Cephalochordata and Craniata form a monophyletic
group according to most authors (e.g., Cameron et al., 2000; Halanych, 2004)
but some (e.g., Lowe et al., 2015) place Urochordata closest to Craniata.

Many exciting fossil finds in recent years reveal what the first fishes may
have looked like, and these finds push the fossil record of fishes back into
the early Cambrian, farther back than previously known. There is still much
difference of opinion on the phylogenetic position of these new Cambrian
species, and many new discoveries and changes in early fish systematics may
be expected over the next decade. Some of the discoveries and controversies
include the following.

As noted by Halanych (2004), Shu and collaborators have discovered
fossil ascidian urochordates (e.g., TCheungkongella), cephalochordate-like
yunnanozoans (fHaikouella and TYunnanozoon), and possible jawless craniates
(T Myllokunmingia; its possible junior synonym is tHaikouichthys) over the last
two decades, thus pushing the origins of these three major taxa at least back

13



14 Fishes of the World

to the Early Cambrian (approximately 530-540 million years ago). These
Early Cambrian fossils from Yunnan, China, lacked bone, but some of their
soft anatomy was fossilized (Janvier, 1999; Shu et al., 1999).

Concerning {Myllokunmingia and Haikouichthys, Shu et al. (1999) pres-
ented a phylogeny with TMyllokunmingia as sister to the remaining ver-
tebrates and Haikouichthys as sister to a clade with lampreys. Hou et al.
(2002) described details of a new specimen co-occurring with the nominal
T Myllokunmingia fengjiaoa and T Haikouichthys ercaicunensis and concluded that
all are conspecific, favoring use of the oldest name T Myllokunmingia fengjiaoa.
Characters include filamentous gills, V-shaped myomeres, and a distinct dorsal
fin (the latter indicating a more derived condition than in the hagfish). Their
phylogenetic analysis suggested that (the combined) T Myllokunmingia is either
the sister group to the lampreys or the sister group to the vertebrates. However,
not all authorities have agreed about the synonymy. Shu et al. (2003a) con-
tinued to argue that the taxa were distinct, placing T Haikouichthys either in a
trichotomy with hagfishes and all vertebrates (i.e., including possibly as a stem
craniate) or as the sister group to all vertebrates (i.e., in a position similar
to that of T Myllokunmingia).

Concerning the yunnozoans, Shu et al. (2003b) and Shu and Morris
(2003) proposed that the Early Cambrian {Haikouella and TYunnanozoon
are stem-group deuterostomes, and questionably placed them in the
phylum f{Vetulicolia, class fYunnanozoa, family fYunnanozoidae (=
tYunnanozoonidae). However, Mallatt et al. (2003) disagreed, interpret-
ing T Haikouella not as a non-chordate stem-group deuterostome but rather as
a chordate that is the immediate sister group of all craniates. The details of
the relationships of these highly interesting fossils remain to be settled.

Other debates concern extant taxa, including a disagreement about the cor-
rect classification of the hagfishes (Myxiniformes) and the lampreys (Petromy-
zontiformes). This debate is discussed below under subphylum Craniata.

The following tree diagram illustrates the arrangement of the main chordate
taxa adopted here and treated in the pages that follow. The diagram and the

A
o . & 4
5@\ O € S & oo S
258" oS & W oS
\(\0\ NS S 0@* (\6"\ OQ\G &(\Q OQ\
oI wee ® S S

Osteichthyes

Teleostomi

Gnathostomata

Vertebrata
Craniata

Chordata

Phylogeny of the main groups of Chordata. Explanation of symbols: i: taxon is extinct; *: taxon
is paraphyletic according to some authorities.
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following pages include a selection of key fossil groups, each indicated by a
shorter branch and by a dagger preceding its name.

SUBPHYLUM UROCHORDATA (Tunicata: the tunicates)

The tadpole larvae of tunicates possess gill slits, dorsal hollow nerve cord,
notochord, and a muscular, unsegmented tail; the adults are usually sessile
filter feeders and usually lack the preceding features. Feeding is by means of
amucous trap (i.e., endostyle) inside the pharynx as in cephalochordates and
ammocoete larvae.

About 1,600 extant species are known, in three classes. Fossils include
TShankouclavis and possibly T Cheungkongella from the Early Cambrian
Chengjiang biota of China (Shu et al., 2001; Chen et al., 2003). Although
ascidian-like, their relationships to a particular class of Urochordata are
unclear (Chen et al., 2003).

Class ASCIDIACEA (ascidians)

Larvae of ascidians free-swimming, tadpole-like (shortlived and nonfeeding);
adults sessile benthic, solitary or colonial, and without a tail.

Ascidians are marine and distributed worldwide, extending from the
intertidal well into the abyssal-benthic regions of the oceans.

Class THALIACEA (salps)

Larvae and adults of salps transparent, pelagic; adults may be solitary or colo-
nial. They tend to be planktonic but are generally capable of weak movements.
Remarkable life cycles are characteristic of this group, with sexual and asexual
reproductive stages occurring.

Order PYROSOMIDA. Marine, worldwide except the Arctic Ocean. They can
emit a strong phosphorescent light. Colonies tubular with a common atrial
chamber and varying in length from about 3 cm to 1 m.

Order DOLIOLIDA (Cyclomyaria). Marine; primarily tropical to temper-
ate. Generally barrel-shaped with eight or nine muscle bands around the
body.

Order SALPIDA (Hemimyaria). Marine, all oceans. Cylindrical or prism-shaped.

Class APPENDICULARIA (Larvacea)

Pelagic, marine, all oceans from Arctic to Antarctic. Larval characteristics
(such as tail) retained in adult.
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SUBPHYLUM CEPHALOCHORDATA (Acrania, in part)

The notochord of cephalochordates extends to the anterior end of the body,
anterior to the brain. Cranium absent; vertebrae absent; no cartilage or bone;
heart consisting of a contractile vessel; red blood corpuscles absent; liver as a
gut diverticulum; musculature segmented; epidermis as a single layer of cells;
excretion by protonephridia with solenocytes; endostyle specialized (with
iodine-fixing cells); true brain absent, but two pairs of cerebral lobes and
nerves present; sexes separate.

About 30 species. Fossils likely include §Pikaia from the Middle Cambrian
Burgess Shale of Canada, and fCathaymyrus from the Early Cambrian
Chengjiang fossil site in China (Shu et al., 1996; Conway Morris and Caron,
2012; Donoghue and Keating, 2014).

Cephalochordates and craniates share the following attributes (some also
are present in the urochordates): notochord present (at least in embryo),
a dorsal tubular central nervous system, paired lateral gill slits (at least in
embryo), post-anal tail, hepatic portal system, and endostyle (homologous
with the thyroid).

Order AMPHIOXIFORMES (lancelets). The lancelets (or amphioxus) are small
(up to 8 cm long), slender, fishlike animals, probably close to the ancestral
vertebrate lineage. They spend most of their time buried in sand or coarse
shell gravel and occur primarily in shallow-water tropical and subtropical seas
with some species extending into temperate waters as far north as Norway and
as far south as New Zealand; they are particularly common off China. Feeding
occurs by straining minute organisms from the water that is constantly drawn
in through the mouth. A good coverage of lancelets was given in Poss and
Boschung (1996) and other articles in the same issue.

Family BRANCHIOSTOMATIDAE. Marine; Atlantic, Indian, and Pacific.

Double row of gonads; metapleural folds symmetrical, located laterally along
ventral side and ending near the atriopore, neither fold connected with the
median ventral fin.

One genus, Branchiostoma, with about 23 species.

Family EPIGONICHTHYIDAE (Asymmetrontidae). Marine; Atlantic, Indian, and
Pacific.

Gonads present along right side only; metapleural folds symmetrical, right fold
continuous with ventral fin, which passes to the right of the anus, and left fold
ending behind atriopore.

One genus, Epigonichthys (synonyms Asymmetron, Heteropleuron), with about
seven species, occurring primarily in the Indo-West Pacific.



FClass CONODONTA 17

T SUBPHYLUM CONODONTOPHORIDA (conodonts)
tClass CONODONTA

Conodonts were diminutive, eel-like animals with a dental apparatus of many
distinctively shaped, phosphatic, tooth-like structures arranged in an intricate
pattern of paired and unpaired elements. Their lifestyle is often supposed to
have been one of scavenging dead and dying animals, with the dental appa-
ratus being used to tear and slice flesh from carcasses and then process it
for ingestion. The tooth-like elements themselves are often called conodonts,
are usually found as isolated fossils, and can often be identified to the species
level; the diversity, rapid evolution, and wide geographic distribution of con-
odont species has made them useful as biostratigraphic indicators for much of
their Late Cambrian to Late Triassic geologic range. Conodonts were reviewed
by Aldridge and Donoghue (1998), with additional information in Purnell
etal. (2000).

R

Although known in the fossil record for over a century and a half since their ini-
tial discovery by Pander (1856), their phylogenetic position has long been the
subject of debate. Some earlier workers thought that these interesting eel-like
animals might be related to early fishes (and therefore they were included
in the Chordata by Nelson, 1976). It has only been since the early 1990s, with
the discovery of articulated, soft-body fossils, that their chordate affinities were
confirmed; inclusion within Chordata has not been seriously challenged since
then; however, their precise relationships within Chordata are still a matter
of much discussion. For example, Krejsa and Slavkin (1987) argued that they
have a relationship to hagfishes. Nelson (1994) placed conodonts between the
cephalochordates and the craniates, in the subphylum {Conodontophorida,
as done here. Donoghue et al. (2000), among others, placed them within ver-
tebrates or even as stem gnathostomes (“crownward” of both hagfishes and
lampreys); Nelson (2006) followed this approach. However, Kemp (2002) gave
evidence that conodont “teeth” do not contain hard tissues homologous with
bones and teeth of vertebrates, as agreed by Donoghue and Keating (2014).
Recently, Turner et al. (2010) evaluated much old and new evidence and con-
cluded that conodonts were neither vertebrates nor craniates, though this was
disputed by Donoghue and Keating (2014). In the present edition, we follow
Turner et al. (2010), and once again classify conodonts, as in Nelson (1994),
as subphylum fConodontophorida, closely related to but not within the sub-
phylum Craniata.
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SUBPHYLUM CRANIATA

Notochord never extending in front of brain; cranium present; vertebrae
usually present; cartilage or bone or both present; heart chambered; red
blood corpuscles usually present; brain well developed; 10 to 12 pairs of
cranial nerves; dorsal and ventral nerve roots usually united; nephridia
absent; epidermis with several cell layers; endostyle only in larval lampreys
(ammocoetes) and transformed into thyroid tissue in all others; sensory
capsules (e.g., nasal, optic, otic) present; neural crest forms in the embryo
and induces the development of many important tissues and organs. The
neural crest is a vertebrate novelty from which the first vertebrate bony tissues
may have arisen (e.g., probably dermal bones, teeth, anterior neurocranium,
and visceral arches). Maisey (2001a) reviewed the structure and function
of the craniate inner ear and identified 33 apomorphic characters of the
membranous labyrinth and associated structures in craniates, gnathostomes,
and elasmobranchs.

The classification followed here, except for the relationships of conodonts
and TEriptychius, is based on the cladogram and classification of Donoghue
et al. (2000). Their classification was sequenced (each taxon in the sequence
at the same rank being sister to all following taxa at that rank) as follows:
Cephalochordata, Myxinomorphi, Petromyzontomorphi, f{Conodonta,
fPteraspidomorphi (with {Astraspis, TArandaspida, and fHeterostraci
sequenced in that order), tAnaspidomorphi, {Thelodontomorphi (repre-
sented in their study only by {Loganellia), TOsteostracomorphi (including
TOsteostraci, TPituriaspida, and {Galeaspida), and finally a clade of the poorly
known fEriptychius plus gnathostomes. An excellent introduction to the lower
vertebrates known from the fossil record is that of Long (2011).

Although vertebrates or craniates without jaws are often called agnathans,
derived from an earlier taxonomic name Agnatha, meaning “lacking jaws,”
this is no longer considered a valid taxon because the various members rep-
resent separate and successive branches from the vertebrate stem (see ear-
lier phylogeny diagram); thus, agnathans are paraphyletic. However, the term
agnathan is a useful one thatis still often used to refer collectively to these prim-
itive fishes. Similarly, the ostracoderms, formerly used for fossil, armored jaw-
less fishes, are also now agreed to be a paraphyletic assemblage. Forey (1995)
reviewed past theories of character evolution and relationships of agnathans
and gnathostomes.

The (paraphyletic) jawless fishes (agnathans) share the following mostly
primitive features: lack of jaws that are derived from gill arches (a biting
apparatus, not derived from gill arches, is present in some fossil forms and
in hagfishes); one or two (vertical) semicircular canals (one canal but two
ampullae reported in myxiniforms, two canals in petromyzontiforms, at least
two in pteraspidiforms, two and not three in osteostracans) but no agnathan
has been shown to have the third, horizontal canal that is present in all
gnathostomes; vertebral centra never present (only the notochord); gills
covered with endoderm and directed internally; gill arch skeleton fused with
neurocranium, external to gill lamellae; gills opening to surface through
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pores or a single pore rather than through slits; bony exoskeleton present
in most.

The term cyclostome is sometimes used for the living jawless fishes (hag-
fishes and lampreys); this group is considered by most paleontologists and
others using morphological evidence to be paraphyletic (i.e., not a clade).
The corresponding hypothesis, called the “vertebrate hypothesis,” holds that
lampreys are more closely related to gnathostomes than to hagfishes, and is fol-
lowed here. According to this view, hagfishes are craniates but not vertebrates.
Their sister group is the vertebrates, of which the lampreys are the earliest
branch still extant.

However, there is an alternative hypothesis, termed the “cyclostome
hypothesis,” which holds that lampreys and hagfishes are monophyletic
together and sister groups to each other. The latter grouping is an old idea
that was discarded by morphologists as not explaining the morphological
data well, including evidence from fossils, but it is supported by molecular
evidence from Mallatt and Sullivan (1998), Mallatt et al. (2001), Kuraku et al.
(1999), Delarbre et al. (2002), and Takezaki et al. (2003), to name some
early proponents. Under this hypothesis, the many morphological differences
between lampreys and hagfishes evolved after their ancestral lineage split.
Recently, developmental data for hagfishes has been interpreted as support-
ing the cyclostome hypothesis (e.g., Oisi et al. 2013; but see Miyashita and
Coates 2015).

Unfortunately, there are very few fossil representatives for either hagfishes
or lampreys (Janvier and Sansom 2015), and molecular evidence is only
available from extant species. Moreover, available outgroups such as cephalo-
chordates and conodonts do not show homologs of the key debated features
seen in hagfishes, lampreys, and gnathostomes, leaving most morphological
and developmental observations equally consistent with the cyclostome and
paraphyletic hypotheses (Miyashita and Coates 2015). To help resolve this
issue, Meyer and Zardoya (2003) suggested using larger data sets with greater
taxon sampling, but the discovery of more primitive outgroups, or perhaps
intermediate fossils linking two of the three groups would probably help settle
the controversy.

There are about 16 genera and 118 species of extant jawless fishes in
four families, although there are many more orders, families, genera, and
species of fossil agnathans known than of extant agnathans (e.g., Long,
2011). The three major clades of craniates that have living species—hagfishes,
lampreys, and gnathostomes—have a total of about 60,000 species (including
tetrapods).

INFRAPHYLUM MYXINOMORPHI

This taxon is thought to be the sister group of vertebrates and to be the
most primitive known craniate taxon. Extant hagfishes are excluded from the
Vertebrata primarily because they lack arcualia (embryonic or rudimentary
vertebral elements).
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Class MYXINI

Order MYXINIFORMES (Hyperotreti) (1)—hagfishes. One semicircular canal (and
one macula); single olfactory capsule with few folds in sensory epithelium,
and olfactory nerves with separate bundles; no bone; lens and extrinsic eye
muscles absent; 1-16 pairs of external gill openings; adenohypophysis with
undifferentiated cellular elements, not divided into distinct regions (unlike
in vertebrates); hypoglossal nerve absent (represented by separate, segmen-
tally arranged, anterior spinal nerves); body naked, eel-like; no paired fins; no
trace of lateral-line system in adults, neuromasts absent.

Hagfishes are unique among craniates in having only one semicircular
canal, which is orientated so that it projects onto all three planes of rotation
(lampreys and fossil agnathans, where known, have two and gnathostomes
have three) (Jgrgensen, 1998; McVean, 1998).

One family with 78 species. The three subfamilies recognized here are based
on Fernholm et al. (2013). A probable fossil hagfish, {Myxinikela siroka, of
Pennsylvanian age (about 300,000,000 years ago), described in 1991, is known
from a single specimen from Illinois (Bardack, 1998). Janvier (1996) specu-
lated that the fossil T Gilpichthys, of Mississippian age, might have affinities with
the myxiniforms (see also later under TMayomyzontidae).

Family MYXINIDAE (1)—hagfishes. Marine, temperate zones of the world (and Gulfs
of Mexico and Panama).

Dorsal fin absent (caudal fin extends onto part of dorsal surface); eyes
degenerate; barbels present around biting mouth; teeth only on tongue, plus
one on “palate”; dorsal and ventral nerve roots united; nasohypophyseal sac
not blind, opening into pharynx; no spiral valve or cilia in intestinal tract;
numerous mucous pores along body (shown in sketch); no cerebellum;
ovaries and testes in same individual but only one gonad functional; eggs
large, yolky, up to 30 per individual; no metamorphosis; low blood pressure.
In stating that their eyes are degenerate, it is assumed that hagfishes evolved
from an ancestor with eyes, and this is supported by the possible hagfish
fossil T Myxinikela, which is thought to have had relatively well-developed eyes
(Bardack, 1998). There is some variation in the structure of their eyes. In Epta-
tretus, generally in shallower water than Myxine, the eye has a vitreous body and
well-differentiated retina and lies beneath unpigmented skin (presumably the
more primitive state), whereas the deepwater Myxine glutinosa lacks a vitreous
body, has a poorly differentiated retina, and is buried beneath muscle (Locket
and Jgrgensen, 1998). The external nasohypophyseal opening is terminal,
and it is through this opening that respiratory water passes backward to the
gills (unlike lampreys).
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Hagfishes are scavenger feeders, emerging from burrows and mostly eating
the insides of dying or dead invertebrates and vertebrates. They are the only
craniate in which the body fluids are isosmotic with seawater. The mucous
pores occur in two ventrolateral lines, each with about 70-200 slime glands
that contain mucous cells and thread cells. The thread from the discharged
thread cell of hagfishes probably gives tensile strength to the slime. The thread
cell itself is not known from any other animals. The secreted slime may be
important for defense, where it may clog the gills of other fishes and cause
suffocation. Hagfishes can go through knotting movements to free themselves
from entanglement, escape capture, or tear off food. Extensive information on
hagfishes is found in Jgrgensen et al. (1998). Maximum length is up to about
1.1 m, attained in Eptatretus carlhubbsi.

Six genera with about 78 species. The following classification is based on
Fernholm et al. (2013).

SUBFAMILY RUBICUNDINAE. Elongated tubular nostril; reddish or pinkish body
color.

One genus, Rubicundus with up to four species. This recently named sub-
family is thought to be the sister group of other hagfishes (Fernholm et al.,
2013).

SUBFAMILY EPTATRETINAE. Efferent branchial ducts open separately to the
exterior with 5-16 external gill openings.

One genus (Fernhom and Quattrini 2008; Fernholm et al., 2013), Eptatretus
(synonyms Bdellostoma and Polistotrema, Paramyxine, and Quadratus) with about
51 species (McMillan, 1999; McMillan and Wisner, 2004). Fernholm (1998)
treated Paramyxine (with species from Japan and Taiwan) as a synonym of
Eptatretus; however, it continued to be recognized by workers such as Mok
(2001) and Mok et al. (2001). Quadratus had been established for species
of Paramyxine with nonlinear and crowded gill apertures by Wisner (1999),
who recognized it in its own subfamily, Quadratinae. Wisner (1999) also
placed Paramyxine (with gill apertures linear or near linear) in its own
subfamily, Paramyxininae. The two new subfamilies were distinguished from
the Eptatretinae by having the first efferent branchial duct much longer
than the last (versus all being about equal in length). However, Fernholm
(1998) regarded Paramyxine as synonymous with Eptatretus. A recent molecular
phylogeny and revised taxonomy by Fernholm et al. (2013) separated the
subfamily Rubicundinae from the Eptatretinae and confirmed the four
generic synonymies listed above with Eptatretus. Additional new species were
described recently by Mincarone (2000), Mincarone and McCosker (2004),
Mok et al. (2001), Mincarone and Stewart (2006), and by Fernholm and
Quattrini (2008). Oisi et al. (2015) studied the adult form and development
of homologs of the hypobranchial muscles and their innervation.

SUBFAMILY MYXININAE. Efferent branchial ducts opening by a common
external aperture on each side (i.e., only one pair of branchial openings).
The pharyngocutaneous duct, which exits the pharynx behind the gills,
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is present only on the left side and probably functions to permit the pharynx
to be flushed, thus clearing particles too large for the afferent branchial ducts.
Four genera and about 27 species.

Mpyxine. Anal fin ending posterior to branchial aperture; 5 to 7 pairs of gill
pouches. Atlantic and Pacific; about 22 species. Wisner and McMillan (1995)
and Fernholm (1998) recognized 19 species. Myxine limnosa is not recognized
here for reasons given in Nelson et al. (2004). New species have been named
recently by Mincarone (2001a), Mok and Kuo (2001), Mok (2002), and Mgller
etal. (2005).

Notomyxine tridentiger. The pharyngocutaneous duct opens separately to
the exterior, leaving two apertures on the left side instead of one as in all
other Myxininae (in which it opens into the left common branchial aperture).
Buenos Aires to Tierra del Fuego.

Neomyxine biniplicata. A pair of short ventrolateral finfolds behind the
branchial region (lateral finfolds are absent in other hagfishes). Cook Strait,
New Zealand.

Nemamyxine. Anal fin extending anterior to branchial apertures. Two
species, one from New Zealand and the other from southern Brazil, Uruguay,
and northern Argentina (Mincarone, 2001b).

INFRAPHYLUM VERTEBRATA (vertebrates)

The following taxa, placed within six superclasses, are recognized here in
the Vertebrata following Donoghue et al. (2000). This monophyletic group
contains members possessing or inferred to be derived from ancestors with
features such as a dermal skeleton and embryonic neural crest.

Many of the earliest vertebrate remains are known from isolated microfossils
(microvertebrates, ichthyoliths) such as scales and teeth. Their use in pro-
viding information on such things as evolutionary origin, geologic age, and
geographic distribution of taxa and for providing phylogenetic characters were
reviewed by Turner (2004), particularly for microfossils of thelodonts, chon-
drichthyans, and acanthodians. Such microfossils can usually very precisely
be identified to order, family, genus, and species, and their positions on the
body can often be reconstructed with confidence, but it can be challenging to
allocate them to the correct higher taxonomic groups.

‘tAnatolepis heintzi. known from the Late Cambrian to Early Ordovician
in Spitsbergen and Greenland, was originally described as heterostracan
agnathan, but its placement as a vertebrate was later questioned. Smith and
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Sansom (1995), however, showed that dentine is present in the tubercles, and
itis placed in the Vertebrata, although in an uncertain position.

SUPERCLASS PETROMYZONTOMORPHI

Class PETROMYZONTIDA

Order PETROMYZONTIFORMES (Hyperoartii) (2)—lampreys. Two semicircular
canals; seven pairs of external lateral gill openings; eyes well developed in
adult, lateral (except in Mordacia); single median nostril (nasohypophyseal)
opening between eyes with pineal eye behind; body naked, eel-like; no bone;
no paired fins; one or two dorsal fins present; tail diphycercal (isocercal)
in adults, hypocercal in ammocoete larvae; barbels absent; teeth on oral
disc and tongue (except in fossil form); dorsal and ventral nerve roots
separated; nasohypophyseal sac with external opening only; spiral valve and
cilia in intestinal tract; small cerebellum; sexes separate; eggs small, not
yolky, occurring in the hundreds (Mordacia praecox) to thousands; larval stage
(ammocoete) undergoes radical metamorphosis in freshwater. All lampreys
die shortly after spawning.

Lampreys are either parasitic or nonparasitic, and both life-history types
characterize individuals of closely related species. It is believed that non-
parasitic species have been independently derived from a parasitic species.
The parasitic phase, after metamorphosis from the ammocoete larvae but
before reproducing, goes through a period of feeding on blood from other
fishes (very rarely on other animals) by rasping through their skin. The non-
parasitic phase reproduces, without feeding, after metamorphosis. It is always
confined to fresh water, whereas the parasitic form may be freshwater or
anadromous. No parasitic freshwater lampreys are known from the Southern
Hemisphere. Maximum length of larvae about 22 c¢cm and parasitic adult
about 1.2 m.

The sister group of the petromyzontiforms was previously thought to be,
by different authorities, myxinids (see preceding discussion), T Jamoytius ker-
woodi, or anaspidiforms. They were placed in the Class Cephalaspidomorphi
in Nelson (1994). Their sister group is now postulated to be the large clade of
all other vertebrates, following Donoghue et al. (2000).

The phylogenetic study of Gill et al. (2003) found a trichotomy among
the monophyletic Northern Hemisphere family Petromyzontidae and the
two Southern Hemisphere families Geotriidae and Mordaciidae, and recom-
mended that all three be treated as separate families. This recommendation
is followed here. In the previous edition, all four lineages were recognized as
subfamilies within the one family, Petromyzontidae.

There are 10 genera with 40 extant species (Renaud, 1997, 2011; Gill et al.,
2003; Kullander and Fernholm, 2003). The order was recently reviewed by
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Renaud (2011), who recognized 40 species in three extant families. Three
additional species have since been described. One family is known only from
fossils. About 29 species are confined to fresh water, and 18 feed parasitically
as adults.

FFamily MAYOMYZONTIDAE. Pennsylvanian. Teeth absent. The only species assigned
to this family, tMayomyzon pieckoensis, described in 1968, is known from lllinois from
the same geological horizon as the fossil hagfish *Myxinikela (Bardack, 1998). The spec-
imens are all small in size but have adult characteristics. They are known from marine
beds but need not have been marine themselves. Their known character states were
compared to other lampreys in Gill et al. (2003).

A second species of fossil lamprey, T Hardistiella montanensis, from the Mississip-
pian Period (about 320,000,000 years ago) in Montana, is of uncertain rela-
tionship to T Mayomyzon. This species retains a distinct hypocercal tail, has rays
in the anal fin, and appears to lack an oral sucker. The number of gill open-
ings cannot be determined. Other fossil agnathans include {Gilpichthys and
T Pipiscius, but Bardack (1998) argued that they cannot be placed with any
known family lineage.

Family PETROMYZONTIDAE (2)—northern lampreys. Anadromous and freshwater;
cool zones of the Northern Hemisphere, generally north of 30°N.

Three or four lateral circumoral teeth on each side of oral aperture (five or
more in other lampreys); dorsal fins continuous or contiguous in mature adults
(separate in other lampreys); small or no gular pouch in adult males; cloaca
located under anterior half of second dorsal fin or anterior half of posterior
lobe of the single dorsal fin in adults (Gill et al., 2003).

The following recognition of subfamilies is based on the cladogram of Gill
etal. (2003). The subgenera recognized in Lampelraby Nelson (1994), with the
exception of Okkelbergia, are recognized as genera following Renaud (1997,
2011) and Gill et al. (2003). The numbers of species follow Renaud (1997,
2011).

Eight genera with 42 species.

SUBFAMILY PETROMYZONTINAE. Median velar tentacles absent (one or two in
other lampreys). Two genera with seven species as follows.

Ichthyomyzon. Freshwater; eastern North America; three pairs of species
(i.e., six species), each pair with an ancestral parasitic species and a
nonparasitic derivative.

Petromyzon marinus. Anadromous (landlocked in Great Lakes region);
Atlantic drainages of Canada, United States, Iceland, and Europe (including
the Mediterranean); parasitic.
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SUBFAMILY LAMPETRINAE. Tuberculated or papillose velar tentacles in most
(smooth in other lampreys); 60 to 70 trunk myomeres in most (usually fewer
than 60 or more than 70 in other lampreys).

Six genera as follows. According to the cladogram of Gill et al. (2003),
Caspiomyzon is sister to the other five genera and Tetrapleurodon is sister to a
clade comprising the remaining four genera, in which several nominal species
exist that are of uncertain status and are not recognized here; these could be
recognized in three sequenced tribes.

Caspiomyzon wagneri. Caspian Sea basin; probably parasitic.

Tetrapleurodon. Freshwater; Rio Lerma system of southern Mexico; nonpar-
asitic and parasitic; two species, 1. geminis and 1. spadiceus.

Entosphenus. Anadromous and freshwater; coastal regions of North Pacific
in North America and Asia; parasitic and nonparasitic; seven species.

Eudontomyzon. Freshwater; Black Sea drainage (primarily Danube basin),
China, and Korea; parasitic and nonparasitic, five species.

Lampetra. Anadromous and freshwater; coastal regions of Europe and
North America; parasitic and nonparasitic; ten species (this includes the non-
parasitic L. aepyptera, southeastern United States, recognized in the subgenus
Okkelbergia in Nelson (1994).

Lethenteron. Anadromous and freshwater; circumarctic drainage basins,
western Pacific coast south to Japan, coastal regions of western Alaska, eastern
North America, and Adriatic Sea basin; parasitic and nonparasitic; seven
species.

Family GEOTRIIDAE (3)—southern lampreys. Anadromous; Southern Hemisphere,
southern Australia, Tasmania, New Zealand, Chile, Argentina, and the Falkland and
South Georgia islands.

Teeth on oral disc are spatulate-shaped (pointed or rounded in other lam-
preys); supraoral lamina (= supraoral plate) with two large centrally located
teeth flanked by two lateral flanges; transverse lingual lamina strongly trident,
bident at maturity; velar tentacles 23-32; the two median velar tentacles are
fused for at least a third of their length; two of the oral papillae are enlarged;
presence of two types of cone and one rod in the retina; two simple divertic-
ula in midgut of ammocoetes; caudal and second dorsal fins well separated
in the immature (continuous or contiguous in other lampreys); dorsal fins
separate from each other in mature adults; approximately 180 mainly acro-
centric chromosomes; prominent longitudinal dorsolateral blue-green stripe
on cither side of adult body during the marine phase and early part of the
upstream migration (Gill et al., 2003). Parasitic.

One species, Geotria australis (e.g., Hubbs and Potter, 1971; Kullander and
Fernholm, 2003).
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Family MORDACIIDAE (4)—southern topeyed lampreys. Anadromous and freshwater;
Southern Hemisphere, southeastern Australia, Tasmania, and southern Chile.

Velar tentacles fewer than 5; dorsal fins separate from each other in mature
adults; two discrete supraoral laminae (= supraoral plate); transverse lingual
lamina with enlarged median cusp flanked by small cusps and a larger subter-
minal cusp; lateral circumorbitals elongated, extending throughout much of
the lateral field of the oral disc; no fimbriae around oral disc; oral papillae
absent in the apical region of the oral disc; eyes dorsolateral in immature and
dorsal in mature adults (lateral to dorsolateral in other lampreys); retina with a
large rod photoreceptor and no cone receptor; cloaca located under posterior
half of second dorsal fin; 76 metacentric and submetacentric chromosomes;
ammocoetes with single intestinal diverticulum in which the internal walls are
folded (Gill et al., 2003). Parasitic and nonparasitic.

One genus, Mordacia, with three species (e.g., Hubbs and Potter, 1971;
Kullander and Fernholm, 2003).

THE FOLLOWING FOUR SUPERCLASSES, the so-called ostracoderms (fjPteraspi-
domorphi, fAnaspidomorphi, fThelodontomorphi, and tOsteostracomorphi)
represent clades of craniates with bony dermal armor or scale covering; their
status as monophyletic groups is generally agreed, but the precise sequence of
their branching is still in doubt; some authorities (e.g., Donoghue et al., 2000)
have placed {Pteraspidomorphi as the first branch, while others (e.g., Janvier,
2015) have placed fAnaspidomorphi as first in the sequence. All four are
known only from the Devonian and earlier periods. Among the gnathostome
(jawed vertebrate) features that appear in one or more of these clades
are paired (pectoral and pelvic) fins. Coates (2003) discussed the possible
evolutionary origin of paired fins, and reevaluated classic theories of limb
evolution, including Gegenbaur’s transformational hypothesis of gill arches
to limb girdles and the more widely accepted lateral fin-fold theory credited
to both Balfour (1876) and Thacher (1876). Wilson et al. (2007) reviewed the
occurrence and morphology of paired fins in various agnathans and primitive
gnathostomes, concluding that homologous but sometimes rudimentary
precursors of both pectoral and pelvic fins of gnathostomes occurred in
tAnaspidomorphi, fThelodontomorphi, and fOsteostracomorphi. Paired
fins are unknown in the {Pteraspidomorphi.

FTSUPERCLASS PTERASPIDOMORPHI
FClass PTERASPIDOMORPHA (Diplorhina)

Shield made of a large dorsal and ventral median plates; oak leaf-shaped
tubercles on dermal bone; true bone cells absent (the acellular nature of the
bone may be a primitive rather than a secondary condition, unlike “acellular”
bone in higher fishes, which is derived from cellular bone); at least two
semicircular canals.
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Monophyly of this group was recognized by Blieck et al. (1991) and Gagnier
(1993). This has been supported by Janvier (1996) and Donoghue et al.
(2000), but they express differing views on the sister-group relations of
the Astraspida, Arandaspida, and Heterostraci, here ranked as subclasses.
The cladistic results of Donoghue et al. (2000), in finding TAstraspis to be
sister to the Arandaspida and Heterostraci, are followed here.

As with many fossil groups, especially the agnathans, it must be remem-
bered that many character states are poorly known or only inferred (e.g., see
descriptions in Janvier, 1996).

TSubclass ASTRASPIDA

Thick, glassy enameloid caps on the tubercles of the ornamentation; eyes small
and laterally placed; gill openings at least eight, relatively large and with no
cover; paired fins absent (Janvier, 1996).

tOrder ASTRASPIDIFORMES. Marine, North America and Siberia, Late
Ordovician to Early Silurian, jawless vertebrates, comprising at least {Astraspis
(including TPycnaspis). The poorly known Ordovician {Eriptychius (placed
in the Eriptychiida) (e.g., Gagnier, 1993; Janvier, 1996) is placed here by
some; however, Donoghue et al. (2000) raised the possibility, despite incom-
plete information, that it may be the sister group to the jawed vertebrates
(gnathostomes).

tSubclass ARANDASPIDA

Eyes in extreme anterior position, facing anteriorly at front of head; paired
depressions on top of head interpreted as paired pineal and parapineal organs
(if so, the only vertebrate with this condition); at least 10 external branchial
openings present (with individual bony covers); paired fins absent (Janvier,
1996).

tOrder ARANDASPIDIFORMES. Ordovician, marine, so far known from the
Southern Hemisphere (Australia and South America).

This group contains perhaps four genera as follows: (i) from South America,
TSacabambaspis and possibly TAndinaspis, and (ii) from the Northern Terri-
tories, Australia, TArandaspis and possibly {Porophoraspis (e.g., Ritchie and
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Gilbert-Tomlinson, 1977; Gagnier, 1993, 1995; Sansom et al., 2005; Pradel
etal., 2007).

tSubclass HETEROSTRACI

Pair of external lateral gill openings, emptying from several gill pouches;
exoskeleton consisting of head covered in dermal armor consisting of plates of
dentine and aspidine, generally with a honeycomb-like structure, covering the
branchiocephalic region and body with large scales covering the trunk and
tail; eyes lateral, extremely small; sclerotic ring absent; movable paired fins
absent; anal fin absent; tail internally hypocercal, externally often symmetrical;
perhaps two olfactory capsules (diplorhinal condition) with only an internal
opening into the mouth area. Species with interlocking tesserae in the dermal
armor are known as the tessellated pteraspidiforms or heterostracans. Keating
et al. (2015) made a detailed, comparative histological study of the dermal
skeleton of heterostracans. Maximum length is 1.5 m, usually much smaller.
Pteraspidiforms are well known from the Early Silurian to the Late Devonian.

Taxa of uncertain affinities, of which some are not definitely known to be
heterostracans, include the following (names with endings from Janvier, 1996):

TCARDIPELTIDA (e.g., T Cardipeltis).

FCORVASPIDIDA (e.g., T Corvaspis).

LEPIDASPIDIDA (e.g., T Lepidaspis).

FTESSERASPIDIDA  (e.g., T Tesseraspis).

TTRAQUAIRASPIDIFORMES  (e.g., T Phialaspis, TToombsaspis, and T Traquairaspis).

FTOLYPELEPIDIDA (e.g., T Athenaegis and T Tolypelepis).

Some of these are known as “tessellate heterostracans,” known only
from fragments and indeed not necessarily heterostracans. Other possible
heterostracans include Aserotaspis and T Astraspis.

Karatajute-Talimaa and Smith (2004) established a new order of tesselate
pteraspidomorph agnathans, the Tesakoviaspidida, with one family, the
jTesakoviaspididae for the Early Silurian {Tesakoviaspis concentrica of unique
histology (but most closely related to that of the TMongolepidida). Its affinity
with such groups as the astraspids is unknown.

tOrder CYATHASPIDIFORMES. Ornamentation of longitudinal, dentine ridges
(separated by grooves lacking dentine); dorsal shield a single plate. Two major
clades are recognized by Janvier (1996), given here as families.

tFamily AMPHIASPIDIDAE (e.g., with the genera tEglonaspis, 1Kureykaspis, and
tProsarctaspis).
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tFamily CYATHASPIDIDAE (e.g., with the genera fAnglaspis, tDinaspidella,
tlrregulareaspis, tNahanniaspis, fPoraspis, and +Torpedaspis). tNahanniaspis was
regarded as the sister group of the tCyathaspididae by Janvier (1996). The pattern
of skeletal growth is known for both {Dinaspidella and tNahanniaspis and was very
similar; small dorsal and ventral shields and midline scales formed first, then grew
outwards to meet laterally (Greeniaus and Wilson, 2003).

FOrder PTERASPIDIFORMES. Dorsal shield composed of several plates, orna-
mented, except in psammosteids, with concentric dentine ridges, and usually
able to grow radially. Five major taxa are given in Janvier (1996), given family
rank here, as follows.

FFamily ANCHIPTERASPIDIDAE (e.g., TRhachiaspis and 1 Ulutitaspis).

‘Family PROTASPIDIDAE (e.g., TCyrtaspidichthys).

‘Family PROTOPTERASPIDIDAE (e.g., TProtopteraspis).

‘Family PSAMMOSTEIDAE (e.g., tDrepanaspis, tPsammolepis, and tPycnosteus).

FFamily PTERASPIDIDAE (e.g., tErrivaspis, +tPteraspis, tRhinopteraspis, and
tUnarkaspis).

FSUPERCLASS ANASPIDOMORPHI

tClass ANASPIDA

tOrder ANASPIDIFORMES (Birkeniae, Birkeniida). Six to 15 or more pairs of
external lateral gill openings; branchial region posteriorly placed with first gill
pouch well behind eye (as in lampreys); eyes large and lateral; tail hypocercal
with large epichordal lobe (perhaps in part or entirely corresponding to the
posterior dorsal fin); anterior dorsal fin absent, but a series of dorsomedian
scutes present; unique pectoral spines or rods present; anal fin reduced
or absent; body usually covered with dorsoventrally elongated ornamented
scales (which are virtually absent in fLasanius); body fusiform and somewhat
compressed; mouth terminal; complex dermal head armor present in some;
bone cells absent. Maximum length about 15 cm. Silurian (primarily Late
Silurian, although some Late Devonian taxa, e.g., TEndeiolepis of Quebec, may
be anaspidiform), predominantly freshwater.
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Genera include fBirkenia, T Lasanius, TPharyngolepis, and T Rhyncholepis (e.g.,
Arsenault and Janvier, 1991; Janvier, 1996). 1Jamoytius and {Euphanerops are
regarded as sister taxa to the TAnaspida (Donoghue et al., 2000).

TSUPERCLASS THELODONTOMORPHI

tClass THELODONTI

Thelodonts are known primarily from isolated micromeric scales, impor-
tant for stratigraphic correlations (e.g., Soehn et al., 2001; Turner, 2004;
Zigaite, 2013; and discussion above under “VERTEBRATES”), although
many near-complete body fossils are known. Most thelodonts have a
depressed body form, with horizontal mouth, asymmetrical tails, one dorsal
fin and paired pectoral fin flaps, but species of fFurcacaudiformes are
compressed, have near circular mouths, and have a nearly symmetrical
tail. Late Ordovician to Late Devonian (Turner, 1992). Ordovician genera
include tSandivia (Karatajute-Talimaa, 1997) and Stroinolepis (Mérss and
Karatajute-Talimaa, 2002).

There are questions on the monophyly of thelodonts and their interre-
lationships. For example, Wilson and Caldwell (1998) placed thelodonts
(less the fFurcacaudiformes) in a polytomy with gnathostomes, and the
jFurcacaudiformes were regarded as a sister group to all. Turner (1991) and
others suggested that thelodonts and gnathostomes are closely related. Both
taxa share features such as lateral line continuing on body, lining of buccal
cavity, pharynx and branchial skeleton with denticles and complex platelets;
and Marss and Ritchie (1998) noted that {Shielia taiti and TLanarkia species
have pelvic fin flaps and epicercal tails, respectively, two additional gnathos-
tome characters. Donoghue and Smith (2001) found f{7Turinia pagei and the
fGaleaspida to be sister taxa, and the sister group to the {Osteostraci plus
jawed vertebrates. In their phylogenetic analysis, Donoghue and Smith (2001)
also regarded the thelodonts with a depressed body as a monophyletic group,
of which {Turinia pagei was the least derived member. The furcacaudiforms
were resolved as an unnatural group, one taxon being the sister taxon to the
“conventional” thelodont clade, and the other, the sister taxon to this clade
plus galeaspids, osteostracans, and jawed vertebrates. However, Donoghue
and Smith (2001) had few relevant characters and few species in their anal-
ysis, whereas Wilson and Marss (2004, 2009) studied all relevant thelodont
genera and found that the 7Thelodonti as a whole and the thelodont clade
fFurcacaudiformes (and others) are monophyletic. The definitive work on
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thelodonts in recent years is the Handbook of Paleoichthyology volume by Marss,
Turner, and Karatajute-Talimaa (2007).

We here follow Donoghue et al. (2000) on the higher classification of crani-
ates and thus place the thelodonts as sister to TOsteostracomorphi + Gnathos-
tomata, recognizing that their position is somewhat uncertain, as those authors
only used one thelodont taxon, TLoganellia, in their analysis. The classifica-
tion below is also provisional and follows, as does the orthography, Wilson and
Marss (2009).

tOrder ARCHIPELEPIDIFORMES. These are primitive, Silurian thelodonts
that somewhat resemble heterostracans, though they lack the solid, bony
head shields of the latter; they also lack derived features of other thelodont
clades. Two families, fArchipelepididae (fArchipelepis) and fBoothialepididae
(T Boothialepis).

tOrder FURCACAUDIFORMES (fork-tailed thelodonts). Body compressed, eyes
lateral and large, branchial openings in an oblique row; stomach present
(barrel-shaped); dorsal and ventrolateral fin flaps present in some; caudal fin
with large dorsal and ventral lobes and scale-covered, tapered fin supports.
The lateral line branches to both lobes of the tail.

Wilson and Caldwell (1993) discovered a group of thelodonts in northwest-
ern Canada that had compressed bodies and large, fork-like tails, rather than
the depressed bodies common in other thelodonts. They named two families:
the Silurian fPezopallichthyidae (fPezopallichthys) and the Early Devonian
tFurcacaudidae (fCanonia, TFurcacauda, TCometicercus, and TSphenonectris).
According to Wilson and Marss (2009), the group could include as many
as five other families (seven in all): fNikoliviidae (e.g., TChatlertonodus,
T Nikolivia), TLanarkiidae (e.g., TLanarkia, TPhillipsilepis), TDrepanolepididae
(e.g., TDrepanolepis), tBarlowodidae (e.g., tBarlowodus, TSophialepis), and
tApalolepididae (e.g., TApalolepis) (Wilson and Caldwell, 1998; Mirss et al.,
2002, 2007, 2009; Wilson and Marss, 2004, 2009). Marss and Ritchie (1998)
suggested that T Lanarkia horrida had an epicercal, heterocercal tail, and that
its tail fins had scale-covered ray-like supports (as with fork-tailed thelodonts).

tOrder THELODONTIFORMES (= ftCoelolepidiformes). This group contains
most of the thelodonts with depressed (somewhat ray-like) body form.
Well-preserved examples are known from Scotland and Estonia.
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Perhaps ten families: fTuriniidae (e.g., T7Turinia), tCoelolepidae (e.g.,
T Thelodus), tKatoporodidae (fGoniporus, TKatoporodus, Overia, and
T Zuegelepis), tLoganelliidae (e.g., TLoganellia, 7 Stroinolepis), fLongodidae
(e.g., TLongodus), tHelenolepididae (e.g., tHelenolepis), TPhlebolepididae
(e.g., TErepsilepis, TPhlebolepis), tShieliidae (e.g., TTrimerolepis, TEestilepis,
1 Valiukia, TParalogania, and fShielia), tEestilepididae (e.g., fEestilepis, and
fTalivaliidae (T Glacialepis and T Talivalia).

tTurinia had a near-global distribution if its entire temporal range is con-
sidered (Jiang, 1992). The internal anatomy of f Turinia pagei, with eight pairs
of gills and a stomach, is especially well known (Donoghue and Smith, 2001).
TShielia taiti has ventral abdominal paired fin flaps that are interpreted as pelvic
fins, in addition to its more anterior pectoral paired fins (Marss and Ritchie,
1998; Wilson et al., 2007).

TSUPERCLASS OSTEOSTRACOMORPHI

The Osteostracomorphi (comprising the cephalaspidiforms or osteostracans,
the galeaspidiforms, and provisionally the less well-known pituriaspidiforms)
are now considered to be the sister group to the jawed vertebrates (gnathos-
tomes) by many researchers. Janvier (2001), in finding that ostracoderms
in general are more closely related to gnathostomes than to either hag-
fishes or lampreys, and that cephalaspidiforms and galeaspidiforms are
the closest well-known relatives of the gnathostomes, reconstructed the
characters of hypothetical ancestors of various clades. Although they are
regarded as the closest relatives of gnathostomes, there is no convincing
evidence of gnathostome-like gill arches in osteostracomorphs. More system-
atic work is also required before a consensus is reached concerning which
if any gill arch is homologous with gnathostome jaws and which agnathan
clade shared the most recent common ancestry with the jawed vertebrates.
Cephalaspidomorphs are the only non-gnathostome clade with an undoubt-
edly heterocercal (epicercal: upwardly turned) axis in the tail, like that of
gnathostomes.

Osteostracomorphi present interesting biogeographic patterns (e.g.,
Sansom (2009): fCephalaspidiformes are known from western Asia, Europe,
Arctic islands, and North America; fGaleaspidiformes are known from
southeastern China and Vietnam; fPituriaspidiformes are known so far only
from Australia. It thus appears that the closest known relatives of the Gnathos-
tomata (which are the vast majority of vertebrates) became isolated in at least
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three different regions of the Paleozoic world and radiated independently in
those regions.

tClass CEPHALASPIDOMORPHI (Monorhina)

Only two semicircular canals; some bony regions in cephalaspidiforms may
have true bone cells; single dorsomedian nostril (nasohypophyseal) opening
between eyes but divided internally, with median pineal eye behind, exceptin
galeaspidiforms.

7Order CEPHALASPIDIFORMES (Osteostraci). Dorsal and lateral areas of
cephalic shield with depressed areas in exoskeleton and canals connecting
them to the otic region (this may have been a sensory organ, perhaps
detecting sound waves or electric fields); usually 10 pairs of gill chambers and
10 pairs of external ventral gill openings; branchial region anteriorly placed
(first gill opening at least level with eye); long rostral process present in some
(e.g., TBoreaspis); eyes dorsal, closely spaced; sclerotic ring present; endolym-
phatic ducts and sand-sized granular filling present in otic region; head with
complex, ornamented, polygonal interlocking plates capable of independent
growth, becoming fused in many; mouth ventral; head depressed anteriorly,
triangular posteriorly; body triangular in cross section and flattened ventrally;
scales of body ornamented and dorsoventrally elongated; anal fin absent;
pectoral fins, probably homologous to gnathostome pectoral fins, known in
most (e.g., the basal TAteleaspis, TSuperciliaspis, T Waengsjoeaspis) but absent in
tremataspids; tail heterocercal, epicercal (notochordal axis upwardly bent),
with small, ventral, horizontal paired extensions. Maximum length about
60 cm, though most are much smaller. Late Silurian to Late Devonian,
freshwater or marine, of western Asia, Europe, and North America. These
are the best known of the fossil agnathans because of excellent external and
internal skeletal preservation. This group is usually known as the Osteostraci
and sometimes as cephalaspids by paleontologists.

Hawthorn et al. (2008) learned from a growth series of the cornuate
species TSuperciliaspis gabrielsei that individual elements (head tesserae, body
scales) of the exoskeleton could grow in a variety of ways and fuse together
to form larger units. Sahney and Wilson (2001) studied granular labyrinth
infillings in such osteostracans as T Waengsjoeaspis and TSuperciliaspis, as well
as in early gnathostomes. They suggested that the endolymphatic pore
openings in osteostracans functioned in a way similar to that in many living
chondrichthyans: exogenous sand-sized grains enter the labyrinth of the
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inner ear through the endolymphatic pores and thus contribute to the mass
of exogenous and internally made grains that stimulate the sensory macula.
These sand-like grains are functional precursors to the internally made
otoliths (ear stones) of higher ray-finned fishes.

Sansom (2009) presented a revised phylogeny and a morphological
character analysis, building on the work of Janvier (1985). Taxa are rec-
ognized as non-cornuate (e.g., TAteleaspis, THirella, and THemicyclaspis)
when they lack posterolateral, extended points on their head armor. Those
with cornua are part of a large, monophyletic clade, the fCornuata, with
at least nine families: fBenneviaspidae, fCephalaspidae, fDartmuthiidae,
fKiaeraspidae, fSclerodidae (=fSclerodontidae), f{Superciliaspididae,
iThyestiidae, fTremataspidae, and fZenaspidae (e.g., Berg, 1940; Janvier,
1985, 1996; Sansom, 2009; Scott and Wilson, 2015). Afanassieva (1995)
discussed the taxonomy of the T Tremataspislike forms and recognized five sub-
orders. Marss et al. (2015) found that even small fragments of dermal armor
can be identified to genus and species because of distinctive characteristics of
their ornament and histology.

FOrder GALEASPIDIFORMES. The cephalic shield, though variable in shape,
resembles that of the cephalaspidiforms. Instead of having a minute dorsal
nasohypophyseal opening like that of cephalaspidiforms, galeaspidiforms have
alarge median dorsal opening in front of the eyes that connects with the paired
nasal cavities and with the pharynx. The function of this unusual structure
remains poorly understood. Galeaspidiforms possessed up to 45 pairs of gill
compartments, the greatest number among vertebrates (Janvier, 2004); they
possessed acellular perichondral bone associated with globular calcified carti-
lage (Zhu and Janvier, 1998), lacked a dorsal and paired fins, and may have
had a hypocercal tail. Early Silurian ({Komoceraspis) to Late Devonian of China
and northern Vietnam (Jiang, 1992).

Wang (1991, 1995) reviewed a number of taxa. Jiang (1992) recognized
10 families during a revision of the group. Many genera have been described
(e.g., TDuyunolepis, T Eugaleaspis, T Hanyangaspis, T Huananaspis, T Macrothyraspis,
T Pentathyraspis, and T Polybranchiaspis).

FOrder PITURIASPIDIFORMES (Pituriaspida). This enigmatic group has unusual
morphological features including an anteriorly projecting rostrum, and an
elongate bony armor covering the head and trunk, but no dorsal nasohy-
pophyseal opening. Beneath the orbits there is one pair of large openings of
unknown function. Another pair of more ventral openings probably housed
the pectoral fins. Two genera: {Pituriaspis and T Neeyambaspis (Young, 1991;
Long, 2011).

SUPERCLASS GNATHOSTOMATA (jawed vertebrates)

Jaws present, derived from modified gill arches; endochondral bone present
(see Smith and Hall, 1990); paired fins present primitively, paired fins or



Superclass GNATHOSTOMATA 35

paired limbs usually present except where secondarily lost; three semicircular
canals (and two or more maculae) always present, including in early fossil
gnathostomes such as placoderms; gills covered with ectoderm and directed
externally; gill arches not fused with neurocranium, internal to gill lamellae;
gills opening to surface in fishes through slits (opercular opening, when
present, may be pore-like); nerve fibers myelinated. There are many charac-
ters that carry over in the transition from jawless fishes to jawed vertebrates
that were subsequently modified. For example, the notochord continues to
be present in the various lineages of early gnathostomes but in some it is later
replaced with vertebral centra, and a bony exoskeleton is present in early
gnathostome fossils but absent in higher lineages.

There are many exciting questions on the origin and evolution of characters
in the transition from jawless to jawed vertebrates (thought to be from osteosta-
cans to placoderms). One such question concerns the phylogenetic origin of
teeth (dentine based versus the horny teeth of lampreys). Smith and Johanson
(2003) and Johanson and Smith (2003) suggested that teeth have originated
atleast twice, in derived placoderms, the arthrodires, and in the placoderm sis-
ter clade. However, Young (2003) reviewed past conclusions that placoderms
have a primitively jawless mouth and concludes that no placoderm had typi-
cal teeth, but rather the tooth-like structures are made up of a special dentine
unique to placoderms, called semidentine.

In the fossil record, placoderms appear in at least the mid-Silurian (Jiang
and Dineley, 1988; Gardiner, 1993; Zhu et al., 2013) and acanthodians
appear in the Early Silurian (e.g., Zidek, 1993), but in both cases the oldest
fossils are fragmentary remains; scales and denticles attributed to chon-
drichthyans are doubtfully reported from the late Ordovician (see the section
on Chondrichthyes).

Classically, all jawed vertebrates were recognized in two groups, the
jawed fishes and the tetrapods. This was the arrangement in Nelson
(1984) with all gnathostomes in either the Grade Pisces or the Grade
Tetrapoda. It was well recognized many years earlier that although tetrapods
form a monophyletic group, the jawed fishes did not. To better reflect
the accepted phylogenetic relationships, Nelson (1994) did not recognize
Pisces as a taxon and placed all jawed vertebrates in three taxa, the grades
tPlacodermiomorphi, Chondrichthiomorphi, and Teleostomi (comprising
the acanthodians, sarcopterygians, which contains some fishes but mostly
tetrapods, and the actinopterygians). While the former taxon Pisces is not
monophyletic and no longer recognized in classification, the term “jawed
fishes” is still a useful one, even though referring to a paraphyletic assemblage
of lineages.

The jawed fishes comprise the first two grades of the Gnathostomata plus
more than half of the extant species of the third grade (Teleostomi). In all,
there are about 32,000 species of extant jawed fishes (Eschmeyer and Fong,
2015) and about 62,500 species of extant jawed vertebrates (gnathostomes)
in total. This represents a disproportionate increase in the number of jawed
fishes over that of tetrapods since the third edition of this book (Nelson,
1994), at which time the totals for fishes and tetrapods were more similar
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(an estimated 24,535 species of extant jawed fishes and about 48,100 species
of gnathostomes in total).

tGrade PLACODERMIOMORPHI

The Grade rank is used here between the ranks of Superclass and Class.
The sister group of the fPlacodermiomorphi is the (unranked) clade
Eugnathostomata (see below).

FClass PLACODERMI

Head and shoulder girdle with dermal bony plates (with bone cells); endo-
chondral bone known in some taxa; head shield usually articulated (movable
or not) with the trunk shield, with a double cervical joint; gill chamber extend-
ing anteriorly under neurocranium and may be covered laterally by dermal
bone; probably five gill arches, no good evidence for spiracles; notochord
unconstricted with vertebrae consisting only of neural and haemal arches and
spines; tail diphycercal or heterocercal; anal fin probably absent. Although
many features carry over from the osteostracans and other ostracoderms such
as the notochord and head being mostly encased in bone, there are many fea-
tures that are unique to placoderms. A few Silurian records are known with
greatest abundance in the Devonian; there is no clear evidence of placoderms
surviving a major extinction event at the end of the Devonian (see also Carr,
1995; Maisey, 1996).

Most primitive and many advanced groups of placoderms were marine.
At least some arthrodiriforms, most antiarchiforms, and all phyllolepidiforms
are inferred to have been freshwater (e.g., but see Schultze and Cloutier,
1996). Except for the arthrodires, most were bottom-living fish with depressed
bodies; only two families had species with compressed bodies. Although
placoderms have been found almost worldwide, very few Devonian ones
are known from South America (Maisey, 1996). A rapid replacement of
placoderms by the chondrichthyans occurred at the end of the Devonian.
Maximum length 6 m, but most are much shorter.

There had until recently been a consensus that placoderms are mono-
phyletic, and five features were given in Goujet and Young (2004) supporting
this conclusion. Two other hypotheses as discussed by Janvier (1996) and
Goujet and Young (2004) are i) placoderms and chondrichthyans are sister
taxa, and ii) placoderms and osteichthyans (euteleostomes herein) are
sister taxa. More recently several authors have suggested that placoderms
are paraphyletic side branches from the eugnathostome stem lineage (e.g.,
Brazeau, 1999; Zhu et al., 2013; Brazeau and Friedman, 2015); however
there is no consensus about how many such side branches there might be.
The earlier hypothesis that placoderms are the monophyletic sister group to
all higher gnathostomes (the Eugnathostomata, including Chondrichthyes,
tAcanthodii, and the Osteichthyes), as suggested by Schaeffer (1975) and
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favored by Goujet and Young (2004), Carr et al. (2009), and implied by
complex shared characters such as unique claspers (Long et al., 2015) is
retained here.

The classification of this group is based primarily on Goujet and Young
(2004). Problematic taxa such as the fStensioelliformes from the Early
Devonian (marine) of Germany are not placed in the present classification.
Some placoderms have not been assigned to one of the known orders (Zhu
et al.,, 2013), while at least one (7Entelognathus) is more closely related to
Osteichthyes in some phylogenetic results (e.g., Long et al., 2015).

tOrder PSEUDOPETALICHTHYIFORMES. One family, {Paraplesiobatidae,
from the Early Devonian (marine) in Europe, with perhaps two genera,
T Pseudopetalichthys and T Paraplesiobatis. In some recent phylogenetic analyses
(e.g., Long et al., 2015) these are among the most primitive branches of
TPlacodermi.

tOrder ACANTHOTHORACIFORMES. Primitive placoderms represented by
several genera (e.g., TBrindabellaspis, TMurrindalaspis, TPalaeacanthaspis,
T Radotina, and TRomundina) from the Early Devonian (marine) in Europe,
Asia, and Arctic Canada.

Goujet and Young (2004) hypothesized that this taxon, with some of the old-
est placoderm fossils, is the basal placoderm group. They proposed that one
pectoral fin element (as opposed to three as in the traditional tribasal the-
ory), an anterior insertion for the internal rectus extra ocular muscle, and two
abducens-innervated eye muscles may be primitive for placoderms, and hence
for all jawed vertebrates. T Romundina is among the best known of the acantho-
raciforms and has been highlighted for illustrating steps in the evolution of
the vertebrate face (Dupret et al., 2014). Regardless of its exact phylogenetic
position, this order reveals much about the first known jawed vertebrates.

FOrder RHENANIFORMES. One family, TAsterosteidae (including T Gemuendina
and T Jagorina), with a ray-like body, and several genera from the Early to Late
Devonian (marine) in the United States, Bolivia, and Germany. At least some

rhenaniforms have a synarcual, like that of Holocephali and some Batomorphi
(Johanson et al. 2015).

FtOrder ANTIARCHIFORMES (antiarchs). Pectoral fin a slender appendage cov-
ered by small dermal plates, articulating with the head by a ball-and-socket
joint, and with a proximal/distal joint in some; bottom feeders with mouth sub-
terminal, and eyes dorsal and closely placed; pineal organ between eyes; sock-
ets of the head-body joint are on the head shield (opposite to the relationship
in arthrodires). Maximum length about 1.2 m.

Carr et al. (2009) placed fAntiarchiformes in a primitive position
within a monophyletic {Placodermi. Zhu et al. (2013) and Long et al.
(2015) placed antiarchs in a near-basal position within a paraphyletic
tPlacodermi. Long et al. (2015) reported evidence for internal fertilization
using paired dermal claspers of males and specialized dermal plates in
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females, but these claspers are not associated with pelvic fins as are those of
chondrichthyans.

About seven families are recognized; at least Early Devonian (but see
T Shimenolepis below) to end of Devonian (perhaps primarily freshwater to
brackish) on, as a group, all major land masses. Classification based primarily
on the phylogeny of Zhu (1996) and Zhu and Janvier (1996) with other details
from Burrow and Turner (1999), Johanson (1997a,b), and Young and Zhang
(1996). The names that Goujet and Young (2004) gave to the two major clades
are fYunnanolepida and tEuantiarchi. The names used for certain taxa above
family level and their ranks are provisional.

Unassigned genera include {Heleroyunnanolepis, TZhanjilepis, and
T Shimenolepis (late Early Silurian from China, one of the oldest placo-
derms, likely an antiarch, but poorly known; Zhu, 1996:296), and T Silurolepis,
from the early Late Silurian (Zhang et al., 2010), thought by Zhang et al.
(2010) to be the most primitive, well-preserved antiarch.

‘tSuborder Yunnanolepidoidei. At least two families.
FFamily CHUCHINOLEPIDIDAE (+Chuchinolepis synonym tQuijinolepis).
tFamily YUNNANOLEPIDIDAE (e.g., 1Phymolepis, tYunnanolepis).
‘tSuborder Bothriolepidoidei. Two infraorders and a number of unassigned
genera: e.g., TDianolepis, T Minicrania (sister to the other members of the
suborder), and fPterichthyodes.

TInfraorder Sinolepidida. One family.

FFamily SINOLEPIDAE (e.g., TGrenfellaspis and tSinolepis).

tInfraorder Euantiarcha. These are antiarchs with an articulated pectoral fin.
Four families.

‘Family MICROBRACHIIDAE (e.g., TMicrobrachius).
TFamily BOTHRIOLEPIDIDAE (e.g., ¥Bothriolepis).

TASTEROLEPIDIDAE (=fPterichthyidae) (in figure) (e.g., TAsterolepis,
T Remigolepis, T Stegolepis) .
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‘Family GERDALEPIDIDAE (e.g., 1Gerdalepis).

FOrder PETALICHTHYIFORMES. A group of several genera (e.g., TEurycaraspis,
T Lunaspis, and T Macropetalichthys, Janvier, 1996) from Early to Late Devonian
(marine) in North America, Europe, Morocco, Asia, and Australia.

tOrder PTYCTODONTIFORMES. Large, sexually dimorphic pelvic fins with
claspers in males (fertilization and early development were internal; Long
et al,, 2008, 2009). There are many, probably convergent resemblances
with living holocephalans, including a sinarcual (fused anterior vertebrae;
Johanson et al. 2015). One family, {Ptyctodontidae (e.g., TCtenurella and
T Rhamphodopsis), from Early Devonian to the end of the Devonian, in North
America, Europe, Asia, Libya, Algeria, and Australia (e.g., Forey and Gardiner,
1986; Janvier, 1996).

tOrder ARTHRODIRIFORMES (arthrodires). Most arthrodires were probably nek-
tonic predators. This diverse group, the largest in number of genera and best
known of the placoderms, is known from the Early Devonian to the end of the
Devonian and is found on all major land masses. Some are reported to have
a synarcual (Johanson et al. 2015). Several major groups are recognized (e.g.,
see Goujet and Young, 2004; Janvier, 1996).

tSuborder Actinolepidoidei. Includes fActinolepididae, the most primitive
arthrodires, with, e.g., TActinolepis, TAethaspis, tBollandaspis, tEskimaspis,
T Heightingtonaspis, and T Kujdanowiaspis (Johnson et al., 2000).

‘tSuborder Phyllolepidoidei. One Middle and Late Devonian (freshwater)
family, fPhyllolepididae, with three genera, TAustrophyllolepis, T Placolepis,
and §Phyllolepis, known from Antarctica, Australia, Europe, and Greenland
(Long, 1984; Ritchie, 1984). The fAntarctaspididae may be related to
this group.

‘tSuborder Phlyctaenioidei. E.g., Phlyctaeniidae (e.g., T Arctolepis, in figure) and
tGroenlandaspididae.
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‘tSuborder Brachythoracoidei. Includes the fEubrachythoraci with, based on
information in Carr (2004), two major subgroups, the pachyosteomorphs
and the coccosteomorphs. The brachythoracoids of the late Devonian were
the first large marine vertebrate predators, with TDunkleosteus having large,
blade-like inferognathals (lower jawbones) and growing to be at least 6 m in
length (e.g., Young, 2003). Another form that reached body sizes at least as
large was 1 Gorgonichthys. Bite strength, jaw shape, and resulting jaw stresses
in TDunkleosteus and T Gorgonichthys were studied by Snively et al. (2010), who
found TDunkleosteus to have lower stress levels in its inferognathal bones.
T Dunkleosteus has one of the strongest bite forces of any vertebrate (Anderson
and Westneat, 2009). These huge fishes were the largest predators known
from the Paleozoic Era.

Important coccosteomorph taxa include the following: fBuchanosteidae
(a basal brachythoracid group; Carr, 2003), fCamuropiscidae (e.g.,
T Camuropiscis), TCoccosteidae (e.g., TCoccosteus, in figure), TDinichthyidae
(Carr and Hlavin, 1995, 2010, removed several genera from this fam-
ily), tDunkleosteidae (e.g., TDunkleosteus, TEastmanosteus), TGorgonichthys,
T Hadrosteus, tMylostomatidae, fPanxiosteidae, fSelenosteidae, fTitanich-
thyidae, and Wuttagoonaspididae.

EUGNATHOSTOMATA

The Eugnathostomata, unranked here, include the Chondrichthyes (sharks
and rays), the fAcanthodii, and the Osteichthyes (bony fishes, including all
tetrapods). The TAcanthodii as previously understood (e.g., Nelson, 2006) are
likely paraphyletic, with some of them being related to Osteichthyes, some to
Chondrichthyes, and some perhaps being stem-group Eugnathostomata (see
the following discussion under tAcanthodii), but exactly which ones belong
where is a subject of much discussion.

GRADE CHONDRICHTHYOMORPHI

Within the Eugnathostomata, the Chondrichthyomorphi are the sister group
of the Grade Teleostomi and contain one class, Chondrichthyes.

Class CHONDRICHTHYES—cartilaginous fishes

Prismatic endoskeletal calcification; dermal skeleton consisting of denti-
cles (placoid scales); skull lacking sutures in living forms; teeth replaced
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serially and usually not fused to jaws; fin rays soft, unsegmented (termed
ceratotrichia); nasal openings on each side usually single (imperfectly divided
by a flap into incurrent and excurrent openings) and more or less ventral;
biting edge of upper jaw formed by palatoquadrate (and lower jaw by Meckel’s
cartilage); endolymphatic duct present; swimbladder and lung absent; intesti-
nal spiral valve present; internal fertilization in almost all known taxa, fossil
and extant, by means of pelvic claspers (of males, derived from the pelvic
fin axis and termed myxopterygia) that are inserted in the female cloaca
and oviduct(s); gestation periods of two years are known, the longest of any
vertebrate; blood concentration of urea and trimethylamine oxide (converted
from toxic ammonia) usually high, allowing water to be drawn freely into the
body. Characters supporting a monophyletic Chondrichthyes (holocephalans
and elasmobranchs) are given in Maisey (2001b), Didier (1995), Janvier
(1996), and Grogan and Lund (2004), and unique shared characters of the
spermatozoa are given in Jamieson (1991). The two key synapomorphies are
the prismatic endoskeletal calcification and the pelvic claspers (Grogan and
Lund, 2004).

The various means of jaw suspension of chondrichthyans are of much inter-
est. Grogan et al. (1999) argued that autodiastyly is the ancestral condition
from which holostyly and hyostyly (and from it, two types of amphistyly) were
derived. However, Maisey (2001b) and Maisey and Anderson (2001) found
that § Pucapampella (discussed below), considered a basal chondrichthyan, has
a suspensory hyomandibula; therefore, autodiastyly may be the primitive pat-
tern only for holocephalans. Chimaeroids exhibit holostyly (which has evolved
several times in gnathostomes) in which the upper jaw (palatoquadrate) is
completely fused to the cranium. However, elasmobranchs with hyostyly or
amphistyly have an upper jaw that is suspended from the cranium by mus-
cles and ligaments and variously braced to the cranium by processes of the
palatoquadrate, cranium, and/or modified pharyngeal arches.

Although chondrichthyans have internal fertilization, there is much diver-
sity both in where the last stages of embryonic development occur (viviparity
and oviparity) and in the source of fetal nutrition (lecithotrophy and matrotro-
phy). The various modes are described in Hamlett (1999, 2005) and Carrier
etal. (2004), and there is some gradation between them. Unfortunately, there
are also differences as well as confusion in the literature about the appropriate
terms to be used for the various modes. The terminology followed here is as
clarified by Hamlett (2005) and Musick and Ellis (2005); the latter authors gave
a phylogenetic analysis of the occurrence of the many reproductive modes. For
reasons explained by Musick and Ellis (2005), it has been argued that vivipar-
ity is the primitive mode of reproduction in chondrichthyans (Grogan and
Lund, 2004, originally proposed this idea on the balance of Paleozoic evidence
including that from their Montana fossil site).

Based on Musick and Ellis (2005), in embryonic development, chon-
drichthyans exhibit both i) viviparity, in which developing eggs are retained
in the female and free-swimming young are born, and ii) oviparity, in which
fertilized eggs (in leather-like egg cases sometimes colloquially called “mer-
maid purses”) are deposited on the sediment or attached to an object, with
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hatching being external to the female. The various ways of obtaining nutrition
are as follows:

A. All nutrition from the yolk sac—Most chondrichthyan embryos, like those
of actinopterygians, are lecithotrophic, obtaining all nutrition from the yolk
sac. In this category, there can be either:

i) yolk sac viviparity or lecithotrophic viviparity (formerly known as
ovoviviparity)—the most common state in Chondrichthyes (occurring
in at least some members of all living orders of elasmobranchs except
Heterodontiformes, Lamniformes, and Rajiformes).

ii) yolk sac oviparity or lecithotrophic oviparity—occurring in all living
holocephalans, some selachians (e.g., all Heterodontiformes), and all Rajidae.
All members exhibiting oviparity are lecithotrophic.

B. Some nutrition from the female (directly or indirectly)—In contrast to the
above, some chondrichthyan embryos, where there is viviparity, obtain at least
some nutrition from the female, either from uterine secretions, ova, siblings,
or a placenta in what is termed:

iii) matrotrophy—There are several versions of this, including:

a) Nutrition from eating unfertilized eggs (oophagy)—all Lamniformes
and some Carcharhiniformes. In Carcharias taurus, the largest embryo eats all
smaller embryos and then feeds on unfertilized eggs.

b) Nutrition from uterine secretions (histotrophy)—there is either
limited histotrophy, which occurs in many squaliform and carcharhiniform
sharks, or lipid histotrophy in the myliobatiforms. Carcharhiniformes with
placentas (see below) may pass through a histotrophic stage during develop-
ment, after yolk stores are depleted, with the larva enveloped in a fold of the
uterus (Hamlett, 1989), and prior to the placental phase of development.

¢) Nutrition from a hematrophic yolk sac placenta (placentotrophy)—in
many Carcharhiniformes (Lopez et al., 2006). As yolk stores are depleted, the
yolk sac is modified into a functional placenta, connected to the embryo by
an umbilical cord (modified from the yolk stalk) through which the embryo
receives nutrition and disposes of metabolic waste products (Hamlett, 1989).

Elasmobranchii (= Neoselachii)

Euselachii

Chondrichthyes

Relationships of the major groups of Chondrichthyes.
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Two main extant evolutionary lines of Chondrichthyes are recognized and
ranked as subclasses: the holocephalans (see below under Holocephali for use
of this name) and the elasmobranchs. Together, the two groups are considered
monophyletic (e.g., Inoue, Miya, Lam et al., 2010). Within the elasmobranchs,
there are two divisions, the Selachii (sharks) and the Batomorphi (rays) (see
discussion below under Euselachii). The sharks are in turn divided between
the Galeomorphi and the Squalomorphi.

There are several multiauthored sources reviewing our knowledge of
chondrichthyan biology. Last and Stevens (2009) is an excellent book on
Indo-Pacific taxa. Hamlett (1999) presents a systems approach to the anatomy
and physiology of sharks and rays, in which Compagno (1999) discusses
neoselachian phylogeny and body form and gives a checklist of living species
of elasmobranchs. Carrier et al. (2004, 2012) review what we know of chon-
drichthyan phylogeny, zoogeography, and overall biology. Hamlett (2005)
emphasizes reproductive biology, corrects many past errors in the literature,
and reviews phylogeny. In addition, the FAO series such as Compagno (2001)
and the various “Species identification guides” describe the biology and
distribution of the species and give keys to species identification.

Important general works on chondrichthyan fossils include the five rele-
vant volumes of the Handbook of Paleoichthyology, edited by H.-P. Schultze and
authored by Zangerl (1981), Cappetta (1987, 2012), Stahl (1999), and Ginter
et al. (2010). In our treatment below of fossil chondrichthyans, expanded
significantly since Nelson (2006) and with the assistance to T. D. Cook and
advice from J. G. Maisey, we have drawn extensively from all of these volumes,
but especially from Ginter et al. (2010) and Cappetta (2012), the two most
recent volumes.

A good fossil record is known from the Early Devonian onwards (e.g.,
Ginter, 2004). However, the oldest chondrichthyan fossil remains are, some-
what controversially, said to be scales or dermal denticles of late Ordovician
age (about 455 million years ago); the fossil record of chondrichthyan teeth
does not begin until much later, the oldest known examples being earliest
Devonian (about 415 million years ago). There thus remains some doubt
about the relationships of the Ordovician forms.

THE FOLLOWING FOSSIL-ONLY TAXA are likely to be stem-group Chondrichthyes.

‘tObtusacanthus. This Early Devonian genus from Canada had median and
paired fin spines, monodontode scales of unique type, lacked teeth (although
it had pointed lip scales oriented toward the mouth cleft), but nevertheless
consumed vertebrate prey. Originally classified incertae sedis as to class and
order (Hanke and Wilson, 2004) it has since been considered a stem chon-
drichthyan (e.g., Long et al., 2015) and by others as an acanthodian (e.g.,
Dupret et al., 2014).

FFamily PROTODONTIDAE. E.g., tDendrodus, TProtodus, tStigmodus.

‘Family KATHEMACANTHIDAE. Early Devonian; marine. Laterally growing polyodon-
tode scales; globular calcified cartilage; teeth absent; all paired and median fins (except
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for caudal) with strong, leading-edge spines; paired fin spines in distinct pre-pectoral
(arranged as “necklace”) and pre-pelvic (along belly) series.

Well-preserved Early Devonian fossils of 7K. rosulentus and 1S. elegans from
northern Canada display several chondrichthyan-like characters, along with
other features usually associated with acanthodians (Gagnier and Wilson,
1996; Hanke and Wilson, 2010). {Kathemacanthus itself does not have teeth,
although some other chondrichthyan-like fossils of the same age possess teeth.

Kathemacanthids are probably an early clade of stem-group chon-
drichthyans that retain some of the features of the common ancestor
of chondrichthyans, acanthodians, and bony fishes (see below under
Grade Teleostomi). Several recent broad scale phylogenies have included
T Kathemacanthus and concluded that it is a stem chondrichthyan (e.g.,
Brazeau, 2009; Zhu et al.,, 2013; Long et al., 2015) although Dupret et al.
(2014) placed it as the earliest branching acanthodian lineage.

Two genera, TKathemacanthus and T Seretolepis.

FOrder POLYMEROLEPIDIFORMES. Laterally growing polyodontode scales of
distinctive form; caudal fin heterocercal; anal fin with small, leading-edge
spine (Karatajute-Talimaa, 1968; Hanke et al., 2013).

tOrder OMALODONTIFORMES. Two families, fAztecodontidae (e.g.,
TAztecodus, TManberodus) and tOmalodontidae (e.g., TOmalodus and the
very important {Doliodus). The oldest, undoubted chondrichthyan body
fossil is said to be almost 409 million years old (early Devonian), a small
specimen of fDoliodus problematicus, exhibiting large, paired pectoral fin
spines and an intact dentition (Miller et al., 2003). Turner (2004) placed
TD. problematicus in the family TProtodontidae but placed that family within the
tOmalodontiformes; she noted similarities in the teeth of TDoliodus with teeth
of tAntarctilamna.

FOrder ANTARCTILAMNIFORMES. Two families are recognized by Ginter et al.
(2010), tAntarctilamnidae (e.g., TAntarctilamna) and TCoronodontidae (e.g.,
T Coronodus). T Antarcilamna also has paired (pectoral) fin spines (like those
of tDoliodus and kathemacanthids discussed above) with laterally growing
polyodontode scales of a distinctive type, as also seen in some undescribed
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Early Devonian chondrichthyan taxa. TAntarctilamna was originally described
as a xenacanthiform because of its diplodont teeth, but diplodont teeth are
now known in other groups (e.g., tDoliodus, above), and the likely paired
pectoral fin spines rule out xenacanthiform relationships.

Groups thought to be related to the chondrichthyans but not otherwise
treated here include the tMongolepidida, with the genera TMongolepis,
T Teslepis, TSodolepis, and T Udalepis, known from scales found from the Early
Silurian in central Asia (Karatajute-Talimaa, 1995), and fKannathalepididae
(T Kannathalepis and Frigorilepis) and fWellingtonellidae (Mérss et al., 2002).
Additional early and poorly known fossil remains (e.g., TEmsolepis) were
discussed by Turner (2004).

The Middle Devonian fPucapampella from Bolivia, the earliest chon-
drichthyan in which the braincase can be studied in detail, may also be
a primitive stem chondrichthyan whose phylogenetic position lies before
the divergence of holocephalans and elasmobranchs (Maisey, 2001b).
The primitive gnathostome features of T Pucapampella, e.g., ventral otic fissure
present, prominent dorsal sellae, and endolymphatic ducts enclosed by the
dorsal posterior fontanelle (endolymphatic fossa absent), are discussed by
Maisey (2001b, 2004a). The ventral braincase of another Early Devonian
T Pucapampelle-like taxon from South Africa was described by Maisey and
Anderson (2001). The South African form is much older than {Pucapampella
and appears to be even older than fDoliodus (see above).

THE FOLLOWING CHONDRICHTHYAN TAXA have often been treated as stem elas-
mobranchs rather than, as here, stem chondrichthyans, but Maisey (2012)
advocated limiting stem elasmobranchs to just a few taxa for which
membership can be demonstrated.

tPlesioselachus. A Late Devonian fossil genus with amphistylic jaw suspension
and thought to have a single dorsal fin and no anal fin (Anderson et al.,
1999).

tGogoselachus. This Late Devonian genus from the Gogo Formation of
Australia had cladodont-type teeth, ctenacanth-type scales, two articulation
facets for pectoral-fin basals on the pectoral girdle, and an endoskeleton of
one- or two-layered calcified cartilage formed of polygonal tesserae (Long
etal., 2015).

FFamily BANDRINGIDAE. Pennsylvanian. Primarily freshwater. Snout elongated; cau-
dal fin externally heterocercal, e.g., TBandringa. Sallan and Coates (2014) classify this
genus as incertae sedis within Elasmobranchii.

7Order PHOEBODONTIFORMES. Middle Devonian to Late Triassic. Two
families are recognized by Ginter et al. (2010).

FFamily PHOEBODONTIDAE. E.g., tPhoebodus, TDiademodus.

FFamily JALODONTIDAE. E.g., t/alodus.
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tSuperorder CLADOSELACHIMORPHA

Cladodont-type tooth (tall central cusp and one or more pairs of lateral cusps
on a broad base); claspers usually absent or unknown; no anal fin; paired fins
in shape of triangular flaps; radials of fins unsegmented and extending almost
to the edge of the fin.

The Devonian genus | Coronodus is sometimes placed here in its own family,
TCoronodontidae.

FtOrder CLADOSELACHIFORMES. Two dorsal fins, atleast a spine associated with
the first. One family.

‘Family CLADOSELACHIDAE. Late Devonian to Mississippian.

Maximum length about 2 m. Includes the well-known ¥ Cladoselache. As yet
there is no evidence for pelvic claspers in T Cladoselache.

tOrder SYMMORIIFORMES. Carboniferous; two families (Ginter et al., 2010).

tFamily SYMMORIIDAE. E.g., tCobelodus, tDenaea, and tSymmorium. Additional
genera sometimes classified separately in f{Stethacanthidae, but included in
tSymmoriidae by Ginter et al. (2010), include fOrestiacanthus, described by Lund
(1984), and fStethacanthus, redescribed by Coates and Sequeira (2001).

‘Family FALCATIDAE. E.g., tDamocles, tFalcatus. Although most Paleozoic shark taxa
became extinct at the Permian/Triassic boundary, Guinot et al. (2013) argued that Early
Cretaceous teeth from France prove that some fFalcatidae and fCtenacanthiformes
survived until the Cretacous.

FSuperorder CTENACANTHIMORPHA
Two orders, TCtenacanthiformes and fSquatinactiformes.

FOrder CTENACANTHIFORMES. Two dorsal fins, each with a spine; anal fin near
caudal fin; cladodont-type teeth. Maximum length about 2.5 m. One family is
recognized in this order by Ginter et al. (2010). Unassigned genera include
T Goodrichthys and T Carinacanthus.
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Middle Devonian to Triassic (Zangerl, 1981; Cappetta, 1987; Cappetta et al.,
1993; Ginter et al., 2010; Cappetta, 2012).

fFamily CTENACANTHIDAE. Late Devonian and Mississippian, e.g., TCladodoides,
tCtenacanthus, TGoodrichthys.

tOrder SQUATINACTIFORMES. One family.

FFamily SQUATINACTIDAE. The Mississippian tSquatinactis from Montana resembles
the extant Squatina in some body form features (e.g., Zangerl, 1981). It was placed in
the tCladodontiformes by Lund (1990).

FSuperorder XENACANTHIMORPHA (Pleuracanthodii)
Two orders, Bransonelliformes and {Xenacanthiformes.

tOrder BRANSONELLIFORMES. E.g., TBransonella. Ginter (2004) discussed
the origin of the xenacanthimorphs including f{Bransonella and the
tXenacanthiformes.

tOrder XENACANTHIFORMES. Pleuracanth-type tooth (three cusps of variable
size, usually two prominent lateral cusps and a smaller median one). Claspers
in male; elongate dorsal fin base; diphycercal or heterocercal tail; two anal fins;
posterior cephalic spine; radials of pectorals jointed and ending well before fin
margin.

Two families are recognized in fXenacanthiformes by Ginter et al. (2010).

FFamily DIPLODOSELACHIDAE. These are primitive xenacanthiforms according to
Soler-Gijén (2004).

Genera include fDiplodoselache, T Lebacacanthus, and T Orthacanthus.

‘Family XENACANTHIDAE. Freshwater; Early Devonian to Triassic.
Genera include, fPleuracanthus, TPlicatodus, ¥ Triodus, TWardigneria,
T Mooredontus, and T Xenacanthus.

THE REMAINING CHONDRICHTHYAN TAXA are thought to be within crown-group
Chondrichthyes, which are divided between the Holocephali and the
Euselachii, and include many extinct taxa. Extant crown-group taxa are
arranged in 14 orders, 54 families, 192 genera, and about 1,200 species

(Cappetta, 2012; Eschmeyer and Fong, 2015).
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Subclass HOLOCEPHALI

Gill cover over the four gill openings, leaving one opening on each side; palato-
quadrate fused to cranium (holostylic) in living forms (see above under Chon-
drichthyes for more detail); complete hyoid arch (with pharyngohyal present),
followed by five gill arches; no hyomandibula in suspensorium; branchial bas-
ket mostly beneath the neurocranium; no spiracle opening; teeth as a few
grinding plates in extant and a few fossil forms (e.g., feugeneodontiforms,
T Helodus, Tpetalodonts, Torodonts, fdebeeriids, fgregoriids); no cloaca, sepa-
rate anal and urogenital openings; skin in adult of extant forms naked except
denticles on pelvic claspers (Chimaeridae and Rhinochimaeridae), and on
frontal tenaculum and pre-pelvic tenacula in all males (specialized denticles
and scales in many fossil forms); no stomach; no ribs; males of at least extant
species with tenaculum (clasping organ) on head and anterior to pelvic fins
(in addition to the pelvic claspers). It is recognized that this description is very
incomplete for the vast diversity of fossil taxa. Late Devonian to present (with
a major reduction in diversity after the Permian).

The higher classification of the Holocephali (= Euchondrocephali) is based
in part on the phylogenetic works of Grogan and Lund (2000, 2004), but much
detail of the composition of various taxa is based on Stahl (1999), who presents
a different view of relationships (de Carvalho, 2004a gave valuable criticisms
of the latter work). Didier (1995, 2004) also presented new insights into the
phylogeny of this group and reviewed past works. The Handbook of Paleoichthyol-
ogy volume by Ginter et al. (2010) reviews and organizes the many older fossil
taxa known primarily from fossil teeth.

Users must be aware of the unfortunate use of different terms to describe
the various groups of non-elasmobranch chondrichthyans. An example is the
use of the name Holocephali for a more restricted clade of close relatives of
the extant chimaeriforms (e.g., Lund and Grogan, 1997a), whereas it is here

Stahl (1999) Lund and Grogan Nelson (2006) Nelson, Grande,
(1997); Grogan and Wilson (2016)
and Lund
(2000, 2004)

Subclass Subter-  Subclass Subclass Holocephali Subclass Holocephali

branchialia Euchondrocephali

Iniopterygia Infraclass tSuperorder FIniopterygiformes
Paraselachii Paraselachimorpha  fOrodontiformes
(included TOrodontiformes ‘tEugeneodontiformes
Iniopterygii; tPetalodontiformes  jPetalodontiformes
Paraselachii later tHelodontiformes tDebeeriiformes
seen as paraphyletic; fIniopterygiformes  fHelodontiformes
e.g., Lund etal., TDebeeriiformes
2014) tEugeneodontiformes

Holocephali Holocephali Superorder Superorder

(all others) (differs from Stahl) Holocephalimorpha Holocephalimorpha

(all others) (all others)
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used more traditionally to include the total group of chimaeriforms including
all fossils more closely related to them than to the elasmobranchs, a group for
which Grogan and Lund (1997) gave the name Euchondrocephali and Stahl
(1999) used Zangerl’s (1979) name Subterbranchialia.

The arrangement of Stahl (1999:45), as seen in the above table, separated
the subclass Subterbranchialia into two clades, the fIniopterygia and the Holo-
cephali (different usage than given herein), with the following sequenced
in the latter clade: TChondrenchelyidae, THelodontidae, Psammodontidae,
tCopodontidae, fCochliodontiformes, fMenaspiformes, and Chimaeri-
formes. Grogan and Lund (2004) commented on their differences with Stahl
(1999). In their fParaselachii they placed {Orodus, petalodonts, helodonts,
and other basal euchondrocephalans, debeeriids, iniopterygians, and edes-
tids, while in their (more restricted) Holocephali they placed chimaeriforms,
chondrenchelyids, fSqualoraja, cochliodonts, and tMenaspis. Ginter et al.
(2010) suggested that fParaselachii are a wastebasket grouping of poorly
known taxa. More recently Lund et al. (2014) agreed that the {Paraselachii
are paraphyletic. In this edition, we no longer recognize the fSuperorder
Paraselachimorpha. Instead, we list the various fossil orders in approximate
phylogenetic sequence, recognizing that detailed relationships among them
are subject to change.

Other taxa belonging to the Holocephali that are not otherwise mentioned
include the autodiastylic THarpacanthidae (Lund and Grogan, 2004a) and
TGregoriidae (with {Bealbonn, TGregorius, and Strianta; Lund and Grogan,
2004b). Cladistic analysis suggested that the fGregoriidae have a basal
position relative to the TOrodus + THelodus—petalodontiform clade (Lund
and Grogan, 2004a,b). The previously recognized fossil {Desmiodus, order
tDesmiodontiformes (e.g., Cappetta et al., 1993; Nelson, 1994), is now
considered a nomen dubium (Lund and Grogan, 2004b:520).

THE FOLLOWING FOSSIL-BASED TAXA of Holocephali are suggested to be early
branches from the stem leading to Holocephalimorpha.

tOrder INIOPTERYGIFORMES. Two families, fIniopterygidae (including
TIniopteryx and TPromyxele) and fSibyrhynchidae (Cappetta et al., 1993;
Stahl, 1999). This taxon was considered to be sister to all other members
of Holocephali as herein defined by Stahl (1999), who used the term Holo-
cephali for that sister group and the Zangerl term Subterbranchialia for
the entire group, but Lund and Grogan (2004a) considered it to be sister
to tDebeeriidae. The iniopterygiforms were first described in 1973 and are
known only from the Pennsylvanian Period in North America (Stahl, 1980;
Zangerl, 1981). Although represented by poorly preserved body fossils, their
teeth are very different from those of the other fossil holocephalan taxa, most
of which are known mainly from teeth, thus making iniopterygians difficult to
classify (Ginter et al., 2010).

tOrder ORODONTIFORMES. Two families, Orodontidae (e.g., T Hercynolepis
and T Orodus) and TLeiodontidae (e.g., TLeiodus) (Cappetta etal., 1993; Ginter
etal., 2010).



50 Fishes of the World

tOrder EUGENEODONTIFORMES. Four families, TAgassizodontidae (including
tHelicoprionidae), tCaseodontidae (e.g., TCaseodus, TFadenia, T Ornithoprion,
and fRomerodus), TEdestidae (e.g., TEdestus, TLestrodus) , and TEugeneodontidae
(e.g., TBobbodus, tEugeneodus, and T Gilliodus) (Cappetta et al., 1993; Ginter
etal., 2010).

tOrder PETALODONTIFORMES. Four families: f{Janassidae (e.g., fJanassa,
T lissodus), TPristodontidae (e.g., TDavodus, TPristodus), TBelantseidae (e.g.,
T Belantsea, T Ctenoptychius), and fPetalodontidae (e.g., TPolyrhizodus) (Lund,
1989). Cappetta et al. (1993) gave reasons for recognizing only two families,
but Ginter et al. (2010) recognized four. Some members, such as | Janassa, are
ray-like in body form. The phylogenetic position of this group is particularly
uncertain.

tOrder DEBEERIIFORMES. Late Mississippian. One family, f{Debeeriidae,
with two genera, TDebeerius and THeteropetalus (Grogan and Lund, 2000).
In appearing intermediate in morphology to chimaeroid and selachian body
plans, the cranial and postcranial morphology of {Debeerius suggests affinity
with the cochliodonts and chimaeriforms, the heterodont dentition is similar
to that of selachians, and yet this order was suggested to have the fundamental
jaw suspension of gnathostomes (Grogan and Lund, 2000).

FOrder HELODONTIFORMES. Late Devonian to Early Permian. Known primar-
ily from teeth and tooth plates. One family, THelodontidae, with one genus,
T Helodus (synonym T Plewrodus) (Stahl, 1999).

Superorder HOLOCEPHALIMORPHA

Dentition consisting of a few large, permanent grinding tooth plates
(selachianlike anterior teeth may also be present); palatoquadrate fused to
neurocranium (holostyly); dorsal fin spine usually present. This diagnosis
is very imperfect; some assumed members are known only from isolated
tooth plates. The Superorder Holocephalimorpha = Subclass Holocephali
of some.

tOrder PSAMMODONTIFORMES. Late Devonian to Early Carboniferous.
Position uncertain; known only from isolated tooth plates. One family,
tPsammodontidae (e.g., TArchaeobatis, T Lagarodus, and {Psammodus) (Stahl,
1999; Elliott et al., 2004).

tOrder COPODONTIFORMES. Carboniferous. Position uncertain; known only
from tooth plates. One family, Copodontidae (e.g., T Copodus) (Stahl, 1999).

Of the following taxa, Grogan and Lund (2004) suggested that chon-
drenchelyiforms and menaspiforms are sister taxa as are cochliodontiforms
and chimaeriforms, with all four being sister to the squalorajiforms, and all
five taxa being placed in the $Cochliodontomorpha.
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tOrder SQUALORAJIFORMES. Early Jurassic. Body depressed. Stahl (1999)
recognized this taxon as one of four suborders of Chimaeriformes and
sequenced it between the fEchinochimaeroidei and fMyriacanthoidei. One
family, TSqualorajidae, and one genus, TSqualoraja (Stahl, 1999).

tOrder CHONDRENCHELYIFORMES. Early Carboniferous. Body elongate,
pectoral fin biserial, and lower jaw long. One family, TChondrenchelyidae
(e.g., T Chondrenchelys, T Harpagofututor, and T Platyxystrodus) (Stahl, 1999).

tOrder MENASPIFORMES. Early Carboniferous (Mississippian) to Late
Permian. Three families, fDeltoptychiidae with {Deltoptychius, TMenaspidae
with T Menaspis, and fTraquairiidae with T Traquairius (Stahl, 1999).

tOrder COCHLIODONTIFORMES. Late Devonian to Permian. Known pri-
marily from teeth and tooth plates. Two families, fCochliodontidae (e.g.,
T Cochliodus, TDeltodus, TPoecilodus, and Sandalodus) and fPsephodontidae
(with T Psephodus) (Stahl, 1999).

Order CHIMAERIFORMES (3)—chimaeras. Stahl (1999) recognized four sub-
orders of chimaeriforms; her fSqualorajoidei are recognized here as more
basal following Grogan and Lund (2004). Three families, six genera, and
48 species.

tSuborder Echinochimaeroidei. Mississippian. Position uncertain. Differs
from chimaeroids in having a dermal cranial armor of denticles, placoid
squamation, a tuberculated first dorsal spine, and no frontal clasper in males
(Lund, 1986; Stahl, 1999). One family, fEchinochimaeridae, with one genus,
T Echinochimaera.

‘tSuborder Myriacanthoidei. Late Triassic to Jurassic. Two families, fChimaerop-
sidae with one genus, T Chimaeropsis, and TMyriacanthidae (e.g., T Acanthorhina,
T Agkistracanthus, T Halonodon, and t Myriacanthus) (Stahl, 1999).

Suborder Chimaeroidei (chimaeras). Early Jurassic to present. Two dorsal fins,
the first erectile, with short base, and preceded by an erectile spine, the second
nonerectile, low, and with long base; mouth inferior. In living forms, at least,
fertilization is internal; the deposited egg is encased in a brown horny capsule.
Water for breathing is chiefly taken in through the nostrils. Maximum length
about 1.5 m.

Six extant genera with about 48 species (Compagno, 2005; Didier, 2004;
Didier etal., 2012). Fossil taxa, all in extant families, are given with the families.

Didier (1995), in a phylogenetic analysis of living taxa based on mor-
phological characters, gave synapomorphic characters for the higher taxa
and reviewed ideas on the origin of the Holocephali. More recently, both
morphological (Didier et al., 2012) and mtDNA (Inoue, Miya, Lam et al,,
2010) studies suggest that Callorhinchidae are the sister group of the other
extant chimaeriforms.
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Superfamily Callorhinchoidea (Callorhynchoidea). One family.

Family CALLORHINCHIDAE (Callorhynchidae) (5)—plownose chimaeras. Marine,
continental and insular shelves and uppermost slopes; Southern Hemisphere (e.g., off
southern South America, New Zealand, southern Australia, southern Africa).

Snout with elongate, flexible, hoe-shaped process; lateral line canals closed;
eyes small; tail heterocercal. Egg capsule large, ovoid (typically 27 cm X 13
cm), with wide, ribbed lateral web.

Fossil Callorhinchidae (earliest are Jurassic) include: Brachymylus,
TIschyodus, and tPachymylus, with TEdaphodon placed in its own subfamily,
tEdaphodontinae, by Stahl (1999), and the Jurassic T Eomanodon and T Ganodus
possibly also in this family. A very large, Late Cretaceous species of TEdaphodon
was recently described from Antarctica (Gouiric-Cavalli et al., 2015). In addi-
tion, fossils of the extant genus Callorhinchus are known from the Eocene of
Antarctica (Kriwet and Gazdzicki, 2003).

One genus, Callorhinchus, with three species (Didier, 1995, 1998, 2004).
The orthography of the family name is changed to conform to the generic
name (Eschmeyer, 1998; Didier et al., 2012).

Superfamily Chimaeroidea. Two families.

Family RHINOCHIMAERIDAE (6)—longnose chimaeras. Marine, deep oceanic, con-
tinental and insular slopes; Atlantic, Indian, and Pacific.

Snout long, fleshy, and pointed, not hook-like; lateral-line canals are open
grooves; tail diphycercal; anal fin separated from caudal in Neoharriotta and
joined with it in the other genera. Egg capsule ovoid (pear-like) (typically
15 cm X 6 cm), with ribbed lateral web.

Fossil Rhinochimaeridae (earliest in Jurassic) include {Amylodon and
tElasmodus.
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Three genera, Harriotta (2), Neoharriotta (3), and Rhinochimaera (3), with
about eight species (Compagno et al., 1990; Didier, 1995, 2004; Didier and
Stehmann, 1996; Didier and Nakaya, 1999). Didier (1995, 2004) placed
Harriotta and Neoharriotta, with thick tooth plates, in the subfamily Harriot-
tinae, and Rhinochimaera, with smooth, thin tooth plates in the subfamily
Rhinochimaerinae.

Family CHIMAERIDAE (7)—shortnose chimaeras or ratfishes. Marine; Atlantic and
Pacific.

Snout (rostrum) short, fleshy, and rounded; lateral line canals are open
grooves with those on snout widened; tail diphycercal. Egg capsule relatively
small (typically 17 cm X 2.5 cm), spindle-shaped with distinct dorsal keel and
little or no lateral web. A poison gland is associated with the dorsal spine, and
the venom is painful to humans. Maximum total length about 1.4 m, attained
in Chimaera lignaria, probably the largest extant chimaeroid.

Fossil Chimaeridae (earliest in Cretaceous), include T Belgorodon. In addi-
tion, fossils of the genus Chimaera are known from the Late Cretaceous and
Eocene of Antarctica (Stahl, 1999; Stahl and Chatterjee, 1999).

Two genera, Chimaera (15) (with a notch separating the anal fin from the
caudal fin) and Hydrolagus (22) (with anal fin joined to caudal fin), and
about 37 species. Many new species have been discovered and named in the
last decade (Didier et al., 2012; Kemper et al., 2014). Species of Chimaera
occur in the northern Atlantic, off South Africa, Japan and northern China,
Australia, and New Zealand, whereas species of Hydrolagus occur primarily in
the northern and southwestern Atlantic, off South Africa, and in many areas
in the Pacific (e.g., southern Alaska to southern California, Japan, Australia,
and New Zealand) (Didier, 1995, 1998, 2002, 2004; Soto and Vooren, 2004;
Didier et al., 2012). Most species are in the western Pacific off Japan and New
Zealand. The allocation of some species to the above genera on the basis
of the anal fin character is subject to change (Hardy and Stehmann, 1990;
Didier, 2004).

Subclass EUSELACHII (sharks, rays, and related fossils)

Euselachians are typically predaceous fishes that use both smell and sight for
obtaining their food.



54 Fishes of the World

There are currently two conflicting hypotheses regarding the phylogenetic
relationships of crown euselachians, one based on morphological evidence
and one based on molecular evidence (interestingly, older non-cladistic mor-
phological studies showed the same conflict, some placing rays within sharks
and others not). This type of conflict is common in fish systematics. In the
present example, following Compagno’s (1973, 1977) work, there was grow-
ing acceptance that while sharks and rays form a monophyletic group, sharks
were a paraphyletic group without the inclusion of rays. Compagno (2001),
Shirai (1992a, 1996), and de Carvalho (1996) agreed that rays (batoids or
rajiforms) and pristiophoriforms are sister taxa and that both belong in the
squalomorph clade.

However, while the studies of de Carvalho (1996) and Shirai (1996) pre-
sented sound morphological studies and analyses, there is evidence against
some of their major conclusions. The cytogenetic data reviewed by Schwartz
and Maddock (2002) and the molecular studies of Arnason et al. (2001)
and Douady et al. (2003) presented preliminary evidence supporting the
monophyly of sharks (without rays). Evidence for a similar conclusion was
given by Maisey et al. (2004) based on fossil and molecular data and by Naylor
et al. (2005, 2012) based on mitochondrial DNA sequences. This conclusion
(sharks and rays as sisters) was accepted by McEachran and Aschliman (2004),
Musick et al. (2004), and Musick and Ellis (2005). With fossils of both rays
and neoselachian sharks dating to at least the Early Jurassic (Maisey et al.,
2004; e.g., diverse Middle Jurassic euselachians are described by Underwood
and Ward, 2004), we accept here that the paleontological evidence is more
consistent with the hypothesis that sharks and rays are sister groups and of
equal antiquity.

To summarize, there are two main hypotheses expressing the relationships
of sharks and rays:

(i) the hypnosqualean hypothesis—the batomorphs (rays) are sister

to the Pristiophoriformes and that clade (dubbed the Pristiorajea by

de Carvalho, 1996) is sister to the Squatiniformes (the resulting clade

being the Hypnosqualea), all of them sharing a common ancestry with the
Squaliformes.

(ii) the selachian/batomorph (shark/ray) hypothesis—the sharks, as con-
ventionally defined, are monophyletic without the inclusion of rays. The two
groups are sisters and of equal antiquity. If correct, the morphological features
used to argue for a monophyletic Hypnosqualea would have to be the result of
convergence. This is the hypothesis adopted here.

Teeth are especially important in the fossil record of sharks and exhibit
much variation between taxa. Many publications describe the teeth of living
and fossil taxa, for example, works by S. P. Applegate, R. Lund, and J. G. Maisey
have worked extensively on the taxonomy and systematics of fossil elasmo-
branchs. A general review of some aspects of shark behavior and acoustical
biology may be found in Myrberg and Nelson (1990) and Myrberg (2001).
Schwartz and Maddock (2002) review the cytogenetic data of euselachians.



Class Chondrichthyes 55

The current classification of euselachians is very split compared to that of
other fishes. The mean number of species per family is 18 and the median
number is 5.3. About half of the species of sharks and rays are in four of
the 51 families (Rajidae, Scyliorhinidae, Dasyatidae, and Carcharhinidae)
whereas 11 families (about one-fifth of the total) are monotypic, having only
one species in each.

Thirteen orders, 51 families, 189 genera, and about 1,150 species of extant
elasmobranchs or euselachians. Some 513 species are sharks and 636 are skates
and rays, including more than 150 named since the last edition of this book.
There are many species of both sharks and rays yet to be described, with ray
species still outnumbering the sharks. At least 28 species of sharks and rays are
known primarily from fresh water.

The recent handbook volumes by Ginter et al. (2010) and Cappetta (2012)
are especially valuable resources for the fossil taxa, as is the review by Thies
and Leidner (2011) of the remarkable Late Jurassic record in Europe.

STEM-GROUP FOSSIL TAXA (by definition, all extinct) of Euselachii are listed first,
followed by the crown-group taxa (extant clades and their close fossil relatives).

tAcronemus. This Middle Triassic shark, named by Rieppel (1982), is classified
incertae sedis within Euselachii as suggested by Maisey (2011).

tOrder PROTACRODONTIFORMES. This small group with the single recognized
family fProtacrodontidae shows some similarity to the tOrodontidae and
tCtenacanthiformes (e.g., Zangerl, 1981), but was placed within Euselachii by
Ginter et al. (2010).

tInfraclass HYBODONTA (hybodonts)

tOrder HYBODONTIFORMES. Hybodontiforms have the features given above
for the ctenacanthiforms. They differ, among other features, in their inter-
nal fin structure. Males have hooked cephalic spines above the eye that may
have functioned as claspers during copulation. Hybodonts might have been
as diverse in feeding and related behavioral strategies as are living sharks and
rays (Maisey and de Carvalho, 1997). Some were several meters long, others
only about 15 cm. Mississippian to Cretaceous.

Hybodontiforms are probably the closest extinct sister group to the elasmo-
branchs (Maisey et al., 2004), and this has been expressed here by giving the
two groups equal rank, though it remains possible that they are paraphyletic.
As noted by Maisey et al. (2004), of all euselachians, only these two lineages,
the hybodonts and elasmobranchs, are known to have survived well into the
Mesozoic (the other lineages becoming extinct in the Paleozoic, many in the
Permo-Triassic mass extinction and the others during the Triassic) (but see
Guinot et al., 2013, mentioned above). Only the elasmobranchs survived
into the Cenozoic. Important references on hybodontiforms include those of
Maisey (1982, 1989, 1991).
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Hybodontiforms were the dominant selachians of the Triassic and Jurassic,
and remained important until the Late Cretacous, including freshwater
forms that lived in large river systems. Sometimes grouped in a single family
(Hybodontidae), Cappetta (1987) and Cappetta et al. (1993) recognized
several families. The most recent treatments by Ginter et al. (2010) and
Cappetta (2012) divide hybodontiforms among up to ten families, listed with
examples of genera as follows:

tFamily HYBODONTIDAE (e.g., tEgertonodus, tHybodus, tMeristodondoides,
tPororhiza, tPriohybodus, Thaiodus).

‘Family TRISTYCHIIDAE (e.g., {Tristychius).

FFamily DISTOBATIDAE (e.g., ftAegyptobatus, tDistobatus, tGlickmanodus,
TReticulodus, tTribodus).

fFamily ACRODONTIDAE (e.g., tAcrodus, tAcrorhizodus, tAsteracanthus,
tBdellodus).

FFamily POLYACRODONTIDAE (e.g., fPalaeobates, {Polyacrodus).

tFamily LONCHIDIIDAE (e.g., fBahariyodon, +tDiplolonchidion, +tHylaeobatis,
tlsanodus, tLissodus, tLonchidion, tParvodus, TVectiselachos).

FFamily STEINBACHODONTIDAE (e.g., TSteinbachodus).
‘Family PSEUDODALATIIDAE (e.g., tPseudodalatias).

THE FOLLOWING TWO FAMILIES may belong either in fDivision Hybodonta or in
Division Neoselachii (Cappetta, 2012).

FFamily PTYCHODONTIDAE (e.g., tHeteroptychodus, tPtychodus).

FFamily HOMALODONTIDAE (e.g., tHomalodontus).

Infraclass ELASMOBRANCHII (= NEOSELACHII)

This infraclass includes all extant sharks and rays. Following Maisey (2012),
the Neoselachii of Compagno (1977) are considered synonymous with the
Elasmobranchii of Bonaparte (1838). Two clades of elasmobranchs are rec-
ognized, the division Selachii (sharks) and the division Batomorphi (the rays
and skates, often called the Batoidea, an orthography that has a superfamily
ending and was more appropriate when they were classified at a much lower
rank). The recognition of the rays as sister group to the Selachii is discussed
above under Euselachii. The Selachii are in turn divided into two large clades,
the superorder Galeomorphi and the superorder Squalomorphi. There are
thus three main clades ((Galeomorphi, Squalomorphi), Batomorphi).
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As noted in Maisey (2001b), in elasmobranchs the anterior and posterior
semicircular canals are separated dorsally (they are variously united dorsally
in chimaeroids, sarcopterygians, and actinopterygians).

The arrangement of these clades used here treats the galeomorphs first and
the rays last, as has been conventional in past classifications. This has the ancil-
lary advantage of placing the rays immediately after (but not as the closest
relatives of) the most ray-like of the squalomorph sharks (the squatiniforms
and the pristiophoriforms). In older classifications rays were thought to be
close relatives of those ray-like sharks, but the resemblances are now consid-
ered to be a result of strong convergence. The arrangement used here makes
it easier for the reader to compare them.

The elasmobranch fossil record begins in the Early Jurassic, and Maisey
et al. (2004) gave a list of the earliest records of their modern taxa. All of
the extinct orders of Elasmobranchii considered up to now are stem-group
elasmobranchs, but the two extinct neoselachian orders listed below
(fSynechodontiformes and fProtospinaciformes) are part of the crown-group
Neoselachii (despite being extinct).

An overview of the higher categories of elasmobranchs adopted here is as
follows:

Infraclass Elasmobranchii
Division Selachii (sharks)
Superorder Galeomorphi
TOrder Synechodontiformes (one family)
Order Heterodontiformes (one family)
Order Orectolobiformes (seven families)
Suborder Parascyllioidei (one family
Suborder Orectoloboidei (six families)
Order Lamniformes (seven families)
Order Carcharhiniformes (eight families)
Superorder Squalomorphi
Series Hexanchida (two families)
Order Hexanchiformes (two families)
Series Squalida
Order Squaliformes (six families)
Series Squatinida
TOrder Protospinaciformes (one family
Order Echinorhiniformes (one family)
Order Squatiniformes (one family)
Order Pristiophoriformes (one family)
Division Batomorphi (rays)
Order Torpediniformes (two families)
Order Rajiformes (one family)
Order Pristiformes (five families)
Order Myliobatiformes (nine families)
Suborder Platyrhinoidei (one family)
Suborder Myliobatoidei (eight families)
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Division SELACHIl—sharks

Gill openings mainly lateral; anterior edge of pectoral fin not attached to side
of head; anal fin present or absent; pectoral girdle halves not joined dorsally
(but scapulocoracoids fused ventrally in both sharks and rays). These features,
while not representing shared derived features of the clade, do serve to distin-
guish sharks from rays. See above under Infraclass Euselachii for reasons why
the sharks and rays, unlike in the 1994 edition, are placed in separate taxa of
equal rank.
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Selachii

The Selachii (= Selachimorpha, Pleurotremata) contain two superorders, the
Galeomorphi, with four orders, and the Squalomorphi with five orders, and a
total of 34 families, 106 genera, and at least 513 species.

Superorder GALEOMORPHI

Anal fin present (members of the other superorder with living species, the
Squalomorphi, lack an anal fin, except for the Hexanchiformes). The recog-
nition of galeomorphs as a monophyletic group follows Compagno (1988,
2001) and de Carvalho (1996) and discussed by Cappetta (2012). Synapo-
morphies include closed lateral line canal; ethmoidal region of neurocranium
downcurved; hyomandibular fossa located anteriorly in the otic region; subor-
bitalis muscle originating on upper preorbital wall; suborbitalis muscle insert-
ing directly on mandible anterior to adductor mandibulae; nasoral groove
present; and pharyngobranchial blade present.

The composition is the same as the division Galeomorphii of de Carvalho
(1996), superorder Galea of Shirai (1996), and superorder Galeomorphi of
Compagno (2001); all have the same four orders as here. The sequencing
of the orders is based on de Carvalho (1996), Goto (2001), and Musick and
Ellis (2005), where the Heterodontiformes (the most primitive galeomorphs)
are sister to the other three orders and the Orectolobiformes are sister to
the Lamniformes and Carcharhiniformes. The classification, information on
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distribution, and much of the other information are based on Compagno
(1999, 2001, 2005).

Four orders, 23 families, 76 genera, and about 352 species. One fossil order
with one family is also recognized (Cappetta, 1987, 2012).

tOrder SYNECHODONTIFORMES. One family. These were classified in
Galeomorphi by Cappetta (2012).

FFamily PALAEOSPINACIDAE. Permian or Early Triassic to Paleocene or perhaps
Eocene. E.g., TPalidiplospinax, tSynechodus.

Order HETERODONTIFORMES (4)—bullhead sharks. Two dorsal fins, each with a
spine (other galeomorphs lack dorsal fin spines); anal fin present; head ele-
vated with crests above eyes; five gill slits, first the largest and posteriormost two
or three behind pectoral fin origin; spiracle present but small; eyes dorsolat-
eral, without nictitating fold; nostrils connected with mouth by deep groove.
Vertebrae 103-123. Oviparous, screw-shaped egg cases.

One family (Compagno, 2001).

Family HETERODONTIDAE (8)—bullhead sharks. Marine, tropical to warm temper-
ate, continental and insular shelves (primarily continental versus oceanic islands) and
uppermost slopes (0-275 m, most shallower than 100 m); western Indian (Arabian
Peninsula to South Africa) and Pacific (western Pacific from Japan to Tasmania and
New Zealand, eastern Pacific from California to Galapagos Islands and Peru). See order
for family characters. Maximum length 1.6 m, attained in Heterodontus portusjacksoni,
most under T m. Also known as horn sharks or Port Jackson sharks.

One genus, Heterodontus, with nine species (Compagno, 2001; Baldwin,
2005). Cappetta (2012) included also two extinct genera (7 Paracestracion and
T Proheterodontus), with at least 15 extinct species.

Order ORECTOLOBIFORMES (5)—carpet sharks. Two dorsal fins, without spines;
anal fin present; five gill slits, broad, last two to four above or behind pec-
toral fin origin; spiracles present, small to large, and close behind and about
level with eyes; eyes usually dorsolateral on head (lateral in Nebrius, Stegostoma,
and Rhincodon); eyes without nictitating membrane; mouth small to large, well
in front of the eyes; nostrils longitudinal on snout, with prominent nasoral
grooves and barbels in most.
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Seven families, 14 genera, and 44 species (Compagno, 2001, 2005). Goto
(2001), who gave a cladistic analysis of this order, gave keys to the families and
the genera, placed the families Stegostomatidae and Ginglymostomatidae
in synonymy with Rhincodontidae, and thus recognized only five families.
The recognition of the two suborders follows Goto (2001) and is supported
by molecular results of Naylor et al. (2012). Cappetta (2012) listed the
following genera as Orectolobiformes but of uncertain familial placement:
TAnnea, TDorsetoscyllium, TFolipistrix, THeterophorcynus, TOrnatoscyllium, and
T Phorcynis.

Suborder Parascyllioidei. Spiracles minute, without gill filaments; fifth (and
last) gill opening large; origin of anal fin well in front of origin of second
dorsal fin.

Family PARASCYLLIIDAE (9)—collared carpet sharks. Marine, tropical to temperate
continental to slopes (1-435 m); western Pacific (Australia to Japan). The oldest fossils
are Albian (late Early Cretaceous).

Vertebrae 159-199. Maximum length 3.3 m, in Cirrhoscyllium expolitum, most
under 0.9 m.

Two genera, Cirrhoscyllium (3, South China Sea to Japan) and Parascyllium
(5, Australia), with eight species (Compagno, 2001, 2005; Last and Stevens,
2008). According to Cappetta (2012) there is one extinct genus, the Albian to
Eocene {Pararhincodon, with four species.

Suborder Orectoloboidei. Spiracles moderate to large, with gill filaments; fifth
(and last) gill opening moderate in size; origin of anal fin behind origin of
second dorsal fin.

Two superfamilies are recognized in this suborder.

Superfamily Orectoloboidea. Naylor et al. (2012) found mtDNA-sequence sup-
port for a clade, recognized here as a superfamily, comprising Brachaeluridae
and Orectolobidae.

Family BRACHAELURIDAE (10)—blind sharks. Marine, tropical to temperate con-
tinental shelf, primarily coastal (0-137 m); western South Pacific (off east coast of
Australia). The oldest fossils are from the Middle Jurassic.

Spiracles large; nasal barbels very long; eyes dorsolateral. The common name
comes from the habit of one of the species of closing its eyelids when removed
from the water. Vertebrae 117-142. Maximum length about 1.2 m, attained in
Brachaelurus waddi.

Two monotypic genera, Brachaelurus and Heteroscyllium (Compagno, 2001,
2005), though both species are placed in Brachaelurus by Goto (2001). The
extant genus Brachaelurusis recorded first from the Early Cretaceous. Cappetta
(2012) includes three extinct genera (fEostegostoma, tPalaeobrachaelurus, and
T Paraginglymostoma) .
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Family ORECTOLOBIDAE (11)—wobbegongs. Marine, tropical to warm temperate
continental shelf (0-110 m); western Pacific (Japan to southern Australia). The oldest
fossil orectolobids are Late Jurassic.

Head and body depressed; mouth nearly terminal; skin flaps along side of head
and long barbels; spiracles large; enlarged fang-like teeth at symphysis of upper
and lower jaws. Vertebrae 149-158. Maximum length about 3.2 m, attained in
Orectolobus maculatus.

Three genera, Eucrossorhinus (1), Orectolobus (synonym Crossorhinus) (10),
and Sutorectus (1), with 12 species (Compagno, 2001, 2005; Goto, 2008; Last
et al.,, 2010). Fossils of the genus Orectolobus are as old as middle Eocene.
Cappetta (2012) listed also five extinct genera in this family (f Cederstroemia,
T Cretorectolobus, T Eometlaouia, T Orectoloboides, and T Squatiscyllium).

A recent phylogenetic analysis based on mtDNA (Corrigan and Behere-
garay, 2009) did not support recognition of Eucrossorhinus and Sutorectus as
distinct genera (the latter was suggested also by Vélez-Zuazo and Agnarsson,
2011), unless other lineages of Orectolobus are also recognized as distinct
genera. We reserve judgement pending further study of morphology and
additional molecular markers in this interesting group of sharks.

Superfamily Hemiscyllioidea. Naylor etal. (2012) found some mtDNA-sequence
support for a clade including Hemiscylliidae, Ginglymostomatidae,
Stegostomatidae, and Rhincodontidae, recognized here as a superfam-
ily. Ginglymostomatidae were not included in the clade found by Vélez-Zuazo
and Agnarsson (2011), but the exclusion was only weakly supported.

Family HEMISCYLLIIDAE (12)—bamboo sharks. Marine, tropical and subtrop-
ical, continental shelves (usually close inshore, up to about 100 m); Indo-West
Pacific (Madagascar to Japan and Australia). The oldest fossils are from the Early
Cretaceous.

Nasal barbels short; spiracles large; anal fin low and rounded, origin well
behind origin of second dorsal fin. Vertebrae 151-192. Maximum length
about 1.0 m, attained in Chiloscyllium punctatum and Hemiscyllium ocellatum,
most under 70 cm.

Two genera, Chiloscyllium (8) and Hemiscyllium (9, primarily western Pacific,
the long-tailed carpet sharks), with 17 species (Compagno, 2001, 2005).
Naylor et al. (2012) presented preliminary results suggesting that Chiloscyllium
might be paraphyletic with respect to Hemiscyllium, but they also noted that
additional species, especially of Hemiscyllium, must be sampled to test this.
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There are five extinct species of Chiloscyllium, the oldest from the Early Creta-
ceous, and four of Hemiscyllium, the oldest being latest Cretaceous. Cappetta
(2012) included also three extinct genera (fAcanthoscyllivm, TAlmascyllivm,
T Mesiteia) in the family.

Family GINGLYMOSTOMATIDAE (13)—nurse sharks. Marine, tropical and subtrop-
ical inshore over continental and insular shelves (0 to about 100 m); western Atlantic
(northern USA to southern Brazil), eastern Atlantic primarily off Africa, Indo-West and
central Pacific (Africa to southern Japan, northern Australia, and Tahiti), and eastern
Pacific (Mexico to Peru). The oldest fossils are Early Cretaceous.

Spiracles small (smaller than the eyes), behind the eyes; eyes lateral on head
in Nebrius; nostrils with short to moderately long barbels; no lobe and groove
around outer edges of nostrils; fourth and fifth gill slits almost overlapping.
Vertebrae 135-195.

Maximum length about 3 m, attained in Ginglymostoma cirratum and Nebrius
ferrugineus.

Two monotypic genera, Ginglymostoma and Nebrius (Compagno, 2001, 2005).
However, there were many more species in the past. Cappetta (2012) listed
14 extinct species for Ginglymostoma, the oldest being late Late Cretaceous,
and a further six extinct genera in the family (f Cantioscyllium, T Delpitoscyllium,
T Ganntouria, T Hologinglymostoma, T Plicatoscyllium, and T Protoginglymostoma) .

The extant genus Pseudoginglymostoma, formerly included in this family,
belongs, based on mtDNA sequence phylogenetics, in a group with Rhincodon
and Stegostoma (see below) according to Naylor et al. (2012).

Family STEGOSTOMATIDAE (14)—zebra sharks. Marine, primarily tropical inshore
over continental and insular shelves (0-62 m); Indo-West Pacific (from Red Sea and off
eastern Africa to southern Japan, northern Australia, and New Caledonia). The oldest
fossils are Eocene.

Spiracles moderate in size and behind the eye; eyes lateral on head; caudal fin
unusually long, almost as long as rest of shark. Vertebrae 207-243. Maximum
length possibly 3.5 m, usually under 2.5 m.

Two genera, Stegostoma fasciatum, Zebra Shark (Compagno, 2001, 2005) and
Pseudoginglymostoma brevicaudatum, Short-tail Nurse Shark; the latter belongs
here rather than in Ginglymostomatidae, according to Naylor et al. (2012).
The oldest fossils of Stegostoma are Eocene.
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Family RHINCODONTIDAE (Rhiniodontidae) (15)—whale sharks. Marine, tropical
to warm temperate coastal and oceanic (0-700 m); circumglobal Atlantic, Indian, and
Pacific. The oldest fossils are late Paleocene.

Mouth exceptionally large and virtually terminal; gill openings exceptionally
large, fifth well separated from fourth; eyes lateral; gill rakers elongate, plank-
ton feeders; teeth reduced but numerous tooth rows; spiracles relatively small.
Vertebrae 174. Maximum length at least 12 m, probably over 14 m, and per-
haps up to 18 m (Colman, 1997). Even at “only” 12 m, this is the world’s
largest fish.

One species Rhincodon typus, Whale Shark (Compagno, 2001, 2005). Generic
synonym: Rhiniodon. The oldest fossils of Rhincodon are late Oligocene
according to Cappetta (2012), who also recognized one extinct genus,
T Palaeorhincodon.

Order LAMNIFORMES (6)—mackerel sharks. Two dorsal fins, without spines; anal
fin present; five gill slits, broad, last two may be above pectoral fin origin; spir-
acles usually present, small and behind eyes; eyes usually lateral (dorsolateral
in Carcharias); eyes without nictitating membrane; barbels absent; mouth large
and extending well behind eyes; spiral intestinal valve of ring type (appearing
as a stack of rings), with 19-55 turns.

Many lamniforms are known to practice oophagy, in which an embryo eats
the eggs representing its presumptive siblings or half-siblings in the womb
prior to birth, and in some cases a form of cannibalism called embryophagy, in
which the larger embryos eat smaller ones until the mother is left to give birth
to only one large embryo (Gilmore, 1993).

Seven extant families with 10 genera and 15 species (Compagno, 2001). Nay-
lor et al. (2012) and Vélez-Agnarsson (2011) have made a start at checking
assignment of genera to families, but there is enough disagreement between
those studies to prevent us making sweeping changes at this time.

Eight extinct families belong in the Lamniformes according to Cappetta
(2012); they are listed first, followed by the extant families.

Fossil lamniforms that cannot readily be classified to family include some
well-known forms, such as TCretodus, TDwardius, TEostriatolamia, TPalaeo-
carcharias, T Palaeocarcharodon, TParanomotodon, T Priscusurus, and § Trigonotodus

(Cappetta, 2012).
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FFamily OTODONTIDAE. Paleocene to Pliocene. Extinct genera include tOtodus (see
below) and fParotodus (with four species). The well-known fossil genus tCretalamna is
likely a synonym of the genus $Otodus (Cappetta, 2012).

The extinct genus TOlodus contains three subgenera: TOtodus (T Otodus),
with four species including fOtodus obliquus; TOtodus (T Carcharocles), with
seven species and subspecies; and TOtodus (T Megaselachus), with two species:
T Otodus (T Megaselachus) chubutensis and T Otodus (T Megaselachus) megalodon.

Thus, the famous, giant Megatooth Shark or Megalodon, which had huge
teeth, grew to at least 11 and perhaps 20 m in length, and was formerly classi-
fied by various authorities in the genus Carcharodon or Isurus (see below, family
Lamnidae) or {Carcharocles (the current family but in a different subgenus),
is now usually considered to be a member of fFamily Otodontidae, genus
T Otodus, subgenus T Megaselachus.

FFamily XIPHODOLAMIIDAE. Eocene. Two species in tXiphodolamia.

FFamily CARDABIODONTIDAE. Late Early Cretaceous (Albian) to early Late Creta-
ceous (Turonian). There are two species in the genus fCardabiodon, including +C. ricki,
which may have had an antitropical distribution in the Turonian (Cook et al., 2010).

tFamily CRETOXYRHINIDAE. Late Early Cretaceous (Albian) to mid Late Cretacous
(Campanian). There are three genera (tAcrolamna, tCretoxyrhina, 1 Dallasiella). Cappetta
included tArchaeolamna with this family, but it is here classified in the separate family
tArchaeolamnidae (below).

tFamily ARCHAEOLAMNIDAE. Late Early Cretaceous (Albian) to late Late Creta-
ceous (Maastrichtian). One species, tArchaeolamnidae kopingensis, and several less
well-known and unnamed forms. Underwood and Cumbaa (2010) established the
tArchaeolamnidae based on isolated but associated teeth. Cook et al. (2011) described
a partial articulated skeleton with mostly intact dentition that clarified this shark’s tooth
replacement pattern and relationships.

‘Family PSEUDOSCAPANORHYNCHIDAE. Early Cretaceous to late Late Cretaceous
(Maastrichtian). Three genera (fLeptostyrax, tProtolamna, and tPseudoscapanorhynchus).

tFamily ANACORACIDAE. Late Early Cretaceous (Albian) to late Late Cretaceous
(Maastrichtian). Three genera (tNanocorax, TPtychocorax, and tSqualicorax).

tFamily PSEUDOCORACIDAE. Late Cretaceous. There are two genera (fGaleocorax
and fPseudocorax).

THE REMAINING FAMILIES are extant, but most are well represented also by fossils.

Family MITSUKURINIDAE (16)—goblin sharks. Marine, outer continental and upper
slopes and seamounts (100-1300 m, usually 270-960 m); scattered in eastern Atlantic
(France to South Africa), western Atlantic (Gulf of Mexico and Guiana to French
Guyana), western Indian (primarily South Africa), western Pacific (Japan, Australia, and
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New Zealand), and eastern Pacific (southern California). The oldest fossils are Early
Cretaceous.

Snout with a greatly elongated and flattened blade-like projection; jaws very
protrusible; precaudal pit absent; eyes small; caudal fin long but ventral lobe
not developed. Vertebrae 122-125. Maximum length 3.8 m.

One species, Mitsukurina owstoni, Goblin Shark (Compagno, 2001, 2005).
Naylor etal. (2012), on evidence from mtDNA, suggest that Mitsukurinais sister
to other extant lamniforms, but not with strong support. The oldest fossils of
Mitsukurina are early Eocene in age, and two extinct species are recognized
in the genus. Cappetta (2012) also listed the following extinct genera in this
family: T Anomotodon, T Scapanorhynchus, T Striatolamia, and T Woellsteinia.

Family ODONTASPIDIDAE (17)—sand tiger sharks. Marine, tropical to temperate
continental and insular shelves to deep slopes (1 to about 1600 m) with one species
oceanic; Atlantic, Indian, and Pacific. The oldest fossils are Early Cretaceous.

Gill openings all in front of pectoral fin, relatively large but not extending
onto dorsal surface of head; eyes relatively small; caudal peduncle without a
lateral keel; caudal fin asymmetrical with relatively short ventral lobe. Verte-
brae 156-183. Maximum length 4.1 m, attained in Odontaspis ferox (the other
two species reach over 3 m). Carcharias taurus, the Sand Tiger, is the only shark
so far shown to practise embryophagy (Gilmore, 1993).

Two genera, Carcharias (synonym Eugomphodus) (1: C. tawrus, Sand Tiger,
including C. tricuspidatus as a junior synonym) and Odontaspis (2: O. ferox,
Smalltooth Sand Tiger, and O. noronhai, Bigeye Sand Tiger), with three
species (Compagno, 2001, 2005). Carcharias and Odontaspis have been sepa-
rate since the Cretaceous, their oldest fossils both being of Late Cretaceous
age. Cappetta (2012) and Shimada et al. (2015) discussed extinct genera
(e.g., TBrachycarcharias, T Cenocarcharias, THypotodus, T Jaekelotodus, | Johnlongia,
T Orpodon, T Pseudomegachasma, TRoulletia, TSylvestrilamia, and T Turania). The
fossil genus TSynodontaspis is considered a synonym of Carcharias.

Family PSEUDOCARCHARIIDAE (18)—crocodile sharks. Marine, tropical to subtrop-
ical, inshore (rarely) to oceanic and circumglobal (surface to at least 590 m); scattered
localities, western Atlantic (Brazil), eastern Atlantic (Cape Verde Islands to South Africa),
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western Indian (primarily southern Africa), parts of eastern Indian, western Pacific (south-
ern Japan to northern Australia, North Island of New Zealand, and Hawaii), much of
open Pacific (Hawaii to North and South America), and eastern Pacific (Baja California
to Peru). The oldest fossils are early Eocene in age.

Eyes exceptionally large; gill openings extending onto dorsal surface of head,;
caudal peduncle with upper and lower precaudal pits and with low lateral
keel; caudal fin asymmetrical with moderate lower lobe. Vertebrae 146-158.
Maximum length 1.1 m.

One species, Pseudocarcharias kamoharai, Crocodile Shark (Compagno, 2001,
2005).

Family ALOPIIDAE (19)—thresher sharks. Marine, tropical to cold temperate, coastal
and oceanic (surface—at least 500 m); scattered across Atlantic, Indian, and Pacific.
The oldest fossils are early Eocene.

Upper lobe of caudal fin long and curving, about as long as rest of shark;
last two gill openings above pectoral fin base; gill openings short; mouth
small; pectoral fins long and narrow; eyes large; precaudal pits present.
Vertebrae 282-477 (most variation is in the number of caudal vertebrae;
Alopias vulpinus has the greatest number, 453-477). Maximum length at least
5.7 m, attained in Alopias vulpinus, the Pelagic Thresher, the species with the
largest range.

One genus, Alopias, with three species (Compagno, 2001, 2005). Alopias is
known from fossils are early as the early Eocene and has about seven extinct
species. Extinct genera listed by Cappetta (2012) include fAnotodus and
tUsakias.

Family MEGACHASMIDAE (20)—megamouth sharks. Marine, tropical to warm tem-
perate, coastal (as shallow as 5 m) and oceanic (epipelagic from 8-166 m depth), proba-
bly circumtropical; Atlantic (Brazil and Senegal), Indian (western Australia), and Pacific
(Japan, Philippines, Indonesia, Hawaiian Islands, and southern California). The oldest
megachasmid fossils are late Oligocene.
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Head elongated, about length of trunk; mouth exceptionally large, terminal;
snout short and broadly rounded; gill openings moderately long but not
extending onto dorsal surface of head and with last two over pectoral fin
base; teeth small, in numerous rows; gill rakers unique, of finger-like dermal
papillae; precaudal pits present. Vertebrae 151. Maximum length 5.5 m.

This is one of the three species of gigantic filter-feeding sharks. First found
in 1976 and described in 1983, the single extant species was known up to 2013
from only 63 confirmed sightings (see http://www.flmnh.ufl.edu/fish/ under
“shark” for updates). It is the only shark thought to be subject to attacks from
the semi-parasitic shark Isistius brasiliensis.

One species, Megachasma pelagios, Megamouth Shark (Compagno, 2001,
2005).

Family CETORHINIDAE (21)—basking sharks. Marine, warm temperate (rarely
subtropical) to cool temperate, continental and insular shelves, possibly oceanic
(usually in shallow water); Atlantic (including the Mediterranean and western Barents
Sea), Indian (only off western Australia), and Pacific. The oldest fossils are from the
middle Eocene.

<

Gill openings exceptionally large, extending almost to the top of the head;
teeth small and numerous; mouth large; eyes small; gill rakers elongate
(hair-like), modified dermal denticles (occasionally shed in this plankton
feeder); caudal fin nearly symmetrical and caudal peduncle with strong lateral
keel. Vertebrae 109-116. Maximum length perhaps up to 15.2 m, at least
10 m. One of the three species of gigantic filter-feeding sharks, this is the
world’s second largest fish species.
One species, Cetorhinus maximus, Basking Shark (Compagno, 2001, 2005).

Family LAMNIDAE (22)—mackerel sharks. Marine, tropical to cool temperate, conti-
nental and insular waters (to about 1,200 m) and oceanic; Atlantic, Indian, and Pacific.
The oldest fossil record is from the early Paleocene.
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Gill openings large, barely extending onto dorsal surface of head; teeth
relatively few and enlarged; gill rakers absent; caudal fin nearly symmetrical
and caudal peduncle with strong lateral keel and precaudal pits. Vertebrae
153-197. Maximum length at least 6.0 m, attained in Carcharodon carcharias
(White Shark, also known as the Great White Shark, e.g., in FAO publications)
(Compagno, 2001).

The distinctive rostral cartilages of various lamnid species were studied by
Mollen et al. (2012). Lamnids are among the few sharks known to maintain
internal body temperatures (in swimming muscles) well above external water
temperatures through a counter-current heat-exchange system.

The White Shark is responsible for the majority of attacks on humans in
many areas (e.g., for this and other information see Myrberg and Nelson,
1990; Ellis and McCosker, 1991; Klimley and Ainsley, 1996; Compagno,
2001; see also the International Shark Attack File [ISAF] at http://www
flmnh.ufl.edu/fish/). It also has one of the widest distributions of all elas-
mobranchs, being found around the world mostly in northern and southern
temperate seas, while being rare in equatorial or tropical seas (a so-called
antitropical distribution). Long-distance migration has been recorded from
the western coast of North America to the Hawaiian Islands and back. One
radio-tagged female Great White famously traveled from South Africa to
Australia within 99 days, cruising mostly at shallow depths but diving fre-
quently into much deeper waters of the Indian Ocean. Six months later the
same shark was identified again off South Africa (Bonfil et al., 2005).

Three genera with five species (Compagno, 2001, 2005): Carcharodon
(1, C. carcharias, White Shark), Isurus (2, I. oxyrinchus, Shortfin Mako, and
1. paucus, Longfin Mako), and Lamna (2, L. nasus, Porbeagle, and L. ditropis,
Salmon Shark, one of the fastest swimming sharks, believed able to achieve
80 km/h). Carcharodon is known from early Pliocene fossils, Lamna from
the early Pliocene, and Isurus as early as early Oligocene, with one extinct
species, Isurus desori. There are seven extinct genera listed by Cappetta (2012):
T Carchariolamna, T Carcharoides, T Cosmopolitodus, Isurolamna, TKaraisurus,
T Lethenia, and T Macrorhizodus.

The giant fossil shark known as the Megatooth Shark or Megalodon had
formerly been classified here by some but is now included in the extinct family
fOtodontidae (see above) by most authorities (e.g., Cappetta, 2012).

Order CARCHARHINIFORMES (7)—ground sharks. Two dorsal fins (one dorsal
fin in the scyliorhinid Pentanchus profundicolus, the Onefin Cat Shark, from the
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Philippines), without spines; anal fin present; five gill slits, with the last one to
three over the pectoral fin; gill rakers absent; mouth extending behind eyes;
eyes with nictitating fold or membrane (lower eyelid, described in detail in
Compagno, 1988); spiracles usually absent; intestinal valve of spiral or scroll
type (described in Compagno, 1988:79-80). Development may be oviparous,
ovoviparous, or viviparous.

Eight families, 51 genera, and at least 284 species (Compagno, 1999;
FishBase). The classification of this order is based on Compagno (1999).
Iglésias et al. (2005) presented molecular evidence that some of the genera
and families are not monophyletic, but their phylogeny still was not fully
resolved. Another molecular study with more complete taxon sampling but
using a shorter segment of mtDNA (Naylor et al., 2012) suggested that the
Scyliorhinidae, especially, might not be monophyletic.

Family SCYLIORHINIDAE (23)—cat sharks. Marine, temperate to tropical; continental
and insular shelves and slopes; circumglobal, Atlantic, Indian, and Pacific. The oldest
fossils are Middle Jurassic (Cappetta, 2012).

First dorsal fin base opposite or behind pelvic-fin base (in front of pelvic-fin
base in all others); nictitating eyelids rudimentary; spiracles present; intestine
with spiral valve. Maximum length atleast 1.6 m, attained in Scyliorhinus stellaris.
Seventeen genera and about 150 species: Apristurus (37), Asymbolus (9),
Atelomycterus (5), Aulohalaelurus (2), Bythaelurus (9), Cephaloscyllium (20),
Cephalurus (1), Figaro (2), Galeus (17), Halaelurus (7), Haploblepharus (4),
Holohalaelurus (5), Parmaturus (9), Pentanchus (1), Poroderma (2), Schroed-
erichthys (5), and Scyliorhinus (15). Many new species have been recently
named (Iglésias et al., 2004a,b, 2012; White et al., 2005, 2007, 2008; Human,
2006a,b, 2007; Human and Compagno, 2006; Gledhill et al., 2008; Jacobson
and Bennett, 2007; Séret and Last, 2007, 2008a,b; Last and Stevens, 2008;
Last and White 2008; Last et al., 2008a,b; Nakaya, Sato, and Iglésias, 2008;
Nakaya, Sato, and Iglesias et al., 2008; Sasahara et al., 2008; Sato et al., 2008;
Schaaf-Da Silva and Ebert, 2008; White and Ebert, 2008; McCosker et al., 2012;
Nakaya and Kawauchi, 2013; Nakaya et al., 2013). Compagno (2005) provided
diversity data, augmented in this edition by data from FishBase and others.
Human et al. (2006) presented molecular evidence from mtDNA concern-
ing relationships of Scyliorhinidae. The mitochondrial molecular results of
Naylor et al. (2012) suggest that Scyliorhinidae might be paraphyletic with
respect to other carcharhiniforms. The proposed separation (Compagno,
1988, but not, e.g., 2005; Iglésias et al., 2005) of Pentanchidae (Apristurus,
Asymbolus, Cephalurus, Galeus, Lalaelurus, Haploblepharus, Holohalaelurus,
Parmaturus, Pentanchus) from the remaining Scyliorhinidae has gained some
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support but remains premature pending more extensive genetic and taxon
sampling and morphological evaluation in relevant studies.

Family PROSCYLLIIDAE (24)—finback cat sharks. Marine, warm temperate to tropical,
continental shelves and slopes; western North Atlantic (between Florida and Cuba) and
Indo-West Pacific. The oldest fossil record is Middle Jurassic (Cappetta, 2012).

Nictitating eyelids rudimentary; spiracles present; posterior teeth comb-like;
labial furrows (at corner of mouth) short or absent.

Three genera: Ctenacis (1), Eridacnis (3), and Proscyllium (3), with seven
species (Compagno, 1999, 2005). An extinct genus from the Middle Jurassic,
T Praeproscyllium, was named by Underwood and Ward (2004).

Family PSEUDOTRIAKIDAE (25)—false cat sharks. Marine, continental and insular
slopes; part of North Atlantic, western Indian, and western and central Pacific (including
to New Zealand).

First dorsal fin low, elongate, and keel-like; nictitating eyelids rudimentary;
spiracles large; tooth rows exceptionally numerous, posterior teeth comb-like;
intestine with spiral valve. Maximum length 2.9 m.

Three genera and four species: Gollum (2) (e.g., Last and Gaudiano 2011);
Planonasus Weigmann et al., 2013 (1); Pseudotriakis (1) (e.g., Compagno,
1999, 2005).

Family LEPTOCHARIIDAE (26)—barbeled hound sharks. Marine, continental shelf;
eastern Atlantic off Africa.

Labial furrows (at corner of mouth) very long; anterior nasal flaps formed into
slender barbels; nictitating eyelids internal; spiracles small; intestine with spiral
valve. Maximum length 8.2 m. The one species was not included in the study
by Iglésias et al. (2005) but was suggested by Naylor et al. (2012) to be distantly
related to Carcharhinidae. Based on that, we retain it in a separate family.

One species, Leptocharias smithii, Barbeled Hound Shark (Compagno, 1999,
2005).

Family TRIAKIDAE (27)—hound sharks. Marine, rarely in freshwater, tropical to cool
temperate, continental and insular shelves and slopes; circumglobal, Atlantic, Indian,
and Pacific. The oldest fossils are Early Cretaceous.
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Labial furrows moderately long; anterior nasal flaps usually not slender or
barbel-like; spiracles present; intestine with spiral valve. Maximum length
2.4 m, attained in Triakis maculata.

Compagno (1988) and Nelson (2006) recognized two subfamilies, Triakinae
and Galeorhininae, but they are not recognized here because DNA sequence
studies (Lopez et al., 2006; Naylor et al., 2012) suggest that the type species
of Triakis may be more closely related to members of Galeorhininae than to
Triakinae as previously understood, and that both subfamilies recognized
earlier are paraphyletic.

Nine genera include Furgaleus (1), Galeorhinus (1), Gogolia (1), Hemitri-
akis (6), Hypogaleus (1), lago (2), Mustelus (28, smoothhounds), Scylliogaleus
(1), and Triakis (5, leopard sharks, including Cazon), with 46 species. Mustelus
canis enters fresh water for short periods in the western Atlantic (Compagno,
1999, 2005; Pietsch et al., 2012; White et al., 2009). Fossils of Galeorhinus
date to the Late Cretaceous (Cenomanian), Mustelus to the late Paleocene,
Triakis to the early Paleocene, and Jago to the early Eocene. Cappetta (2012)
also recognized six extinct genera: TKhouribgaleus, TPachygaleus, TPaleogaleus,
T Paratriakis, T Squatigaleus, and T Xystrogaleus.

Family HEMIGALEIDAE (28)—weasel sharks. Marine, continental shelves; eastern
tropical Atlantic (and possibly New England) and Indo-West Pacific. Oldest fossils are
Eocene.

Dorsal fin margin undulated; precaudal pit present; nictitating membrane
internal; spiracles small; labial furrows moderately long; intestine with spiral
valve. Maximum length 2.4 m, attained in Hemipristis elongata.

Four genera, Chaenogaleus (1), Hemigaleus (2), Hemipristis (1), and Paragaleus
(4), with eight species (Compagno, 1999, 2005; White et al., 2005; White
and Harris, 2013). Fossils of Chaenogaleus are recognized as early as the early
Miocene, Hemipristis in the Eocene, and Paragaleus in the middle Miocene.

Family CARCHARHINIDAE (29)—requiem sharks. Marine, occasionally in freshwater
rivers and lakes, tropical to warm temperate, continental and insular shelves and slopes
and oceanic; circumglobal, Atlantic, Indian, and Pacific. The oldest fossils are of early
Paleocene age.

Dorsal fin margin undulated; precaudal pit present; spiracles usually absent;
nictitating eyelids internal; intestine with scroll valve, lacking spiral valve. Max-
imum length at least 7.4 m, attained in Galeocerdo cuvier.
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Seven species enter fresh water, with extended movements by Carcharhinus
leucas (Bull Shark) and Glyphis gangeticus (Ganges Shark) (the latter, long
thought to be confined to fresh and brackish water, may be conspecific with
populations in Pakistan and Borneo based on mtDNA evidence; Li et al. 2015).

In the 1994 edition, sphryrnids (hammerhead sharks) were placed in
this family because independent evidence based on morphological and
molecular data suggested that the Carcharhinidae were not monophyletic
unless sphryrnids were included in the family (Compagno, 1988:403; Naylor,
1992). Naylor (1992) did not, however, have data from Scoliodon, the taxon
Compagno (1988) thought to be the sister group of sphryrnids. Musick and
Ellis (2005) also placed sphryrnids within carcharinids. Lépez et al. (2006), in
a study focused on Triakidae, suggested similarly that sphyrnids might belong
within Carcharhinidae. Molecular studies by Naylor et al. (2012) suggested
that the Tiger Shark Galeocerdo could be the sister group of Carcharhinidae
plus Sphyrnidae. In a study focused on Sphyrnidae, Lim et al. (2010) did
not help settle this question because their study included only one species of
Carcharhinus.

Carcharinids and sphryrnids are here recognized in separate families as in
Compagno (1999, 2005) until better evidence of their interrelationships is
found.

Twelve genera, Carcharhinus (34), Galeocerdo (1, Tiger Shark), Glyphis
(5, river sharks), Isogomphodon (1), Lamiopsis (2), Loxodon (1), Nasolamia (1),
Negaprion (2, lemon sharks), Prionace (1, Blue Shark), Rhizoprionodon (7),
Scoliodon (2), and Triaenodon (1), with at least 58 species (Compagno, 1999,
2005, White, 2012; Li et al., 2015). The oldest fossils (with numbers of extinct
species) are: Carcharhinus (4) middle Eocene, Galeocerdo (4) and Glyphis
early Eocene, Isogomphodon (3) early Miocene, Nasolamia Pliocene, Negaprion
early Miocene, Prionace early Pliocene, Rhizoprionodon (2) early Eocene, and
Scoliodon Miocene. At least seven other fossil genera are included in this family
(Cappetta, 2012).

Family SPHYRNIDAE (30)—hammerhead sharks. Marine (occasionally brackish),
tropical to warm temperate, primarily continental shelf; Atlantic, Indian, and Pacific.

Lateral, blade-like extensions to the head (with eyes and nasal openings far-
ther apart than in other sharks, perhaps conferring an advantage in homing
in on food); spiracles absent. The head extensions, termed cephalofoils, range
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from being narrow and wing-like in the Indo-West Pacific Eusphyra blochii to
being evenly rounded and spade-like in the New World Sphyrna tiburo (shown
in the preceding figure). Surprisingly, narrower, spade-like shapes might have
evolved from wider, more wing-like forms (Lim et al., 2010). Large individuals
are very dangerous and there are many records of fatal attacks on humans.
Maximum length 6.1 m, attained in S. mokarran.

Two genera, Eusphyra (1) and Sphyrna (9), with ten species (Compagno,
1999, 2005; Lim et al., 2010; Quattro et al., 2013). The oldest fossils, of early
Oligocene age, are of Sphyrna, which has one extinct species (Cappetta, 2012).

Superorder SQUALOMORPHI

The composition of this superorder differs from the division Squalea of de
Carvalho (1996) and the superorder Squalea of Shirai (1996). The greatest
difference is that Batoidea (Batomorphi herein) are not recognized in this
superorder (see above discusion under Euselachii).

Maisey (1980) recognized this group by its unique form of jaw articulation,
the orbitostylic jaw articulation; hence, the group can be referred to as the
orbitostylic sharks. According to Shirai (1996) and discussed by Cappetta
(2012), monophyly is supported also by the following: anal fin absent;
neurocranium basal angle; mesonasal flap absent; hyoid arch with arcuate
extrabranchial cartilages dorsally and ventrally; pectoral supported by one or
a few radials. Molecular phylogenetic studies include those of Vélez-Zuazo
and Agnarsson (2011) and Naylor et al. (2012). These studies do not agree
on all points.

Five orders, 11 families, 30 genera, and 161 species.

Three clades, ranked as series, are listed in phylogenetic sequence: Hex-
anchida, Squalida, and Squatinida.

Series HEXANCHIDA. Chlamydoselachids (frilled sharks) and hexanchids
(six-gill sharks) have long been considered among the most primitive liv-
ing squalomorphs but whether they were successive sister groups to other
squalomorphs or sister to each other in a monophyletic group has been less
certain. Shirai (1992a, 1996) considered chlamydoselachids to be sister to
all remaining euselachians, and he thus placed it in a separate order from
the Hexanchiformes. We accept the evidence of de Carvalho (1996) that it
and the Hexanchidae are sister taxa; this is supported also by the mtDNA
and nuclear sequence phylogeny of Vélez-Zuazo and Agnarsson (2011) and
the mtDNA-only results of Naylor et al. (2012), both of which place the
resulting clade (Series Hexanchida herein) as the sister group of all other
squalomorphs.

Order HEXANCHIFORMES (Notidanoidei) (8)—six-gill sharks. One dorsal fin, with-
out spine; anal fin present; six or seven gill slits; eyes without nictitating fold;

spiracle present but small, well behind eye. The homology of the extra arches
is discussed by Shirai (1992b).
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Two families with four genera and six species.

The following extinct families within Hexanchiformes are recognized
by Cappetta (2012): fOrthacodontidae, Early Jurassic to Paleocene
(Cappetta, 1987; e.g., Sphenodus = Orthacodus), tParaorthacodontidae, and
TPseudonotidanidae.

Family CHLAMYDOSELACHIDAE (31)—frilled sharks. Marine, continental and insu-
lar slopes, occasionally on shelves; scattered in western North Atlantic, eastern Atlantic
(Norway to around South Africa), southwestern Indian, western Pacific (Japan to New
Zealand), and eastern Pacific (California and Chile). The oldest fossils are Late Creta-
ceous (Santonian).

Six gill openings, margin of first gill continuous across throat; mouth termi-
nal; teeth alike on upper and lower jaws, with three elongate cusps; lateral-line
canal open; body very elongate. Maximum length about 1.9 m.

Two species, Chlamydoselachus anguineus, Frilled Shark, and the recently
described C. africana, Southern Frilled Shark, found off southern Africa
(Compagno, 1999, 2005; Ebert and Compagno, 2009). Chlamydoselachus is
known by fossils as old as Late Cretaceous (Santonian). There is one extinct
genus (not recognized as distinct by all authorities), called TProteothrinax (its
original name 7hrinax replaced because it was a junior homonym; Pfeil, 2012)
and recorded from the Paleocene onwards (Consoli, 2008).

Family HEXANCHIDAE (32)—cow sharks. Marine, temperate to tropical, continental
and insular shelves and slopes; circumglobal, Atlantic, Indian, and Pacific. The oldest
hexanchids are Early Jurassic.

Six or seven gill openings, margin of first gill not continuous across throat;
mouth ventral; teeth in upper jaw different from those in lower jaw; lateral-line
canal open in Notorynchus. Maximum length about 4.7 m, attained in Hexanchus
griseus.

The braincase of Notorynchus is described by Maisey (2004b), based on
high-resolution scanning and digital imaging. This study also gives new
phylogenetic information on the elasmobranch braincase in fossils.

Three genera and four species (Compagno, 1999, 2005): Hexanchus
(2) H. griseus and H. nakamurai with six gill openings (the latter recently
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redescribed by Ebert et al., 2013), along with Heptranchias perlo (sometimes
placed in its own family Heptranchiidae) and Notorynchus cepedianus (some-
times placed in its own family Notorynchidae) with seven gill openings. The
oldest records of the extant genera (with numbers of extinct species) are
Hexanchus (5), Early Jurassic; Heptranchias, Late Cretaceous; Notorynchus (3),
Early Cretaceous. There are perhaps 6 extinct genera (Cione, 1996; Cappetta,
2012), including Notidanodon, Late Cretaceous to Eocene; {Notidanoides,
Jurassic (the formerly generic name Notidanus is invalid; Maisey, 1986a);
T Pachyhexanchus; and §Weltonia). The extinct genus TParaheptranchias is
sometimes grouped with Heptranchias in a separate family.

Series SQUALIDA. This taxon is sister to the Series Squatinida (see, e.g., Naylor
etal., 2012) treated below. One order.

Order SQUALIFORMES (9)—dogfish sharks. Two dorsal fins, with or without
spines; anal fin absent; five gill slits; spiracles present; nictitating lower eyelid
absent; lateral-line canal closed (as it is in most euselachians).

The Echinorhinidae, placed in this order in Nelson (1994), are now placed
in their own order following de Carvalho (1996), sister to Pristiophoriformes
and Squatiniformes, as in the phylogeny of Naylor et al. (2012). Three of
the families now recognized were regarded as subfamilies of Dalatiidae in
Nelson (1994) (see Dalatiidae).

Six families, 22 genera, and at least 123 species. The families are listed
approximately in phylogenetic sequence, mostly consistent with Naylor et al.
(2012); this arrangement differs in important ways from that in Vélex-Zuazo
and Agnarsson (2011).

Family CENTROPHORIDAE (33)—gulper sharks. Marine, warm temperate to tropical,
continental and insular outer shelves and slopes; Atlantic, Indian, and Pacific (absent in
eastern Pacific). The oldest fossils are of early Late Cretaceous age.

Both dorsal fins with spines and both spines grooved; teeth on lower jaw larger
than those on upper jaw; precaudal pits and lateral keels absent on caudal
peduncle.

Two genera, Centrophorus (12) and Deania (4), with 16 species (Compagno,
1999, 2005, White et al., 2008). White et al. (2013) have redescribed the type
species of Centrophorus, C. granulosus, a common, widely distributed, deep-water
species. The oldest fossils of Centrophorus are late Late Cretaceous; those of
Deania are early Paleocene (Cappetta, 2012).

Family ETMOPTERIDAE (34)—lantern sharks. Marine, tropical to temperate, continen-
tal and insular slopes (rarely on shelves), a few oceanic; parts of the Atlantic (extending
north to Iceland), Indian, and Pacific.

Both dorsal fins with spines and both spines grooved; caudal fin with sub-
terminal notch; luminous organs usually present on body. These are small
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sharks: the maximum length is under 90 cm in most species. Straub et al.
(2010) provided a molecular phylogeny for the family and estimated its geo-
logic age at about 60 Ma. They further suggested that Miroscyllium is not valid,
being nested among species of Etmopterus. The other named genera represent
distinct groups.

Five genera, Aculeola (1), Centroscyllium (7), Etmopterus (38 including
Miroscyllium), and Trigonognathus (1), with 47 species (Shirai, 1992a; Shirai
and Okamura, 1992; Compagno, 1999, 2005; Straub et al., 2010). Extant
genera with extinct species are Etmopterus (2 extinct species) middle Eocene,
Miroscyllium (1) middle Miocene, and Trigonognathus (1) middle Eocene.
Extinct genera include f{Eoetmopterus, TMicroetmopterus, TParaetmopterus, and

T Proetmopterus (Cappetta, 2012).

Family SOMNIOSIDAE (35)—sleeper sharks. Marine, Arctic to sub-Antarctic, con-
tinental and insular slopes (on shelves in Arctic and sub-Antarctic), some oceanic;
Atlantic, Indian, and Pacific. Oldest fossils are Late Cretaceous.

Dorsal fins usually without spines (present in a few species but small and in
both fins); lateral ridge present on abdomen between pectoral and pelvic fins;
luminous organs present in most.

Yano etal. (2004) reviewed the genus Somniosus. There is molecular support
for restricting the family Somniosidae to the type genus and placing others in
Oxynotidae (Naylor et al., 2012), although not all relevant genera have been
examined up to now.

Five genera, Centroscymnus (5 including Centroselachus and Proscymnodon),
Scymnodalatias (4), Scymnodon (1), Somniosus (5 including Rhinoscymnus),
and Zameus (2), with 17 species (Compagno, 2005). Somniosus is in both the
Arctic and sub-Antarctic and extends onto inner shelves. The oldest fossils of
each genus (Cappetta, 2012) are: Somniosus (middle Eocene), Centroscymnus
(Late Cretaceous), Scymnodalatias (middle Eocene), Scymnodon (middle
Eocene), Zameus (Pliocene). There is one extinct genus, T Cretascymnus (Late
Cretaceous).

Family OXYNOTIDAE (36)—rough sharks. Marine, continental and insular shelves and
slopes; eastern Atlantic (including Mediterranean), western Atlantic, and western Pacific.
Oldest fossils are Late Cretaceous.
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Body very high and compressed, triangular in cross section; dorsal fins very
high, each with a large spine that may be concealed by the fin; origin of first
dorsal fin may extend far forward over gill openings; lateral ridge present
on abdomen between pectoral and pelvic fins; skin very rough; luminous
organs present.

One genus, Oxynotus, with five species (Compagno, 2005). Oxynotus has two
extinct species and its oldest fossils are Miocene. There is one extinct genus
(T Protoxynotus) of Late Cretaceous age.

Family DALATIIDAE (37)—kitefin sharks. Marine, tropical to temperate, continental
and insular shelves and slopes and oceanic; Atlantic, Indian, and Pacific. The oldest
fossils are Late Cretaceous.

Dorsal fins without spines, except species of Squaliolus have a spine in the first
dorsal fin; luminous organs present, appearing as black dots mainly on ventral
surface (Shirai, 1992a).

One of the species of this group, Squaliolus laticaudus, and the proscylliid
Eridacnis radcliffei are the smallest known sharks, reaching only about 25 cm in
total length (Compagno, 1984a, b). Another small dalatiid shark is the Pocket
Shark Mollisquama parini, which has a pocket-like recess just above its pectoral
fin in which there is a gland possibly with a luminescence function (Dolganov,
1984). The small and pelagic cookiecutter sharks of the genus Isistius, with
modifications to their feeding apparatus, cause crater-like wounds in other
fishes and cetaceans (Shirai and Nakaya, 1992).

In Nelson (1994), the Etmopteridae, Somniosidae, and Oxynotidae were
recognized as subfamilies of the Dalatiidae.

Seven genera, Dalatias (1), FEuprotomicroides (1), Fuprotomicrus (1),
Heteroscymnoides (1), Isistius (2, cookiecutter sharks), Mollisquama (1), and
Squaliolus (2), with 9 species (Compagno, 2005). Extant genera with known
earliest fossil records are: Dalatias (early Paleocene), Isistius (late Paleocene),
Squaliodus (middle Eocene). There are six extinct genera (Cappetta, 2012):
T Acrosqualiodus, TAngoumeius, T Eosqualiolus, TEuprotomicroides, T Paraphorosoides,
and {Squaliodalatias.

Family SQUALIDAE (38)—dogfish sharks. Marine, cool temperate to tropical, circum-
global on continental and insular shelves and slopes and on sea mounts; Atlantic, Indian,
and Pacific. Oldest fossils are Early Cretaceous.
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Both dorsal fins with spines and spines not grooved; teeth on lower jaw not
much larger than those on upper jaw; upper precaudal pit usually present;
caudal peduncle with a pair of lateral keels.

The Spiny Dogfish, Squalus acanthias, familiar to many comparative anatomy
students, is one of the most cosmopolitan fish species, being widespread in the
Northern and Southern Hemispheres, yet virtually absent in tropical waters
and the Indian Ocean. This family was placed in its own order, Squaliformes,
by Shirai (1992, 1996) and regarded as the sister group to all remaining
euselachians, a relationship not followed here.

Members are also known as spurdogs and dogfishes. Newly discovered
species are still often being described (e.g., Last et al., 2007).

Two genera, Cirrhigaleus (3) and Squalus (26) for a total of 29 species
(Compagno, 2005; Last et al., 2007). Squalus, with five extinct species, is known
from the Late Cretaceous. There are four extinct genera: T Centrophorides,
T Centrosqualus, T Megasqualus, and T Protosqualus (Cappetta, 2012).

Series SQUATINIDA. Sister-group relationships between Squatiniformes and
Pristiophoriformes and between the latter two orders and the Echinorhini-
formes are weakly supported by molecular results of Naylor et al. (2012).
A different arrangement (Squatinidae (Echinorhinidae, Pristiophoridae) was
suggested by Vélez-Zuao and Agnarsson (2011). Three extant orders and one
fossil-only order.

tOrder PROTOSPINACIFORMES. Late Jurassic, Bavaria. One family, fProto-
spinacidae, with one genus, {Protospinax. The position of this unusual fossil
was resolved by de Carvalho and Maisey (1996) based on new material and
cladistic analysis using a revised data matrix, largely from Shirai (1992a),
with some differing interpretations of Shirai’s characters. Their results
supported Shirai’s hypnosqualean group and they formally recognized the
group as the Superorder Hypnosqualea, with T Protospinax as sister to the living
hypnosqualeans (i.e., all remaing neoselachians in the present classification).
Although that phylogeny is not followed here, T Protospinax is still regarded as
sister to the remaining squalomorphs, the squatinids and pristiophorids.

Order ECHINORHINIFORMES (10)—bramble sharks. Bramble sharks were placed
in their own order by de Carvalho (1996) based on several characters that
he felt suggest that this taxon is sister to all remaining sharks (Squaliformes,
Squatiniformes, and Pristiophoriformes) and to the rays (then called batoids).
The only family was recognized in the Squaliformes in the last edition and
in Compagno (1999). In the present work they are treated in their own
order, and their postulated relationship has changed: they are classified
as squalomorphs close to Pristiophoridae and Squatinidae on results from
Vélez-Zuazo and Agnarsson (2011) and from Naylor et al. (2012), although
with weak support.

Family ECHINORHINIDAE (39)—bramble sharks. Marine, cool to warm temperate,
continental and insular shelves and slopes and some sea mounts; Atlantic, western
Indian, and Pacific. The oldest fossils are of late Early Cretaceous age.
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Both dorsal fins small and spineless, first dorsal fin originating over or behind
pelvic fin origin (some other sharks such as the dalatiid Isistius have posteriorly
placed dorsal fins, but they are not as far back); pelvic fins larger than second
dorsal fin; body with coarse denticles; teeth alike in both jaws, rows linearly
arranged; last gill slit distinctly larger than others; spiracles minute and well
behind eyes; lateral-line canal open; caudal fin without a subterminal notch.
Maximum length up to 2 m.

One genus, Echinorhinus, with two species (Compagno, 1999, 2005),
E. brucus (shown in figure) in parts of the Atlantic (commonest in eastern
Atlantic), Indian, and western Pacific with denticles relatively few and large,
and E. cookei in parts of the Pacific with denticles relatively numerous and
small. Cappetta (2012) recognized nine extinct species of Echinorhinus, as well
as four extinct genera (T Gibbechinorhinus, T Orthechinorhinus, T Paraechinorhinus,
and T Pseudechinorhinus).

Order SQUATINIFORMES (11)—angel sharks.

Family SQUATINIDAE (40)—angel sharks. Marine, temperate to tropical, continental
shelves and upper slopes; Atlantic, southwestern Indian, and Pacific.

Body ray-like; eyes dorsal; two spineless dorsal fins; no anal fin; five gill open-
ings; spiracle large; mouth almost terminal; nostrils terminal with barbels on
anterior margin. Maximum length up to 2 m.

Squatina and the remaining euselachians (the pristiophorids and the
batoids), termed the Hypnosqualean group, were regarded as a clade by
Shirai (1992c¢, 1996) and by de Carvalho (1996) but not in the present work.
Klug and Kriwet (2013) reviewed the fossil record of squatiniforms and
concluded that the group originated in the Jurassic. The genus Squatina itself
dates to the Early Cretaceous.
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One genus, Squatina, with 22 species (Compagno, 1984a, 1999, 2005; Shirai,
1992¢; Walsh and Ebert, 2007; Walsh et al., 2010; Vaz and De Carvalho, 2013).

Order PRISTIOPHORIFORMES (12)—saw sharks.

Family PRISTIOPHORIDAE (41)—saw sharks. Marine (rarely in estuaries), temperate
to tropical, continental and insular shelves and slopes; western Atlantic in region of
Bahamas, Florida, and Cuba, southwestern Indian off South Africa, and western Pacific
from southern Australia to Japan.

L.
‘M
VA

Body shark-like; snout produced in a long flat blade with teeth on each side
(teeth unequal in size, usually alternating large and small, and weakly embed-
ded); one pair of long barbels; no dorsal fin spines (sometimes present as
internal rudiments); anal fin absent; spiracles large. Maximum length 1.4 m.

Two genera, Pliotrema (1, six gill openings) and Pristiophorus (7, five gill open-
ings), with eight species (Compagno, 1984a, 1999, 2005; Yearsley et al., 2008;
Ebert and Wilms, 2013).

Division BATOMORPHI—rays

Gill openings ventral; anterior edge of the greatly enlarged pectoral fin
attached to side of head via antorbital cartilage, anterior to the gill openings;
anal fin absent; eyes and spiracles on dorsal surface; anterior vertebrae fused
to form a synarcual; suprascapulae of pectoral girdles joined dorsally over
vertebral column and articulating with column or synarcual or fused with
synarcual; nictitating membrane absent, cornea attached directly to skin
around the eyes; body generally strongly depressed; jaws protrusible in most
because palatoquadrate does not articullate with neurocranium directly; in
most, water for breathing taken in chiefly through the spiracle rather than
the mouth (except for those living off the bottom); most rays give birth to
live young (however, the skates are oviparous, i.e., egg layers, and have eggs
encased in a horny capsule); the snout may function as an electroreceptive
organ (as in all elasmobranchs).

Taxonomic names applied in older literature to rays as a whole include
Batoidea, Batidoidimorpha, Hypotremata, Rajiformes, and Rajimorphi.

The common terms skate and ray are sometimes used as either/or (where
a fish is either one or the other, but cannot be both). However, we prefer to
use the term ray as a collective name for all members of the four orders of
batomorphs. Thus, skates, in the strictest sense, are members of one particular
order of rays, the Rajiformes. In this usage, both names refer to monophyletic
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groups, but skates are a subset of the rays, just as are sawfishes and stingrays.
Skates differ from the other rays in many features of morphology and biology.

As discussed above under Euselachii, the separation of Batomorphi (rays)
from Selachii (modern sharks), as followed here, rather than rays being nested
within derived, ray-like shark groups such as Squatiniformes and Pristiophori-
formes, has been advocated on molecular, fossil, and some morphological evi-
dence by Douady etal. (2003), Maisey etal. (2004), McEachran and Aschliman
(2004), Naylor et al. (2012), and Aschliman et al. (2012a,b).

Monophyly of the Batomorphi seems well established, but their inter-
nal interrelationships remain very uncertain. Although McEachran and
Aschliman (2004) regarded their classification as a working hypothesis, it was
an advance over the largely phenetic classification presented by Compagno
(1999) and that of earlier authors. McEachran and Aschliman (2004) exam-
ined more morphological characters in more representatives of genera than
previously done. They also used basal taxa as outgroups as a result of other
recent studies.

Myliobatiformes

Batomorphi
Relationships of the major groups of Batomorphi.

Many different views have been proposed on batomorph interrelationships,
with various taxa seen as the basal group (these ideas are briefly reviewed
in McEachran and Aschliman, 2004). The higher classification given here is
based on McEachran and Aschliman (2004), with modifications influenced by
Naylor et al. (2012) and Aschliman et al. (2012).

Although most batomorphs have a strongly depressed body, some are
relatively shark-like. McEachran and Aschliman (2004) showed that the
depressed, disc-like body characteristic of most higher rays was probably
independently achieved in two lineages. The depressed body of rajids was
probably derived from a more robust-bodied rhinobatid-like ancestor, while
the depressed body of higher myliobatiforms was probably derived from a
robust-bodied platyrhinid-like ancestor.

McEachran and Aschliman (2004) comment on the diversity of pelvic
claspers in batomorphs and suggest that they offer potential in resolving
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interrelationships. Two basic shapes are apparent in external form: Rajiformes
have claspers that are long, slender, and depressed distally while the other
batomorphs, as far as studied, have claspers that are short, stout, and
cylindrical to moderately depressed.

Fossil batomorphs are known from as long ago as the Jurassic in Europe
and Argentina and include taxa such as the rhinobatid genera T Asterodermus,
T Belemnobatis, and TSpathobatis (Cappetta, 1987; Cione, 1999); the latter two
genera may be sister taxa and were found by Brito and Seret (1996) to be basal
batomorphs, supporting an earlier view of J. G. Maisey.

Dean etal. (2007) studied evolution of head and feeding mechanisms, while
Ekstrom and Kajiura (2014) studied pelvic girdle shape relative to locomotion
and phylogeny in batomorphs.

Four orders, 17 families, 83 genera, and at least 636 species.

Order TORPEDINIFORMES (13)—electric rays. Powerful electric organs, derived
from branchial muscles in head region (strongest discharges in the Torpe-
dinidae); skin soft and loose; eyes small to obsolete; caudal fin well developed,;
dorsal fins 0-2. Electrical production is largely for feeding and defense.

Torpediniforms are regarded as the basal batomorph group and sister to the
remaining members of this order in morphological studies (McEachran and
Aschliman, 2004; Aschliman et al., 2012)., but some molecular studies (e.g.,
Aschliman et al., 2012b) place other groups such as skates in that position.
Several species are blind.

Two families, 12 genera with about 65 species. McEachran and Aschliman
(2004) recognized the monophyly of the extant taxa as shown. There is one
extinct family.

ftFamily ARCHAEOBATIDAE. This extinct family, related to Torpediniformes by
Cappetta (2012), dates from the Early Jurassic. Three genera are known: iCristabatis,
tDoliobatis, tToarcibatis (Delsate and Candoni, 2001).

Family TORPEDINIDAE (42)—torpedo electric rays. Marine, continental and insular
shelves and slopes; Atlantic (including Mediterranean Sea), Indian, and Pacific.
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Disc truncate or emarginate anteriorly; jaws extremely slender; no labial
cartilages; rostrum reduced.

In Torpedo (electric rays), the tail and dorsal and caudal fins are well
developed. This genus is ranked as a separate Family by some workers
(e.g., Compagno, 2005). Torpedo (including Tetronarce) has about 22 species
(Compagno, 1999, 2005; de Carvalho et al., 2002; FishBase).

The second genus, Hypnos, or Coffin Ray, has only one species, Hypnos
monoplerygius. It has a very small tail and dorsal and caudal fins (Compagno,
1999, 2005). It lives on the continental shelf and uppermost slope, off
Australia.

Two genera with 23 species. The oldest fossils are of the extinct genus
TEotorpedo, of early Paleocene age. The oldest fossil in Torpedo is of late
Paleocene age; there are three extinct species (Cappetta, 2012).

Family NARCINIDAE (43)—numbfishes. Marine, tropical to warm temperate, conti-
nental and insular shelves and uppermost slopes; Atlantic, Indian, and Pacific.

Disc rounded anteriorly; jaws stout; strong labial cartilages; rostrum present.

Ten genera with at least 42 species. Several undescribed species are known
to exist. The oldest fossils in the family are of late Paleocene age; there is one
extinct species recognized (Cappetta, 2012).

SUBFAMILY NARCININAE (NUMBFISHES). Deep groove around mouth and lips;
jaws long and strongly protractile; rostrum broad; usually two dorsal fins. This
taxon is ranked as a separate family by some workers (e.g., Compagno, 2005).

Four genera, Benthobatis (4), Diplobatis (4), Discopyge (2), and Narcine (20),
with 30 species (de Carvalho, 1999; de Carvalho et al., 2002, 2003; de Carvalho
and Randall, 2003; Compagno, 1999, 2005). Four species of Diplobatis are
recognized based on McEachran and de Carvalho’s (2003:518-20) recog-
nition of two subspecies of Diplobatis pictus (Compagno, 2005) as species.
The oldest fossil in Narcine is late Paleocene; there is one extinct species in
the genus.

SUBFAMILY NARKINAE (SLEEPER RAYS). Shallow groove around mouth; jaws short
and weakly protractile; rostrum narrow; usually a single dorsal fin. Indo-West
Pacific. This taxon is ranked as a separate family by some workers (e.g.,
Compagno, 2005).
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Six genera, Crassinarke (1), Electrolux (1), Heteronarce (4), Narke (3), Temera

(1), and Typhlonarke (2), with 12 species (Compagno, 1999, 2005).

Order RAJIFORMES (14)—skates. Caudal fin moderately well developed,
reduced, or absent; tail extremely slender; dorsal fins 0-2; most with prickles
or thorns (derived from placoid scales) on skin, often with a row along
midline of back; claspers long, slender, and depressed distally. Oviparous, with
eggs encased in horny capsule with four long tips.

Members of this order were placed in the suborder Rajoidei with the
same three families in the 1994 edition, but arranged differently in the 2006
edition. McEachran and Aschliman (2004) recognized only two families, the
Rhinobatidae and Rajidae, with the two rhinid genera being listed as incertae
sedis because of their uncertain relationships (see below under Rhinidae).
Aschliman et al. (2012b) found weak molecular support for Rajiformes being
sister to all other rays. McEachran and Konstantinou (1996) discussed the
taxonomic occurrence and variation of alar and malar thorns in skates.

For a discussion of the terms “skates and rays” see above under Division
Batomorphi.

One family, 32 genera, and 287 species. One extinct genus, T Mafdetia, is not
assignable to a Family (Cappetta, 2012). There is one extinct family.

tFamily Cyclobatidae. This extinct family with one genus is known from the early
Late Cretaceous of Lebanon. According to Forey et al. (2003), Underwood (2006),
and Cappetta (2012), {Cyclobatis is a rajiform. There are three extinct species
(Cappetta, 2012).

Family RAJIDAE (44)—skates. Marine, tropical to polar seas, shallow to deep-water;
Atlantic, Indian, and Pacific.

Caudal fin moderately well developed, reduced, or absent; tail extremely slen-
der; weak electric organs derived from caudal muscles; dorsal fins 0-2; most
with prickles on skin, often with a row along midline of back. Eggs encased in
horny capsule with four long tips. Maximum total length about 2.5 m.

The Arhynchobatinae (softnose skates) and the rajines Anacanthobatis and
Cruriraja were recognized as separate families from Rajidae by Compagno
(1999, 2005), the Arhynchobatidae (softnose skates) and Anacanthobatidae
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(legskates), respectively. They are classified here following McEachran and
Aschliman (2004), in whose cladogram Anacanthobatis and Cruriraja form a
monophyletic group but one that is nested within the Rajinae. McEachran
and Dunn (1998) give a detailed analysis of rajid interrelationships.

Thirty-two genera and about 287 species. The oldest fossil rajid is from
the early Late Cretaceous (Cappetta, 2012). Fossil-only rajid genera include
T Rajorhina.

SUBFAMILY RAJINAE (HARDNOSE SKATES). Nineteen genera, Amblyraja (10),
Anacanthobatis (8), Breviraja (6), Cruriraja (8), Dactylobatus (2), Dentiraja
(1), Dipturus (48), Fenestraja (8), Gurgesiella (3), Hongeo (1), Leucoraja (15),
Malacoraja (4), Neoraja (5), Okamejei (15), Raja (29), Rajella (16), Rostroraja (1),
Sinobatis (5), and Zearaja (3) with at least 188 species (Compagno, 1999, 2005;
McEachran and Last, 1994; Aschliman et al., 2010). The oldest fossil of Raja is
of mid Late Cretaceous age; there are at least 10 extinct species in the genus
(Cappetta, 2012).

SUBFAMILY ARHYNCHOBATINAE (SOFTINOSE SKATES). Thirteen genera, Ariyn-
chobatis (1), Atlantoraja (3), Bathyraja (53), Brochiraja (8), Insentiraja (2), Irolita
(2), Notoraja (7), Pavoraja (6), Psammobatis (8), Pseudoraja (1), Rhinoraja (3),
Rioraja (1), and Sympterygia (4), with at least 99 species (Compagno, 1999,
2005; Stevenson et al., 2004; Diaz de Astarloa et al., 2004; Aschliman et al.,
2010; Iglésias and Lévy-Hartmann, 2012; Last and Séret, 2012).

Order PRISTIFORMES (15)—guitarfishes and sawfishes. Two extinct families with
24 genera; four extant families with 10 genera and 63 species.

FFamily Sclerorhynchidae. These rays known from the mid Early Cretaceous to the end
of the Cretaceous resemble pristids and are represented primarily by their enlarged rostral
teeth. Kriwet (2004a) provided insight into possible relationships of this group.

There are 21 extinct genera listed by Cappetta (2012), including tAnkistro-
rhynchus, TBorodinopristis, T Ganopristis, TIschyrhiza, TOnchopristis, and T Sclero-
rhynchus.

‘Family Ptychotrygonidae. This family is known from the late Early Cretacous to the
end of the Cretaceous (Cappetta, 2012), and contains three genera: tPtychotrygon,
tPtychotrygonoides, and fTexatrygon.

Family “RHINOBATIDAE” (45)—guitarfishes. Marine (rarely entering estuaries and
freshwater), tropical to temperate, continental shelves and uppermost slopes; Atlantic,
Indian, and Pacific.

Body intermediate between shark-like and skate-like; tail stout, not definitely
marked off from body; two distinct dorsal fins and a caudal fin, the latter not
bilobed; origin of first dorsal behind pelvics; denticles over body form a row
on midline of back; tail without spine.
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Compagno (1999) recognized this family in the order Rhinobatiformes,
along with two others (herein placed in the Myliobatiformes). McEachran
and Aschliman (2004) are followed here. Monophyly of this family is unlikely
based on recent phylogenies (e.g., Aschliman et al., 2012a,b; Claeson et al.,
2013), but there is not yet a consensus about detailed relationships of most of
its members, many of which are unresolved in relevant studies.

Six genera, Aptychotrema (3), Rhinobatos (including Acroteriobatus, 36),
Glaucostegus (3), Tarsistes (1), Trygonorrhina (2), and Zapteryx (3), with 48
species (Compagno, 1999, 2005; Last, 2004; Last et al., 2004, 2006).

The oldest fossil rhinobatid is from the Early Jurassic, making it one of
the earliest known fossil rays. The extant genus Rhinobatos is known from the
Early Cretaceous and later; there are at least 13 extinct species. Eight extinct
genera are also known: fAsterodermus, TBelemnobatis, TDoliobatis, tEuryarthra,
TIsidobatus, TParatrygonorrhina, TRhombopterygia, and §Spathobatis (Cappetta,
2012). The Early Cretaceous fossil {/ansan from Brazil may belong here but is
of uncertain relationships (Brito and Seret, 1996).

Family RHINIDAE (46)—bowmouth guitarfishes. Marine, continental shelves;
Indo-West Pacific.

Body intermediate between shark-like and skate-like (family called sharkrays
in Compagno, 2005); caudal fin large, bilobed; origin of first dorsal over or in
front of pelvics; snout and anterior part of head broadly rounded, with deep
indentation separating it from the pectoral fin origin. Maximum total length
at least 270 cm.

Rhina and Rhynchobatus (see next family) were placed together in family
Rhinidae by Nelson (1994) and Compagno (1999), but the latter recog-
nized the family in its own order, Rhiniformes. The evidence that the
two genera formed a monophyletic group was considered to be weak.
McEachran and Aschliman (2004) suggested that Rhina and Rhynchobatus
might be successive sister groups of the remaining rajiforms, classifying
them as incertae sedis until more evidence became available. The present
treatment in placing them in separate families follows Compagno (2005), who
placed them in separate suborders, and is largely consistent with the view of
McEachran and Aschliman (2004). They are sometimes treated as subfamilies
of Rhinobatidae.

One extant species, Rhina ancylostoma (e.g., Compagno, 2005; Compagno
and Last, 1999). Fossils of the same species first appear in the Miocene; there
are no known extinct species.
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Family RHYNCHOBATIDAE (47)—wedgefishes. Marine, continental shelves; eastern
Atlantic (off Africa) and Indo-West Pacific.

Body intermediate between shark-like and skate-like; caudal fin large, bilobed;
origin of first dorsal over or in front of pelvics; snout and anterior part of
head broadly angular and wedge-shaped, with shallow indentation separating
it from pectoral fin origin. Maximum total length at least 300 cm. See Family
Rhinidae above for systematic notes.

One genus, Rhynchobatus, with seven species (Compagno, 2005; Compagno
and Last, 1999; Last et al., 2013). Fossil rhynchobatids appear first in the early
Eocene; there are two extinct species (Cappetta, 2012).

Family PRISTIDAE (48)—sawfishes. Marine (rarely occurring in freshwater and ascend-
ing rivers), circumtropical, continental shelves; Atlantic, Indian, and Pacific.

Snout produced in a long flat blade with teeth on each side (teeth of equal size
and embedded in deep sockets); barbels absent; body somewhat shark-like,
although the head is depressed; two distinct dorsal fins and a caudal fin.
Maximum length over 6 m.

Two genera, Anoxypristis (1) and Pristis (6), with about seven species
(de Carvalho and McEachran, 2003; Compagno, 1999, 2005). The oldest
fossil pristids are from the early Eocene; there are at least eight extinct species
in Pristis, and at least one extinct genus, TPropristis (Cappetta, 2012).

Order MYLIOBATIFORMES (16)—stingrays. Monophyly of this taxon is recog-
nized after McEachran and Aschliman (2004). There has been strong support
for monophyly of this order, including in the earlier works of Nishida (1990),
Lovejoy (1996), and McEachran et al. (1996). Platyrhinids and Zanobatus were
thought to form successive sister taxa to the myliobatoids by McEachran and
Aschliman (2004) and Aschliman et al. (2012a), although Platyrhinoidei are
sometimes grouped, albeit weakly, with Torpediniformes in molecular studies
(Aschliman et al., 2012a, b; Naylor et al., 2012). Most members have enlarged
brain development.
Ten families with 29 genera and 221 species.

Suborder Platyrhinoidei. This clade has both morphological (Aschliman et al.,
2012a) and molecular (e.g., Aschliman et al., 2012b) support, but its relation-
ships remain somewhat doubtful.

Family PLATYRHINIDAE (49)—thornbacks. Marine, continental shelves; tropical to
cool-temperate, North Pacific (off Asia and North America, in Mexico and California).
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Round or heart-shaped pectoral disc; long, stout shark-like tails with two large
dorsal fins well anterior on the tail; strong thorns (derived from placoid scales)
on dorsal surface of the disc and tail.

The family was redefined by de Carvalho (2004b). Molecular studies
(Aschliman et al., 2012; Naylor et al., 2012) weakly suggest that Platyrhinidae
might be primitive torpediniforms.

Two genera, Platyrhina (3, the fanrays, reviewed recently by Iwatsuki et al.,
2011) and Platyrhinoidis (1), with a total of four species (Compagno, 1999,
2005; Compagno and Last, 1999).

Fossil platyrhinids appear in the Late Cretaceous. Extinct genera include
T Tethybatis (de Carvalho, 2004b), TBritobatis, and T Tingitanius (Claeson et al.,
2013). Platyrhina itself appears in the early Eocene (Cappetta, 2012).

Suborder Myliobatoidei. Monophyly of this clade was supported by de Carvalho
etal. (2004), who recognized this group, at the ordinal level (Myliobatiformes)
following Compagno (1973), as having numerous synapomorphies such as
a serrated caudal spine and lacking thoracic ribs. They presented a revised
classification but agreed with many past conclusions, e.g., Hexatrygonidae as
sister to the remaining taxa and the families Gymnuridae and Myliobatidae
(the pelagic stingrays) as sister groups; for an example of differences, see below
under Dasyatidae.

The families are in approximate phylogenetic sequence as suggested by
recent morphological and molecular results (e.g., Aschliman et al., 2012a,b;
the superfamily structure of Nelson (2006) is no longer used here because it
is not consistent with molecular phylogenies.

Family ZANOBATIDAE (50)—panrays. Marine; tropical, eastern Atlantic (off Africa)
and possibly Indian.

Similar in appearance to the Platyrhinidae, Zanobatuswas often included in the
same family, but more recently it has been separated. It has also been said to
be sister to all other rhiniforms (Naylor etal., 2012) or to the Myliobatiformes
(Aschliman et al., 2012a,b).

One genus, Zanobatus, with one or possibly two species (Compagno,
1999, 2005).

Family PLESIOBATIDAE (51)—deepwater stingrays. Marine; continental and insular
slopes, Indo-West Pacific (South Africa to Hawaii).

Nasal curtain incompletely united, not reaching the mouth (true also for
Hexatrygon, which has six gill arches). Maximum length 2.7 m (Smith and
Heemstra, 1986).

This family (as Plesiobatididae) was established by Nishida (1990) for the
species Plesiobatis daviesi, recognized prior to that in the genus Urotrygon.
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For alternate family placement see Hexatrygonidae above and Urolophidae
below. The family is recognized here as done in the 1994 edition until
analysis involving more species better clarifies relationships of the one
included species.

The common name for the family in Compagno (1999, 2005) is giant
stingarees.

One species, Plesiobatis daviesi (Compagno, 1999, 2005). The oldest fossils of
the family are of Late Paleocene age (Cappetta, 2012).

Family UROLOPHIDAE (52)—round stingrays. Marine, continental shelves and upper
slopes; western Pacific.

Disc less than 1.3 times as broad as long; caudal fin small but well-developed;
dorsal fin present in some species (e.g., Trygonoptera, of Australia); tail moder-
ately long with a barbed spine.

The family Urolophidae was formerly recognized as also including Urobatis
and Urotrygon (e.g., by Nelson, 1994, although Urobatis was not listed but was
regarded as a synonym of Urolophus, by Nelson et al., 2004, and by Compagno,
1999). McEachran et al. (1996) placed Urobatis and Urotrygon of North,
Central, and South America and species of Urolophus from the same area,
in their own family, the Urotrygonidae, and this is followed here. However,
McEachran et al. (1996) regarded Indo-Pacific Urolophus as incertae sedis in the
Hexatrygonidae and did not recognize the family Urolophidae. Subsequently,
McEachran and Aschliman (2004) recognized the family but, unlike here,
as also including the species Plesiobatis daviesi; de Carvalho et al. (2004)
included only the following two genera. Family members are also known as
stingarees.

Two genera, Trygonoptera (5) and Urolophus (24), with at least 29 species
(Compagno, 2005; Séret and Last, 2003). The oldest fossils of the family and
of Urolophus are from the early Eocene; there is at least one extinct species
(Cappetta, 2012).

Family HEXATRYGONIDAE (53)—sixgill stingrays. Marine, continental and insular
slopes; Indo-West Pacific (South Africa to Hawaii).
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Six gill openings and six gill arches; snout elongate, thin (depressed), translu-
cent; no supraorbital crests on cranium; spiracles large, well behind eyes, with
external flaplike valve (the spiracle of other rays is closed by an internal valve);
brain very small, posteriorly placed in large cranial cavity; tail with one or two
serrate spines; disc longer than broad; nostrils wide apart, anterior nasal flaps
short, not joined to form a broad nasal curtain that reaches the mouth.

McEachran et al. (1996) had earlier placed Plesiobatis and Urolophus (they
included Trygonoptera as a synonym) in this family as incertae sedis.

Probably only one valid species, Hexatrygon bickelli, described in 1980 (Smith
and Heemstra, 1986; Compagno, 1999, 2005). The oldest fossils of the family
and of the genus Hexatrygon are from the middle Eocene; there is at least one
extinct species (Cappetta, 2012).

Family DASYATIDAE (Trygonidae) (54)—whiptail stingrays. Marine (continental and
insular shelves and uppermost slopes, one species oceanic), brackish, and freshwater,
tropical to warm temperate; Atlantic (including the Mediterranean Sea), Indian, and
Pacific.

Disc not more than 1.3 times as broad as long; no caudal fin; tail long (distance
from cloaca to tip much longer than breadth of disc), very slender to whip-like,
without dorsal fin but tail with one or more long, poisonous spines; caudal
fin absent.
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A few species of Dasyatis and Himantura and Pastinachus sephen occur in
tropical to warm-temperate rivers and lakes. Pteroplatytrygon violacea, often
placed in Dasyatis, is oceanic. McEachran and Aschliman (2004) provisionally
recognized only three genera in the family, placing Pastinachus and Urogym-
nus, as well as Dasyatis kuhlii as incertae sedis in a superfamily Dasyatoidea,
as were the Indo-West Pacific species of Himantura as incertae sedis (the two
amphi-American species of Himantura were placed within the Potamotrygo-
nidae). The study of de Carvalho et al. (2004) placed the dasyatid genera
Dasyatis, Himantura, Pastinachus (but not included in their analysis), Ptero-
platytrygon, and Taeniura as incertae sedis at a node sister to the clade comprising
Gymnuridae and Myliobatidae; the family Dasyatidae was thus not recognized.
Compagno (2005) anticipated that species of Taeniura and the two Western
Hemisphere species of Himantura may belong in the Potamotrygonidae (see
also Potamotrygonidae below).

Eight genera, Dasyatis (at least 41, synonyms include Trygon and
Urolophoides), Himantura (at least 31, but see above note), Makararaja
(1), Neotrygon (5), Pastinachus (5, synonym Hypolophus), Pteroplatytrygon (1),
Taeniura (3), and Urogymnus (1), with at least 88 species (Compagno, 1999,
2005; Last and White, 2008, 2013).

Fossil dasyatids are appear first in the Early Cretaceous; Dasyatis appears
in the early Late Cretaceous, with Himantura, Pastinachus, and Taeniurops not
appearing until the Miocene; three extinct genera are 1 Asterotrygon, T Heliobatis,
and T Hypolophites.

Family POTAMOTRYGONIDAE (55)—river stingrays. Freshwater; South America
(Atlantic, including Caribbean, drainage).

Long, median, anteriorly directed process from the pelvic girdle; angular carti-
lages present (except Paratrygon), within hyomandibular-Meckelian ligament;
adaptation to fresh water as evidenced by rectal gland (used for salt secretion)
reduced and low urea concentration in body fluids. Most species are quite col-
orful on the dorsal surface. A detailed study was given by de Carvalho et al.
(2004). Maximum length over 100 cm.

Additional species may belong in this family that are here retained in the
Dasyatidae pending further research to clarify their relationships. The species
in question are the three marine species of Taeniura, occurring in the eastern
Atlantic (and Mediterranean) and Indo-West Pacific, and two marine species of
the large genus Himantura, H. pacificus (Pacific off Central America and north-
ern South America) and H. schmardae (Atlantic off southern North America
and northern South America) which were placed in the Potamotrygonidae by
Lovejoy (1996) and followed by McEachran etal. (1996). However, McEachran
and Aschliman (2004) retained Taeniura in the Dasyatidae (see also above
under Dasyatidae). The taxon Potamotrygonidae was regarded as a subfam-
ily of Dasyatidae in Nelson (1994). Eocene fossils of this family are known, and
de Carvalho et al. (2004) and Brito and Deynat (2004) hypothesized that the
family arose in the Late Cretaceaous or Early Tertiary.

Four genera, Heliotrygon (2), Paratrygon (1), Plesiotrygon (2), Potamotrygon
(atleast 21), with 26 species (Rosa, 1991; de Carvalho et al., 2003; Compagno,
1999, 2005; de Carvalho and Lovejoy, 2011). Both the family and the genus
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Potamotrygon appear in the fossil record in the Miocene; there are four extinct

species known (Cappetta, 2012).

Family GYMNURIDAE (56)—butterfly rays. Marine; tropical to temperate, continental
shelves, Atlantic, Indian, and Pacific.

Disc extremely broad (more than 1.5 times as broad as long); dorsal fin and
tail spines present (and poisonous) or absent; tail short (distance from cloaca
to tip much shorter than breadth of disc); no caudal fin.

One genus, Gymnura, with 14 species (Compagno, 1999, 2005). The oldest
fossils of the family and of Gymnura are of late Paleocene age; the genus has
three extinct species (Cappetta, 2012). Extinct genera include {Jackquhermania
and T Ouledia.

Family UROTRYGONIDAE (57)—American round stingrays. Marine, tropical to warm
temperate, continental shelves; western Atlantic and eastern Pacific.
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Disc not more than 1.3 times as broad as long; tail slender and about as long
as disc length, without dorsal fin but with one or more long, poisonous spines;
caudal fin distinct.

This family, as noted above, was included in the Urolophidae in Nelson
(1994).

Two genera, Urobatis (4) and Urotrygon (13), with 17 species (Compagno,
2005).

Family MYLIOBATIDAE (58)—eagle rays. Marine; tropical to warm temperate,
continental and insular shelves to offshore but not oceanic, Atlantic, Indian, and Pacific.

Distinct but small dorsal fin present; most species with one or more long poi-
sonous spines on tail; no caudal fin; head elevated above disc; eyes and spiracles
lateral on head; gill openings about length of eye to much longer; six-sided,
pavementlike teeth in horizontal arrangement; anterior propterygia of pec-
toral fin ventral to eye, meeting near midline to form median or paired sub-
rostral lobes; whip-like tail much longer than disc. Some are famous for their
ability to leap high into the air from the water.

Monophyly of this family was recognized by McEachran et al. (1996),
although as a subfamily of Dasyatidae, and by de Carvalho et al. (2004),
McEachran and Aschliman (2004), Naylor et al. (2012), Aschliman et al.
(2012a, b), and Aschliman (2014). Although there is some evidence to suggest
that the Myliobatinae as given below are paraphyletic, the three subfamilies
(accorded Family status in Compagno, 1999, 2005) are retained as in Nelson
(1994, 2006) because of their distinctive morphologies and their monophyly
in the phylogenies of Aschliman et al. (2012a, b) and Naylor et al. (2012).

Three subfamilies, seven genera, and 40 species.

SUBFAMILY MYLIOBATINAE (FAGLE RAYS). Anterior face of cranium nearly
straight; subrostral fin not incised.

Four genera, Aetobatus (4), Aetomylaeus (4), Myliobatis (11), and Pteromylaeus
(2), with 21 species (Compagno, 1999).
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Fossils of the subfamily appear in the Late Cretaceous. The oldest fossils of
extant genera (with numbers of extinct species) according to Cappetta (2012)
are: Aetobatus (3), late Paleocene; Aetomylaeus (2), middle Miocene; Myliobatis
(5), early Paleocene; Pteromylacus, middle Miocene. Eight extinct genera
are known, including fAktaua, TBrachyrhizodus, TIgdabatis, and T Leidybatis
(Cappetta, 2012).

SUBFAMILY RHINOPTERINAE (COWNOSE RAYS). Marine; tropical to warm temper-
ate, continental shelves, Atlantic, Indian, and Pacific. Anterior face of cranium
concave; subrostral fin incised (bilobed).

One genus, Rhinoptera, with eight species (Compagno, 1999, 2005).
Rhinopterinae and Rhinoptera appear in the fossil record in the late Paleocene;
there are four extinct species according to Cappetta (2012).

SUBFAMILY MOBULINAE (DEVIL RAYS). Marine; tropical to warm temperate,
inshore and oceanic, Atlantic, Indian, and Pacific. Members of this fam-
ily are the only living vertebrates with three pairs of functional limbs.
The cephalic pair assist in feeding and are the anterior subdivision of
the pectorals.

Some mantas grow to a width of about 6.1 m and a weight of more than
1,360 kg; largest members of the superorder (and, like the Whale Shark and
Basking Shark, are zooplanktophagous, straining their food out of the water).
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Two genera, Manta (2, Manta) and Mobula (9, devil rays), with about
11 species (Compagno, 1999, 2005). The two species of Manta (Marshall
et al., 2009) seem to have speciated within the last half million years but are
genetically and morphologically distinct even though their ranges overlap
(Kashiwagi et al., 2012).

The relationships of the numerous fossil devil rays to living members
were reviewed by Adnet et al. (2012). The oldest fossils of the extant genus
Mobula (with six extinct species) are early Oligocene, and of Manta (one
extinct species), late Miocene. According to Cappetta (2012), the oldest
Mobulinae are of early Late Cretaceous age. There are six extinct gen-
era (TArchacomanta, TBurnhamia, TCretomanta, TEomobula, TEoplinthicus, and
t Plinthicus).

Grade TELEOSTOMI

The following two classes, the tAcanthodii and Osteichthyes (sister groups to
each other, unless acanthodians are paraphyletic), account for the remain-
ing vertebrates and have often been thought to form a monophyletic group
termed the Teleostomi (and used previously in Nelson, 1994, 2006). The align-
ment of acanthodians with the others is based on their sharing three pairs of
otoliths with the Actinopterygii, although their otoliths do differ in appearance
and composition (a distinction must be made between the sandy statoconia
of early fossil taxa and solid otoliths). As typically found in actinopterygians,
there is, on each side, one otolith presumably in each of the three membra-
nous sacs of the labyrinth of the inner ear; the three otoliths are the sagitta,
usually the largest, in the sacculus; the asteriscus, in the lagena; and the lapillus,
in the utriculus. In sarcopterygians there are two pairs of otoliths in dipnoans,
one pair in Latimeria, and in tetrapods, secondarily derived statoconia (minute
calcareous crystals = otoliths of some authors) similar to the statoconia in
agnathans and most chondrichthyans. Arratia and Schultze (1991) discussed
homologies of the palatoquadrate and associated dermal bones, along with
evolutionary trends within the teleostomes. Arratia et al. (2001) gave further
details, emphasizing features of the vertebral column and associated elements
in these three groups.

Recent molecular studies (an example is Inoue, Miya, Lam, et al., 2010)
are basically in agreement (for extant groups only) with the arrangement of
the main subgroups of Gnathostomata adopted here, that is ((Holocephali
(Selachii, Batomorphi)) (Sarcopterygii, Actinopterygii)). Recently there has
been controversy over the relationships of the rays (termed the Batomorphi
in this edition; see the discussion under Euselachii, above), and uncer-
tainty about the monophyly and relationships of the fossil-only fAcanthodii
(discussed below).
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crown Osteichthyes

Osteichthyes

Teleostomi

crown Eugnathostomata

Eugnathostomata

Phylogeny of the main groups of Teleostomi.

The names TAcanthodii and Actinopterygii (originating with E. D. Cope in
1871) have each changed little in meaning over time, although monophyly
of the fAcanthodii is considered doubtful. However, the terms Teleostomi
(originating with C. L. Bonaparte in 1836), Osteichthyes (originating with
T. H. Huxley in 1880), and Sarcopterygii have each been used for different
combinations of taxa over time (the dates given are from the unpublished
manuscript of the late D. E. McAllister, 1989, “A working list of fishes of
the world”). The name Osteichthyes was earlier used only for bony fishes,
without tetrapods, but now includes both and denotes a monophyletic group.
Similarly, the name Sarcopterygii had earlier been used by A. S. Romer for
a paraphyletic assemblage that included only fishes conventionally called
crossopterygians and dipnoans (the lobe-finned fishes), but no tetrapods;
however, as used here formally, the taxon Sarcopterygii is also monophyletic
(following Wiley, 1979, and Rosen etal., 1981) since it now includes not only all
lobe-finned fishes but also all tetrapods, which are in a real sense just modified
lobe-finned fishes (as recently highlighted by Shubin, 2008).

The taxon Teleostomi contains about 61,000 extant valid species (there are
no extant acanthodians, but there are about 30,500 extant actinopterygians,
and about 30,500 extant sarcopterygians including tetrapods). Because one
of the two classes (fAcanthodii) in Teleostomi is extinct, there are also about
61,000 extant valid species of Osteichthyes (also including tetrapods).

tClass ACANTHODII—acanthodians

Dermal and perichondral bone present, endochondral bone absent; jaws
formed by palatoquadrate and Meckel’s cartilage, both uncalcified, calcified,
or with perichondral ossification; mandibular arch (palatoquadrate) probably
closely associated with hyoid arch, with the spiracular gill cleft (homologous
with spiracle of other fishes and eustachian tube of tetrapods) virtually
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closed; ornamented plate-like dermal cover over gill chamber (associated
with hyoid arch) in most species; five gill arches; notochord persistent;
neural and haemal arches present but vertebral centra lacking; rhombic to
teardrop-shaped dermal scales present on body and fins; body scales usually
grew by addition of concentric layers; stout spines present before the dorsal,
anal, and paired fins; up to six paired spines present between the pectorals
and pelvics in many, with small spines in a prepectoral series present in
some species; caudal fin epicercal heterocercal. Burrow (2004) reviewed the
acanthodians with dentigerous jaw bones and gave references to the recent
acanthodian literature. Species of climatiiforms and acanthodiforms have a
double mandibular joint. Perhaps Late Ordovician (as microfossils) to Early
Permian (Zidek, 1993; Janvier, 1966; Hanke and Wilson, 2004). Articulated
remains are known from Late Silurian to Early Permian.

The acanthodians, with their large eyes, terminal or near terminal mouth,
and small nasal capsules, mostly were mid- and surface-water feeders.
Many were microphagous while others, especially the ischnacanthiforms, ate
fishes and invertebrates. Acanthodians are known from both freshwater and
marine environments; the Mississippian to Permian {Acanthodes is known from
both. They are the earliest well-known true jawed fishes, but the oldest species
are poorly known because they are represented by isolated microremains.
Maximum length is estimated at about 2.5 m; most are less than 20 cm.

Various views have existed on acanthodian relationships. Authors have
variously proposed that they are i) the monophyletic sister group to all
other gnathostomes (chondrichthyans, placoderms, and osteichthyans);
ii) paraphyletic stem relatives of Eugnathostomata (gnathostomes excluding
placoderms); iii) the monophyletic sister group to Chondrichthyes; iv) para-
phyletic stem relatives of Chondrichthyes; v) the monophyletic sister group to
the Osteichthyes (Sarcopterygii plus Actinopterygii); or vi) paraphyletic stem
relatives of the Osteichthyes.

Some of these ideas have existed for many years. Watson (1937) felt that
acanthodians were the most primitive known gnathostomes. He placed them
in the Aphetohyoidea, along with several other groups, a taxon with equal rank
to the Pisces. In many classifications of the 1930s to 1950s, they were placed in
the class TPlacodermi. Berg (1940) recognized acanthodians in their own class
and placed them immediately before his class Elasmobranchii. Romer, in his
classic 1966 “Vertebrate Paleontology,” provisionally considered them to be the
most primitive subclass of the osteichthyans because of certain resemblances
to the actinopterygians. Important contributors to acanthodian classification
in the 1970s and earlier included R. H. Denison, E. Jarvik, and R. S. Miles.
There have also been many more modern studies on acanthodian systematics
(e.g., Long, 1986, 1989; Warren et al., 2000; Zajic, 1995).

As shown in phylogenetic analyses by Hanke and Wilson (2004), Brazeau
(2009), Davis et al. (2012), Giles et al. (2015), and others, acanthodians are
more diverse than previously appreciated, and the older three-Order classifica-
tion (fClimatiiformes, fIschnacanthiformes, and fAcanthodiformes) has been
shown to be inadequate. For example, Hanke and Wilson (2004) described
two new taxa (fObtusacanthus and TLupopsyroides) with some primitive
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gnathostome features, other characters similar to those of acanthodians, and
others suggesting relationship to chondrichthyans. Brazeau (2009) suggested
that another genus, T Plomacanthus, was among forms that are related to chon-
drichthyans, whereas other acanthodian genera were thought to be related to
bony fishes.

Several, more recent phylogenetic studies that included some acanthodian
taxa placed them in different phylogenetic positions. For example, Brazeau
(2012) found at least some acanthodians to be stem Eugnathostomata
(the group including chondrichthyans plus teleostomes). Davis et al. (2012)
found some but not all acanthodians to be stem members of the chon-
drichthyan radiation, others to be stem osteichthyans, and others stem
eugnathostomes. Zhu et al. (2013) found all of the acanthodians consid-
ered in their analysis to be paraphyletic branches from the stem of the
chondrichthyans. Dupret et al. (2014) found evidence for a monophyletic
tAcanthodii, sister to chondrichthyans. Giles, Friedman, and Brazeau (2015)
and Brazeau and Friedman (2015) suggested that all or most acanthodians
are stem-group chondrichthyans, though after removal of a few genera that
they suggest are separate stem-group chondrichthyan lineages, there remains
a monophyletic YAcanthodii in their results. In most of these recent studies
the character support for the various positions was weak. As a consensus has
yet to emerge, we have chosen to retain acanthodians provisionally in the
Tclass Acanthodii until a new arrangement is more widely agreed upon.

We recognize four orders. Some genera not assigned to orders may be very
early offshoots of the acanthodian stem, such as:

‘tLupopsyroides. Early Devonian, possibly a stem acanthodian according to
Hanke and Wilson (2004).

tLupopsyrus. Early Devonian. Hanke and Davis (2012) restudied the only
species, TL. pygmaeus. Giles, Friedman, and Brazeau (2015) agreed that it is a
stem chondrichthyan.

FOrder CLIMATIIFORMES. Mid-Silurian to Pennsylvanian (North and South
America, Greenland, Europe, Asia, Australia, and Antarctica). Most with
ornamented dermal bones in ventral portion of shoulder girdle (other
acanthodians possess only endoskeletal elements); two dorsal fins, each with
a spine; intermediate (prepelvic) paired spines between the pectoral and
pelvic fins in most taxa, up to six pairs in climatiids and perhaps absent in
some T Culmacanthus and TAcritolepis (the latter might better be placed in the
fIschnacanthiformes, Burrow, 2004); teeth absent or, if present, not fused
to jaws.

tClimatiiformes are very likely paraphyletic, constituting separate early
branches of spiny fishes. There are four provisionally recognized families,
as well as genera not assigned to families such as fPaucicanthus, which lacks
paired fin spines (Hanke, 2002), T Ptomacanthus, which Brazeau (2009, 2012)
has argued is a stem-group gnathostome, stem chondrichthyan, or stem
teleostome, and § Nostolepis, which is known mainly by scales.
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‘Family BROCHOADMONIDAE. Early Devonian. Pectoral fins slender and delicate,
elevated on flank, with one pair of very small fin spines; pelvic fin preceded by a long
series of stout, paired fin spines each one followed by a flap of scale-covered skin. Anal
fin very slender and very close to caudal fin. One genus, {Brochoadmones, originally
described as an acanthodian, as agreed also by Hanke and Wilson (2004). Hanke and
Wilson (2006) made a detailed study of the only named species 1B. milesi, though addi-
tional species are known but unnamed as yet. Dupret et al. (2014) produced a phylogeny
with a paraphyletic climatiiforms and tBrochoadmones as a very primitive, early acan-
thodian lineage, although Davis et al. (2012), Brazeau and Friedman (2015), and Giles,
Friedman, and Brazeau (2015) have placed it as a stem chondrichthyan.

fFamily CLIMATIIDAE. E.g., fBrachyacanthus, tClimatius (usually reached only
7.5 cm, shown in figure), TParexus (with exceptionally long first dorsal spines), and
tVernicomacanthus.

Burrow et al. (2015) redescribed f Climatius reticulatus based on the best avail-
able fossils. Climatiids have sometimes been placed as stem Eugnathostomata
(e.g., Davis etal., 2012) or as stem chondrichthyans (e.g., Giles, Friedman, and
Brazeau, 2015).

tFamily GYRACANTHIDAE. E.g., Gyracanthides, with chondrichthyan-like scales
FFamily EUTHACANTHIDAE. E.g., tEuthacanthus.

tOrder DIPLACANTHIFORMES. Devonian. These acanthodians had long
median fin spines and a single pair of prepelvic (previously called interme-

diate) spines between the pelvic and pectoral fins, or lacked such spines
altogether. Formerly they were a suborder of {Climatiiformes.



100 Fishes of the World

FFamily CULMACANTHIDAE. Devonian. One genus, TCulmacanthus.

‘Family DIPLACANTHIDAE. Devonian; e.g., tDiplacanthus. The genus 1 Tetanopsyrus,
revised by Hanke et al. (2001), is provisionally retained in this family.

tFamily GLADIOBRANCHIDAE. Devonian. These apparently toothless acanthodians
had smoothly ossified plates on the gnathal surface of the lower jaws, and very long fin
spines (Hanke and Davis, 2008); e.g., tUraniacanthus and its possible junior synonym
tGladiobranchus (Newman et al., 2012).

Order ISCHNACANTHIFORMES. Late Silurian to Pennsylvanian of North and
South America, Europe, Australia, Antarctica, and Asia. Two dorsal fins, each
with a spine; teeth fixed to strong dermal jaw bones that attach to the oral
border of the meckelian and palatoquadrate cartilages (Burrow, 2004; Blais
et al., 2015); no prepelvic spines between the pectoral and pelvic fin spines.
Two families.

FFamily ISCHNACANTHIDAE. Many ischnacanthids had a complex array of teeth
along their jawbones. Some also had separate tooth whorls, and tooth-like scales
externally, near their lips and on their cheeks (Blais et al., 2011). Though many well
preserved articulated specimens have been described (e.g., Blais et al., 2011, 2015),
many others are known only from isolated jaws and fin spines, which are nevertheless
usually diagnostic to genus and often to species (e.g., Hanke etal., 2001). In some cases,
isolated elements have been combined to infer composite species based on faunal
associations in the absence of articulated remains. Genera include fAtopacanthus,
tErymnacanthus, tEuryacanthus, tlschnacanthus, tMarsdenius, Tricuspicanthus, and
tXylacanthus (e.g., Hanke et al., 2001; Blais et al., 2011, 2015).

‘FFamily PORACANTHODIDAE. One genus, TPoracanthodes.

tOrder ACANTHODIFORMES. One posterior dorsal fin with spine; teeth
absent; gill rakers well developed in later members of the clade (prob-
ably adapted for filter feeding); prepelvic spines absent or limited
to one pair in the fMesacanthidae. Early Devonian to Early Permian
(North America, Europe, Asia, South Africa, Australia, and Antarctica).
Three families.

Davis et al. (2011) redescribed the braincase of fAcanthodes and found
phylogenetic evidence for osteichthyan affinities of acanthodiforms.

tFamily MESACANTHIDAE. E.g., tMesacanthus, TMelanoacanthus, and fPromesa-
canthus (e.g., Hanke, 2008).

tFamily CHEIRACANTHIDAE. E.g., +tCarycinacanthus, +tCheiracanthus, and
tHomalacanthus.
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‘Family ACANTHODIDAE. Pelvic fins when present closer to pectoral fins than to
anal fin, e.g., tAcanthodes, tAcanthodopsis (e.g., Burrow, 2004), tHowittacanthus, and
tTraquairichthys, which lacks pelvic fins.

Class OSTEICHTHYES—bony fishes and tetrapods
(= Euteleostomi of Nelson, 2006)

Skeleton, in part at least, with bone (endochondral or membrane bone);
skull with sutures; lung(s) usually present, functioning either as air-breathing
organs or as buoyancy-controlling swimbladders or both; intestinal spiral valve
in only a few lower groups.

The Osteichthyes (bony fishes) comprise the remaining two monophyletic
classes of the teleostomes. In the 2006 edition of this book, the group was called
the Euteleostomi, because it was thought that the older historical use of the
name Osteichthyes would mislead readers into thinking of it as a paraphyletic
assemblage of fishes exclusive of tetrapods. However, it is increasingly widely
accepted that tetrapods, including ourselves, are simply modified bony fishes,
and so we are comfortable using the taxon Osteichthyes as a clade, which now
includes all tetrapods, as also used by Rosen et al. (1981) and subsequently
by many vertebrate paleontologists (e.g., Janvier, 1996, and Ahlberg, 2001)
and some others. This taxon includes all Sarcopterygii (the lobe-finned fishes
including tetrapods) and all Actinopterygii (the ray-finned fishes).

The term Euosteichthyes was used by Wiley (1979) for the Osteichthyes less
the coelacanthiforms, but that term is not used here because coelacanthiforms
are regarded as members of the Sarcopterygii.

THE FOLLOWING THREE TAXA are among those often classified as stem-group oste-
ichthyans (e.g., by Dupret etal., 2014; Brazeau and Friedman, 2015), although
others have placed them as very primitive actinopterygians (e.g., Zhu et al,,
2009).

tLophosteus. Late Silurian to Early Devonian. Scales and other bone frag-
ments of this widely distributed genus are among the oldest known fossils of
osteichthyans. Botella et al. (2007) described jaws and teeth for the first time,
classifying them in the osteichthyan stem group.

‘tAndreolepis. This Late Silurian genus is known mainly by disarticulated
scales and dermal bone fragments, but these have been intensively studied
(e.g., Chen etal., 2012). T Andreolepis is regarded as one of the oldest and most
primitive osteichthyans (e.g., Zhu et al., 2009).

FOrder DIALIPINIFORMES. Early Devonian; marine. Schultze and Cumbaa
(2001) described articulated skeletons from northern Canada; they and
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others (e.g., Zhu et al., 2009; Giles, Darras et al., 2015) classified this genus
as a primitive actinopterygian, but others (e.g., Friedman and Brazeau, 2010;
Dupret etal., 2014; Friedman, 2015) have placed it as a stem osteichthyan. It is
of great interest for many reasons, including its possession of a diphycercal
tail similar to that of coelacanths. One genus, TDialipina.

Subclass SARCOPTERYGII—lobe-finned fishes and tetrapods

The Sarcopterygii, as used here, form the monophyletic taxon that includes
several fish groups, both recent and fossil, and the tetrapods. All the included
fishes are thus more closely related to tetrapods than they are to other fishes.
The closest sister group to the tetrapods among living fishes is probably the
lungfishes (not the coelacanths), although there are differing theories. In the
past, the term Sarcopterygii has been variously used; some workers used it to
include only fishes conventionally called crossopterygians and dipnoans (the
lobe-finned fishes). We use the term to include also the tetrapods as have
many earlier authors (e.g., see Nelson, 1994). Synapomorphies recognized by
Cloutier and Ahlberg (1996) include: peg on rhombic scales broad; premax-
illa not forming part of orbit; tectal bones present; more than four sclerotic
plates; dermohyal present; squamosal and preopercular bones separate; bran-
chiostegal rays one per side; two infradentaries; jugal canal present; mandibu-
lar canal not passing through dentary; endoskeletal supports in pectoral fins
single (“humerus”) articulating with girdle; basal plates present in dorsal fin
supports. Unlike most other fishes, sarcopterygians have true enamel in their
oral teeth (Smith, 1989).

crown Sarcopterygii

Sarcopterygii

Phylogeny of the main groups of Sarcopterygii.

In an exciting find, Zhu and Yu (2002) described a fossil sarcopterygian fish
from the Early Devonian of China, 7Styloichthys, that showed characteristics
suggesting it might be close to the last common ancestor of tetrapods and
lungfishes. It appears to bridge the morphological gap between stem-group
sarcopterygians (see below) and primitive tetrapodomorphs or dipnoans.
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Some earlier views of relationships among crossopterygians, lungfishes,
and tetrapods were given in Nelson (1994). The present classification of the
non-tetrapods is largely from Cloutier and Ahlberg (1996). Much information
on this group is in Long (1995, 2011), Janvier (1996), Maisey (1996), Schultze
and Cloutier (1996), Ahlberg (2001), and Clack (2002).

The extant Sarcopterygii are recognized here with two subclasses, having
about 30,500 species, of which 8 species are fishes.

There are many important early fossil genera, of which we highlight
three examples. Phylogenetic analyses usually recover these as stem-group
Sarcopterygii (e.g., Dupret et al., 2014; Zhu et al., 2009; Davis et al., 2015) but
some (e.g., Long et al., 2015) have published phylogenies placing some of
them as stem actinopterygians.

tPsarolepis. This primitive fish from the Early Devonian was described as a
stem osteichthyan or stem sarcopterygian (Zhu et al., 1999) although Long
(2001) pointed to numerous resemblances between it and TOnychodonti-
formes, suggesting it might instead be a primitive member of that group.

tAchoania. This genus, known by cranial remains from the Early Devonian
of China, had an eyestalk, a feature previously known from placoderms
(Zhu etal., 2001).

tGuiyu. This important Late Silurian fossil from China is among the very few
early osteichthyans known by articulated skeletal remains (Zhu et al., 2009).
Until now its caudal region remained unknown.

THE REMAINING SARCOPTERYGIANS are members of crown-group Sarcopterygii.

Infraclass ACTINISTIA—coelacanths (Coelacanthida)

As per Cloutier and Ahlberg (1996), Actinistia contain the following synapo-
morphies: rostral organ present; posterior coronoid well developed and
oriented vertically; articulation of symplectic with articular present; inter-
centra not ossified. Apart from certain very primitive fossils (mentioned
above), the Actinistia are generally agreed to be the sister group of all other
Sarcopterygii (including tetrapods). They are classified in a single order, and
the families, most of which are extinct, are listed in approximate phylogenetic
sequence.



104 Fishes of the World

Order COELACANTHIFORMES (17)—coelacanths. Caudal fin diphycercal,
consisting of three lobes; external nostrils, no choana; lung enclosed in
concentric calcified plates in many; branchiostegals absent; lepidotrichia
never branched; lepidotrichia in tail equal to number of radials or somewhat
more numerous; anterior dorsal fin in front of center of body.

The order is recognized with nine families (Cloutier and Ahlberg, 1996),
eight with only fossil members, and one with fossil members and two living
species. Much of the classification of Cloutier and Ahlberg (1996) is based on
the 1993 study of H.-P. Schultze. Dutel et al. (2015) provided a revised phy-
logenetic estimate. There is a good fossil record of this group from the Late
Devonian to the Late Cretaceous. The majority of species were marine, but
some were fresh water. Forey (1998) gave extensive information on this order.

tFamily MIGUASHAIIDAE. Late Devonian of Miguasha, Quebec. This important
coelacanth is among the most primitive known (Cloutier, 1996; Cloutier and Ahlberg,
1996). Unlike other actinistians, its caudal fin is not symmetrical. One genus and
species, tMiguashaia bureaui.

FFamily DIPLOCERCIDAE. Devonian and Mississippian; one genus tDiplocercides
(synonym tNesides). Gess and Coates (2015) named the new genus fSerenichthys to
contain a species represented by juvenile coelacanths with similarities to ¥ Diplocercides,
but did not classify it in this family.

tFamily HADRONECTORIDAE. Carboniferous; e.g., tHadronector, and +Polyosteo-
rhynchus.

‘Family RHABDODERMATIDAE. Primarily Carboniferous; possibly paraphyletic; e.g.,
tCaridosuctor and TRhabdoderma.

tFamily LAUGIIDAE. Early Triassic to Early Cretaceous, fresh water and marine.
Occipital neural arches expanded; pelvic fins thoracic; pelvic bones fused at midline;
caudal fin longer (more rays) dorsally than ventrally. Genera include {Belemnocerca,
tCoccoderma, and tlaugia; e.g., Wendruff and Wilson, 2013).

tFamily WHITEIIDAE. Triassic, marine, worldwide. Arratia and Schultze (2015)
proposed a revised diagnosis and membership for the TWhiteiidae; e.g., TAtacamaia,
tAxelia, tPiveteauia, tWimania, and {Whiteia.

FFamily REBELLATRICIDAE. Early Triassic of Western Canada, marine. One genus and
species, TRebellatrix divaricerca. Unlike others, these coelacanths were fast-swimming
pursuit predators as evidenced by their stiff, strongly forked caudal fin (Wendruff and
Wilson, 2012).
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FFamily COELACANTHIDAE. Perhaps one genus (Dutel et al., 2015), tCoelacanthus.

FFamily MAWSONIIDAE. Triassic and Jurassic; e.g., tAlcoveria, tAxelrodichthys,
tChinlea, tDiplurus, and tMawsonia. This family includes some of the largest known
coelacanths. Recent studies suggest that they are sister to Latimeriidae (e.g., Dutel et al.
2012; Dutel, Herbin, and Clément, 2015).

Family LATIMERIIDAE (59)—gombessas or coelacanths. Marine; off southern Africa
(Mozambique, Madagascar, and Comoros Archipelago) and Indonesia (Celebes Sea,
north of Sulawesi).

Lung vestigial in adults; fatty organ providing buoyancy; livebearing (ovo-
viviparous). Length of adults up to 1.8 m.

Coelacanths were long known from the fossil record before any extant
species were discovered; thus, they are often cited as the classic example of
a “living fossil.” The first living species to be discovered, Latimeria chalumnae
(Gombessa), known from South Africa, the Comoros Archipelago, and off
Mozambique, was for decades thought to be the sole extant member of the
family Latimeriidae.

The first specimen was trawled off the Chalumna River, near East London,
South Africa, in December 1938, recognized as important by museum biologist
Marjorie Courtenay-Latimer, and later named by J. L. B. Smith in 1939. After
fourteen years and much distribution of posters, Smith obtained the second
specimen from off the Comoros. Inhabitants of the Comoros catch them, often
unintentionally, when fishing for other species.

There is much interest in the unusual head-standing behavior of L. chalum-
nae, filmed by Hans Fricke in a submersible at 170-200 m depth (the species
ranges between about 150-400 m). Later observations showed aggregations
of the species within undersea caves. The species also has an unusual mode
of swimming, especially for a fish with a notochord instead of vertebrae, in
keeping the body rigid and moving its opposing fins in opposite phase.

It is the only living chordate with an intracranial joint, also found in other
coelacanths, porolepiforms, and osteolepidiforms. As described by Chang in
a 1991 study discussing its phylogenetic importance, the intracranial joint
is a plesiomorphic character of sarcopterygians with mobility reduced in
porolepiforms and lost in dipnoans. This joint divides the neurocranium
into an orbitosphenoid anterior half and an otico-occipital posterior half,
allowing the anterior half (and upper jaw) to be elevated and then lowered.
The paired basicranial muscle increases bite force by lowering the anterior
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half of the neurocranium during prey capture (Dutel, Herbin, Clément, and
Herrel, 2015).

The lung in Latimeria has recently been shown to be present in embryos
based on CT scans, but vestigial in adults, although enclosed by small, scat-
tered, hard plates thought to be homologous with the concentric calcified
plates enclosing the lung in many fossil coelacanths. The fatty organ, once
supposed to be a lung, is a separately developing organ (Cupello et al., 2015).

Events leading to the discovery of the second extant species (Latimeria mena-
doensis) are also the stuff of legend. They began with the sighting by Arnaz and
then Mark Erdmann during their honeymoon, of a coelacanth in an Indone-
sian fish market in Manado, Sulawesi, on 18 September 1997, and the subse-
quent preservation of a second specimen on 30 July 1998. These events are
documented in a 1999 issue of Environmental Biology of Fishes. The new species
was named by Pouyaud et al. (1999).

One extant genus Latimeriawith two species, L. chalumnaeand L. menadoensis.
In addition there are Jurassic and Cretaceous fossil genera, e.g., THolophagus,
T Libys, T Macropoma, T Megalocoelacanthus, T Swenzia, and | Undina. All taxa recog-
nized here in the family Latimeriidae were recognized in the Coelacanthidae
in Nelson (1994). Reasons for splitting the two families were given by Cloutier
and Ahlberg (1996). T Megalocoelacanthus includes giant, toothless coelacanths
from the marine Late Cretaceous of North America (Dutel et al., 2012).

Infraclass ONYCHODONTIDA

TOrder ONYCHODONTIFORMES (Struniiformes). Middle to Late Devonian. Posi-
tion uncertain but hypothesized to be sister to the remaining sarcopterygians
(including tetrapods). Excellently preserved fossils are known from Gogo, Aus-
tralia. Long (2001) suggested that {Psarolepis (see above) may be the sister
taxon to TOnychodontiformes.

tFamily ONYCHODONTIDAE. Devonian. Diagnosable by a median extrascapu-
lar that abuts the lateral extrascapulars (Cloutier and Ahlberg, 1996). Extremely
well-preserved partial skeletons of TOnychodus are known from Gogo, Australia (Long,
2001, 2011); e.g., tGrossius, tLuckius, TOnychodus, TQingmenodus, tStrunius.

Infraclass DIPNOMORPHA

tSuperorder POROLEPIMORPHA

FOrder POROLEPIFORMES (Holoptychiiformes). Body plump; pectorals inserted
relatively high on body; thick rhombic cosmoid scales to thin round scales; den-
drodont plicidentine present; prespiracular present; subsquamosals present;
buccohypophysial foramen of parasphenoid double; otic canal passes through
growth center of postparietal; no pineal foramen. Porolepiforms are often very
common fossil vertebrates in Devonian sedimentary rocks, perhaps because of
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their robust bones and scales (e.g., Cloutier and Schultze, 1996). They are
usually placed as the sister group to the Dipnoi.

‘Family POROLEPIDAE. Devonian; e.g., TPorolepis.

fFamily HOLOPTYCHIIDAE. Devonian; e.g., ‘tHoloptychius, tGlyptolepis,
tLlaccognathus, tQuebecius.

Superorder DIPNOI (Dipterimorpha, Dipnoiformes
of Cloutier and Ahlberg, 1996)

This superorder was originally named by Miller (1845) and includes all
lungfishes. See Nelson (1994) for references to the older literature, especially
for the major contributions of such continuing workers as P. Ahlberg, M.-M.
Chang, R. Cloutier, A. Kemp, and H.-P. Schultze (see also the major study of
vertebral columns by Arratia et al., 2001). The taxonomy here is based mostly
on Cloutier and Ahlberg (1996), who recognize three synapomorphies:
B-bone present; width of submandibularis broad; labial cavity present.

The following genera are considered to be primitive, early members of the
Dipnoi: T Youngolepis, T Powichthys, and T Glyptolepis.

tOrder DIABOLEPIDIFORMES. Early Devonian. One family, arguably the sister
group of all other Dipnoi.

‘Family DIABOLEPIDIDAE. Early Devonian. One genus and species, 1 Diabolepis sper-
atus, known only from skull remains.

tOrder DIPNORHYNCHIFORMES. Devonian. Two families.

‘Family URANOLOPHIDAE. Early Devonian; one genus and species, {Uranolophus
wyomingensis.

tFamily DIPNORHYNCHIDAE. Early-Middle Devonian, e.g., {Dipnorhynchus,
tSpeonesydrion.

fFamily  CHIRODIPTERIDAE. Middle-Late  Devonian, e.g., TChirodipterus,
tGogodipterus.

FOrder Dipteriformes. Devonian; about seven families.
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FFamily STOMIAHYKIDAE. Middle to Late Devonian;, e.g., f{Stomiahykus,
tArchaeonectes.

‘Family DIPTERIDAE. Devonian; e.g., TDipterus, TGrossipterus.

tPalaeospondylus. Middle Devonian. Thomson et al. (2003) clarified a
long-standing puzzle as to the identity of {Palacospondylus gunni, a tiny
(5-60 mm) and abundant vertebrate fossil from the Achanarras Quarry,
Caithness, Scotland, first discovered in 1890. They showed that it is the larval
stage of a lungfish, most probably fDipterus valenciennesi.

tFamily  CHIRODIPTERIDAE. Middle-Late Devonian; e.g., tChirodipterus,
tGogodipterus.

tFamily RHYNCHODIPTERIDAE. Middle to Late Devonian; e.g., 1Criphognathus,
tRhynchodipterus, tSoederberghia. Long-snouted lungfishes with denticulated palates.

tFamily PHANEROPLEURIDAE. Middle to Late Devonian; e.g., tPhaneropleuron,
tScaumenacia, tPentlandia.

tFamily FLEURANTIIDAE. Middle to Late Devonian; e.g., fAndreevichthys,
tBarwickia, tFleurantia, tJarvikia. Lungfishes with elongated snouts and wide
mouth gapes.

tOrder CTENODONTIFORMES. Carboniferous.
‘Family URONEMIDAE. Carboniferous; one genus, TUronema.

FFamily CTENODONTIDAE. Carboniferous. The family was named by Woodward
(1891:250); in bivalves there is a family “Ctenodontidae Whormann, 1893,”
but the bivalve name appears to be the junior homonym. Genera include
tCtenodus and tTranodis. Sharp and Clack (2013) recently reviewed the morphology
of 1Ctenodus.

Order CERATODONTIFORMES (18)—Iliving lungfishes and their fossil relatives. All
three extant families are placed in this order, without suborders. Rather than
recognizing a separate suborder for the African and South American lung-
fishes, we include them in the sequence of ceratodontiform families. Listing
them as the last two families in the sequence is sufficient to show that they are
each other’s closest relatives, and collectively sister to Neoceratodontidae.
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‘Family ARGANODONTIDAE. Triassic; e.g., TArganodus.

fFamily CERATODONTIDAE. Triassic to Cenozoic; e.g., tCeratodus, tParaceratodus.
Likely paraphyletic; many forms known only by their tooth plates.

FFamily ASIATOCERATODONTIDAE. Triassic; e.g., tAsiatoceratodus.

Family NEOCERATODONTIDAE (60)—Australian lungfishes. Triassic to Recent; fresh
water.

Scales large; paired fins stout, with numerous rays.

One extant species, Neoceratodus forsteri. Miles (1977) and Cloutier and
Ahlberg (1996) recognized the family Neoceratodontidae containing the
extant Australian lungfish. The Triassic fEpiceratodus is also placed in this
family (Miles, 1977; Cloutier and Ahlberg, 1996).

Family LEPIDOSIRENIDAE (61)—South American lungfishes. Fresh water; Brazil and

Paraguay.
= —

Five gill arches and four gill clefts; body very elongate. Pectoral and pelvic fins
filamentous, without rays; scales small; swimbladder (lungs) paired; larvae with
external gills; adults estivate in dry season.

One species, Lepidosiren paradoxa. This was the first living lungfish to be for-
mally described, in 1837.

Family PROTOPTERIDAE (62)—African lungfishes. Fresh water; Africa.

Six gill arches and five gill clefts; body moderately elongate. Maximum length
about 1.8 m.
One genus, Protopterus, with four species.
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tInfraclass RHIZODONTIDA (Rhizodontimorpha)
tOrder RHIZODONTIFORMES. One family.

FFamily RHIZODONTIDAE. Late Devonian to Pennsylvanian. Cloutier and Ahlberg
(1996) provide two synapomorphies for the group: depressed lamina of cleithrum
present; and length of proximal unsegmented part of lepidotrichium much greater
than segmented part. Rhizodontids probably lacked a choana since they have two
pairs of external nostrils. Genera include tBarameda, TNotorhizodon, tPycnoctenion,
‘tPropycnoctenion, tRhizodus, tSauripterus, tScrebinodus, and tStrepsodus.

tInfraclass OSTEOLEPIDIDA

tOrder OSTEOLEPIDIFORMES. Body slender; pectorals usually inserted low on
body; thick, rhombic scales; pineal foramen present. About five families (based
on work of H.-P. Schultze, 1993, and Cloutier and Ahlberg, 1996). Gogonasus
is included within the osteolepidiforms, but it is of uncertain position as are
several other genera.

FFamily CANOWINDRIDAE. Devonian; e.g., TCanowindra, tMarsdenichthys.

FFamily MEGALICHTHYIDAE. Devonian; e.g., 1Cladarosymblema, tEctosteorhachis,
tMegalichthys.

‘Family OSTEOLEPIDIDAE. Devonian; e.g., TOsteolepis, TThursius.

tFamily TRISTICHOPTERIDAE. Devonian; e.g., fCabonnichthys, fEusthenodon,
tEusthenopteron, 1 Tristichopterus.

‘Family RHIZODOPSIDAE. Devonian; e.g., TRhizodopsis.

tInfraclass ELPISTOSTEGALIA
tOrder ELPISTOSTEGALIFORMES. One family.
‘Family ELPISTOSTEGALIDAE (fPANDERICHTHYIDAE). Median supraorbital ridges

present (Cloutier and Ahlberg, 1996). These are fishes with paired fins that had evolved
to become leg-like, while still retaining fin rays.
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Genera include TElpistostege and 1 Panderichthys (Cloutier and Ahlberg, 1996;
Schultze, 1996), along with the more recently discovered T Tiktaalik, one of
the most remarkable, tetrapod-like fishes ever discovered and represented
by well-preserved fossil material from Arctic Canada (Daeschler et al., 2007;
Shubin et al., 2014).

Infraclass TETRAPODA—tetrapods

This taxon, of about 30,500 extant species, includes the amphibians, mammals,
reptiles, and birds, along with their many fossil relatives. The earliest known
tetrapod fossils, such as tAcanthostega and TIchthyostega, had well-developed
limbs complete with digits (six to eight digits per limb, rather than five)
instead of paired fins, yet they were aquatic. Additional characters proposed
by Cloutier and Ahlberg (1996) are: paired nasals meeting in the skull
midline; extrascapulars absent; opercular and subopercular bones absent;
lateral gular absent.

Clack (2000) reviewed what was known to that date of the transition of
tetrapods from water to land. Tetrapods appear in the fossil record in the Late
Devonian. The most complete skeletons of aquatic or semi-aquatic Devonian
tetrapods are from eastern Greenland.

Subclass ACTINOPTERYGII—ray-finned fishes

Scales ganoid, cycloid, or ctenoid (scales absent in many groups); spiracle usu-
ally absent; pectoral radials (actinosts) attached to the scapulocoracoid com-
plex except in Polypteriformes; interopercle and branchiostegal rays usually
present; gular plate usually absent; internal nostrils absent; nostrils relatively
high up on head. The condition of the neural spines shows basic differences
within the actinopterygians. In chondrosteans, some taxa possess paired neural
spines throughout the vertebral column, the assumed primitive state; others,
including Polypterus, have median neural spines in the caudal region; most
teleosts have median neural spines anteriorly.

The subclass Actinopterygii, one of the major vertebrate taxa, is not
diagnosed by strong derived character sets, but is nevertheless thought to be
monophyletic. The earliest fossil remains are of scales of the Late Silurian
T Andreolepis, T Ligulalepis, T Naxilepis, T Lophosteus, and T Orvikuina; in addition,
there is Devonian material of, for example, | Cheirolepis, T Dialipina (see above),
T Howqualepis, T Limnomis, and T Moythomasia (see, e.g., Choo, 2015). There is
an Early Devonian endocranium of a specimen tentatively assigned to the
actinopterygian genus Ligulalepis (Basden and Young, 2001), and abundant
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Carboniferous material of, for example, tAesopichthys, T Cyranorhis, T Discoserra,
T Guildayichthys, TKalops, +Melanecta, +Mesopoma, TMimia, TProceramala,
T Wendyichthys, and T Woodichthys (Cloutier and Arratia, 2004). Photographs
and descriptions of many fossil taxa are given in Frickhinger (1991). Many
of the above genera have not been satisfactorily classified in families and
orders. A recent discovery (Giles, Darras et al., 2015) is of the complete skull
including braincase and branchial arches of a Late Devonian actinopterygian
from France, T Raynerius.

Actinopterygii are the sister taxon of the Sarcopterygii. We infer that at
some time there was a common ancestor of both of these major lineages,
and there are some interesting fossils, such as fPsarolepis, that show com-
binations of actinopterygian and sarcopterygian characters (Cloutier and
Arratia, 2004; Zhu and Yu, 2004). Genera incertae sedis include the Cretaceous
TDiplospondichthys, known from the same locality as the acanthomorph
T Spinocaudichthys (Filleul and Dutheil, 2004).

Actinopterygian relationships were reviewed by Lauder and Liem (1983).
The early diversification of actinopterygians was examined by Cloutier and
Arratia (2004), who gave a historical review of previous phylogenetic hypothe-
ses. Springer and Johnson (2004) produced a monograph with anatomical
drawings and insights into the relationships of teleostome fishes, with emphasis
on the Actinopterygii and especially the acanthomorphs.

A major problem in understanding actinopterygian phylogeny is that we still
have much to learn about the homologies of various characters (Cloutier and
Arratia, 2004). Much work is needed in studying fossils in a phylogenetic con-
text and in knowing more about the origin and development of characters.
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Phylogeny of the main extant groups of Actinopterygii.

Actinopterygians are recognized here with three subclasses, 67 orders, 469 fam-
ilies, 4,440 genera, and about 30,500 species. About 44% of the species are
known only or almost only from fresh water.

There are many fossil actinopterygian taxa, and many of those belong to
the stem group (as opposed to crown-group Actinopterygii). The arrangement
of stem-group fossil actinopterygians given by Cloutier and Arratia (2004) is
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largely followed here. There is typically a comb-like branching pattern of these
fossil taxa, with each listed order being approximately the sister to all those
following. However, beyond that approximation, no strictly phylogenetic clas-
sification is attempted or intended.

Three taxa that have sometimes been included as very primitive stem
actinopterygians (T Lophosteus, TAndreolepis, and tDialipina) were listed earlier
(see above) as possible stem-group osteichthyans.

FFamily HAPLOLEPIDAE. (with two Pennsylvanian genera, THaplolepis and fPyrito-
cephalus) is an early family not otherwise classified here.

tCoccolepis. The morphology of T Coccolepis bucklandi, an incertae sedis form, was
described by Hilton et al. (2004).

tOrder CHEIROLEPIDIFORMES. Devonian. Omne family, the Devonian
tCheirolepididae with one genus, T Cheirolepis.

One of its species, TC. canadensis, may hold the record for having the largest
number of pelvic fin rays, up to 124 (Arratia and Cloutier, 1996). This taxon is
highly important because it is well studied and is regarded as the sister group
for all remaining actinopterygians (e.g., Cloutier and Arratia, 2004; Swartz,
2009; Zhu et al., 2009; Friedman, 2015; Choo, 2015).

FtOrder PALAEONISCIFORMES. This group is almost certainly a paraphyletic
assemblage of primitive actinopterygians. In many primitive palaeoniscids,
the cheekbones form a solid unit (the maxilla, preopercles, and suborbitals
are firmly united), the hyomandibula is oblique, the eyes are large and far
forward, and the tail is strongly heterocercal. More advanced forms had
a hyomandibula in the vertical plane and a breakup of the cheekbones.
This permitted more flexibility in the oral-branchial chamber. The dorsal lobe
of the tail became reduced to an abbreviated heterocercal tail. Numerous
other evolutionary trends can be noted in proceeding from the chondrostean
level of organization to the holostean level.

The problematic relationships in this complex and diverse group were
addressed by Cloutier and Arratia (2004) and by Mickle (2012, 2013). Fami-
lies or genera placed in this heterogeneous group include tAeduellidae,
tAcrolepidae (with, for example, fAcrolepis and possibly TBoreosomus
and TPteronisculus), TAmblypteridae (TAmblypterus and TParamblypterus)
(Dietze, 2000), fBirgeriidae (e.g., TBirgeria), TCanobius, TCommentryidae,
tElonichthyidae, fPalaeoniscidae, fPygopteridae, TRhabdolepidae (includes
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the Devonian TOsorioichthys), tRhadinichthyidae and the related tAesopi-
chthyidae (Poplin and Lund, 2000; Cloutier and Arratia, 2004), and
tStegotrachelidae (with, e.g., the Devonian fStegotrachelus and T 7Tegeolepis)
(e.g., Mickle, 2012).

tOrder DORYPTERIFORMES. Body deep and mostly scale-less; pelvic fin in front
of pectorals (jugular); caudal peduncle very narrow. One family.

FFamily DORYPTERIDAE. One Late Permian genus, tDorypterus.

tOrder PLATYSOMIFORMES. Mississippian to Early Triassic, worldwide, marine
and fresh water. Body deep and compressed. Two families.

tFamily PLATYSOMIDAE. Mississippian to Triassic; e.g., tChirodus (sometimes
classified in the family tChirodontidae), tParanaichthys, tPlatysomus (e.g., Dias, 2012).

‘Family BOBASATRANIIDAE. Early Triassic; e.g., TBobasatrania, known from Canada,
Greenland, Madagascar, and Switzerland.
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tOrder TARRASIIFORMES. Mississippian. Dorsal and anal fins continuous with
the diphycercal caudal fin; pelvic fins absent; scales variously reduced or
absent; body elongate; pectoral fins with a rounded fleshy lobe; frontal bones
distinct (e.g., Taverne, 1996). One family.

FFamily TARRASIIDAE. Mississippian; e.g., tPalaeophichthys, T Tarrasius. Sallan (2012)
commented on the tetrapod-like regionalization of the axial skeleton in {Tarrasius.

FOrder GUILDAYICHTHYIFORMES. Mississippian. One family.

Lund (2000) found in a cladistic analysis a stable sister group relationship
between Polypterus and the {Guildayichthyiformes as a highly derived group
within the Paleozoic Actinopterygii, and he rediagnosed the Cladistia as a
superorder to reflect this relationship. However, we here follow the placement
of Cloutier and Arratia (2004), reflecting a close relationship between the
tTarrasiidae and the fGuildayichthyidae.

‘Family GUILDAYICHTHYIDAE. Mississippian, marine. Highly compressed, discoidal
bodies, tall rhombic “ganoid” scales with peg-and-socket joints.
Two genera, T Guildayichthys and TDiscoserra, from Montana (Lund, 2000).

tOrder PHANERORHYNCHIFORMES. Pennsylvanian. One family.

‘Family PHANERORHYNCHIDAE. Pennsylvanian. Body superficially like that of a stur-
geon. One genus, tPhanerorhynchus.

FtOrder SAURICHTHYIFORMES. Permian to Jurassic. One family.

FFamily SAURICHTHYIDAE. Permian to Jurassic. Body elongated, median fins
far posteriorly, jaws long and anteriorly pointed; e.g., tAcidorhynchus (synonyms
tBelonorhynchus and tSaurorhynchus) and tSaurichthys.

THE FOLLOWING TAXA are often referred to as subholosteans:

+tOrder REDFIELDIIFORMES. Triassic and Early Jurassic, fresh water. Body
fusiform; mouth terminal or subterminal; dorsal and anal fins positioned
far back, opposite one another, and with fin rays more numerous than
radials; branchiostegal rays reduced to one or two plate-like bones; single
external naris surrounded by a distinctive “premaxilla,” rostral, nasal, and
adnasal bones.

About 15 genera, herein treated as belonging to one family.

FFamily REDFIELDIIDAE. Triassic to Jurassic; e.g., fBrookvalia, tDictyopyge,
tHelichthys, tRedfieldius, and tSchizurichthys.

FOrder PTYCHOLEPIDIFORMES. Triassic to Jurassic. One family.

FFamily PTYCHOLEPIDIDAE. Triassic to Jurassic; e.g., TBoreosomus, Ptycholepis.
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THE FOLLOWING FOUR ORDERS may represent stem-group Neopterygii rather than
stem-group Actinopterygii (e.g., Xu etal., 2015).

FOrder PHOLIDOPLEURIFORMES. Triassic. One family.

‘tFamily PHOLIDOPLEURIDAE. Triassic; e.g., TAustralosomus, tPholidopleurus.
FOrder PERLEIDIFORMES. Triassic. Perhaps five families.

FFamily CEPHALOXENIDAE. Triassic; e.g., tCephaloxenus.

tFamily CLEITHROLEPIDIDAE. Triassic; e.g., TDipteronotus.

‘tFamily COLOBODONTIDAE. Triassic; e.g., tColobodus, tProcheirichthys.
FFamily PERLEIDIDAE. Triassic; e.g., tPerleidus, tEndennia.

tFamily PLATYSIAGIDAE. Triassic; e.g., THelmolepis.

tOrder LUGANOIFORMES. Triassic. One family.

tFamily LUGANOIDAE. Triassic; e.g., tLuganoia.

tOrder PERLEIDIFORMES. Triassic and Early Jurassic. Example families
placed in this probably artificial/paraphyletic group are fCephaloxenidae,
tColobodontidae, f{Platysiagidae (e.g., Neuman and Mutter, 2005),
fPeltopleuridae, fCleithrolepidae, and fPerleididae (e.g., TAetheodontus,
T Dipteronotus, and | Meridensia, e.g., Tintori, 1990; Biirgin, 1992). Tintori and
Sassi (1992) provided evidence for a sequenced ranking of fAustralosomus,
TPeltopleuriformes (with T Peltoplewrus, T Habroichthys, and T Thoracopterus, the
latter placed in the family fThoracopteridae and thought to be capable of
gliding), ¥ Cleithrolepis, T Perleidus, T Luganoia, and the Neopterygii (see below).
Xu et al. (2015) placed many of these as stem-group Neopterygii in their
revision of the Triassic T Plesiofuro, which they did not assign to a family. Further
studies on members placed here include those of Buirgin (1996), Lombardo
and Tintori (2004), and Mutter (2004).

ALL OF THE REMAINING TAXA are members of the crown-group Actinopterygii.

Infraclass CLADISTIA

Order POLYPTERIFORMES (Brachiopterygii) (19)—bichirs. This taxon has in the
past been thought by some workers to be a member of the Sarcopterygii or
at least to be more closely related to them than to the Actinopterygii; they
are regarded here as the sister group of all other actinopterygians. This latter
view has some support from Britz and Bartsch (2003) and possibly Venkatesh
etal. (2001).
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Family POLYPTERIDAE (63)—bichirs. Freshwater; Africa.

Rhombic ganoid scales; spiracular opening large but canal lost; dorsal fin con-
sisting of 5—18 finlets, each with a single spine to which is attached one or more
soft rays; pectoral fin rays supported by numerous ossified radials which attach
to a cartilaginous plate and two rods, thence to the scapula and coracoid; a
pair of gular plates, no branchiostegals; maxilla firmly united to skull; intes-
tine with spiral valve; lungs partially used in respiration; vertebrae with ossi-
fied centra and neural canal. Maximum length about 90 cm, most species less
than 30 cm.

Polypterids have many primitive characters that are unknown in other
living Actinopterygii and many autapomorphies (Britz and Johnson, 2003).
Among the latter, they have only four rather than the usual five gill arches.
Of various hypotheses concerning the homology of the posterior-most arch
of polypterids, Britz and Johnson (2003) make a convincing argument that it
represents the fourth arch of other Actinopterygii and that the fifth arch is
absent. Britz and Bartsch (2003) discussed rib homology in gnathostomes and
the unique rib type of polypterids.

Suzuki et al. (2010) completed a phylogeny of bichirs based on mtDNA.
Near et al. (2014) concluded that modern species of polypterids diversified
in the Neogene even though the Cladistia are very old. Graham et al. (2014)
studied spiracular air breathing in polypterids and found that up to 93% of
their air breaths involved spiracular breathing. Erpetoichthys and Polypterus have
achieved body elongation not by the usual addition of caudal segments but
by adding abdominal vertebrae, leading Ward and Kley (2012) to compare
anteroposterior positioning of their internal body organs.

Two genera with at least 14 extant species. In addition, there are fossils
in Africa as old as mid Cretaceous and, perhaps, from the Late Cretaceous
and Early Paleocene in South America (e.g., TDagetella, TLatinopollis—a
replacement name for {Pollia, TSainthilairia, and TSerenoichthys) (references
to studies of fossils and extant forms, other than those already given, include
Gayet et al., 1995; Dutheil, 1999; Murray, 2000; Stewart, 2001; and Gayet
etal., 2002).

Erpetoichthys (synonym Calamoichthys) calabaricus (reedfish or ropefish). Body
eel-like; pelvics absent. The single species is confined to coastal areas adjacent
to the Gulf of Guinea.

Polypterus (bichirs). Body elongate; pelvics present. At least 13 species
(e.g., Gosse, 1988; Hanssens et al., 1995; Daget et al., 2001; Britz, 2004a).
There is need for a revision to determine how many of the additional
nominal species might be valid. Britz (2004a) named a new species of
Polypterus, P. teugelsi. Schliewen and Schafer (2006) described the new species
P. mokelembembe.
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Infraclass CHONDROSTEI

Palatoquadrates with anterior symphysis; gill arch dentition confined to first
two hypobranchials and upper part of first arch; interhyal hypertrophied; pre-
opercular canal in a series of ossicles, mandibular canal short or absent; body
scaling reduced to tiny isolated elements.

The classification differs slightly from Grande and Bemis (1991) in that
Chondrosteidae were included as a separate suborder within Acipenseriformes
by those authors.

7Order CHONDROSTEIFORMES. Jurassic. One family. The chondrosteids are
considered to be the primitive sister group of the Acipenseriformes (Grande
and Bemis, 1991, 1996).

FFamily CHONDROSTEIDAE. Jurassic of Europe. Mouth subterminal, anterior part of
palatopterygoid club shaped, trunk scales completely absent, vertebral and supraneu-
ral elements extremely reduced or lost. Two genera, TChondrosteus (1 species) and
tStrongylosteus (1 species), and perhaps +Gyrosteus.

Order ACIPENSERIFORMES (20)—paddlefishes and sturgeons. Opercle lost; auto-
genous branchiostegal rays reduced in number to one-three ( Chondrosteus has
8-10); endocranium with extensive rostrum; rostrum with median ventral bony
keel (Grande and Bemis, 1991). Additional traits mostly primitive include: cau-
dal fin heterocercal; gulars absent; skeleton largely cartilaginous; fin rays more
numerous than their basals; intestine with spiral valve.

Extantrepresentatives in two families with six genera and 27 species (Grande
and Bemis, 1996; Bemis et al., 1997).

‘tSuborder Peipiaosteiformes. Extinct relatives of sturgeons and paddlefishes.

FFamily PEIPIAOSTEIDAE. Incertae sedis. Two or more genera, tPeipiaosteus and
iStichopterus, and probably tSpherosteus and iYanosteus, extending back to the Late
Jurassic (Grande and Bemis, 1996; Bemis et al., 1997).

Suborder Acipenseroidei. Opercle lost, gill cover made up primarily by the sub-
opercle; one to three elements that may be homologous to the branchiostegal
rays of other actinopterygians; endocranium with an extensive rostrum.

Peng et al. (2007) estimated the age and biogeography of major clades of
sturgeons and paddlefishes.

Family POLYODONTIDAE (64)—paddlefishes. Freshwater, rarely brackish; China and
United States.
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Small stellate bones making up lateral supports for paddle; series of
elongate dorsal and ventral median rostral bones (Grande and Bemis, 1991).
Additional characters: body lacking the large scutes of acipenserids but with
small “scales” in some regions, such as the caudal peduncle and caudal fin,
and large Psephurus with trunk “scales”; minute barbels on snout; gill rakers
long and in the hundreds and widely gaping jaws in the plankton-feeding
Polyodon (shorter and fewer in number with small protrusible jaws in all other
paddlefish genera); teeth minute; spiracle present; gill cover greatly produced
posteriorly. Maximum length perhaps up to 3 m, attained in Psephurus gladius.
Chromosome number diploid or tetraploid (see below for differences in
Acipenseridae; Peng et al. 2007; Crow et al., 2012). Grande and Bemis (1991,
1996) and Grande et al. (2002) described and reviewed this family and its
included taxa.

TSUBFAMILY PROTOSEPHURINAE. Pelvic fin spine present; three or four bran-
chiostegal elements present; small opercle present; other diagnostic charac-
ters in Grande et al. (2002). One genus, TProtopsephurus (Early Cretaceous,
China, the oldest and most primitive paddlefish known and sister to all other
members; Grande et al. 2002).

SUBFAMILY POLYODONTINAE. Pelvic fin spine absent; only a single branchioste-
gal element; opercle lost, subopercle forming the main gill-cover bone; sub-
opercle with well-developed elongate spine-like projections forming a strongly
serrated posterior margin (Grande and Bemis, 1991).

The fossil and living species of Polyodontinae were described in detail by
Grande and Bemis (1991) (as Polyodontidae). There are two living species.

Polyodon  spathula. Paddlefish. United States (Mississippi drainage).
Plankton-feeding, with a nonprotrusible mouth. Crow et al. (2012) reported
that an independent whole-genome duplication occurred in the lineage of
the American Paddlefish.

Psephurus gladius. Chinese Paddlefish. China (Yangtze River and lower
reaches of some other rivers and adjacent sea). Piscivorous, with a protrusible
mouth.

Fossil taxa are fTPaleopsephurus (Early and Late Cretaceous, fresh water,
Montana and Wyoming, and considered to be the primitive sister group to
the remaining polyodontid taxa), {Crossopholis (early Eocene, freshwater,
Wyoming, and the sister group to Polyodon), and 1 Polyodon tuberculata (early
Paleocene, freshwater, Montana).

Family ACIPENSERIDAE (65)—sturgeons. Anadromous and fresh water; Northern
Hemisphere.
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Five rows of bony scutes or plates on body; mandibular sensory canal lost
entirely; pectoral fin with anterior spinous ray made up of fused rays (Grande
and Bemis, 1991). Additional traits include: four barbels in front of mouth;
mouth inferior and protrusible; gill rakers fewer than 50; teeth absent in
adults; swimbladder large. The freshwater Kaluga, Huso dauricus, and the
anadromous Beluga, H. huso, are among the largest if not the largest fish in
fresh water. The latter definitely reaches 4.2 m, and longer lengths have been
reported for both species.

According to Birstein et al. (1997) and Peng etal. (2007), the chromosome
number is highly variable. In addition to diploid species with 110-130 chromo-
somes, many other sturgeons are tetraploid, with one, Acipenser mikadoi, having
about 500 chromosomes.

The historical biogeography of sturgeons was explored by Choudhury and
Dick (1998). Dillman et al. (2007) completed a mtDNA study of phylogeny
of Scaphirhynchinae and other sturgeons, supporting the monophyly of
Pseudoscaphirhynchus and Scaphirhynchus, but did not find them to be each
other’s closest relatives. Neither Dillman et al. (2007) nor Birstein et al. (2002)
recovered clades consistent with the morphologically recognized subfamilies
and tribes (see below). Acipenser itself was recovered as paraphyletic by both
studies. The type species of Acipenser, A. sturio, was found to be the sister group
of all other extant sturgeons by Dillman et al. (2007), but not by Birstein
etal. (2002).

Four extant subfamilies with four genera and 25 species (Bemis et al.,
1997; Birstein and Bemis, 1997). Many of the species are difficult to identify.
Two fossil genera, the Late Cretaceous fProtoscaphirhynchus from Montana
and the Late Cretaceous fPriscosturion also from Montana (originally
named TPsammorhynchus, a name later found to be preoccupied by a flat-
worm). TProscosturion was placed in its own subfamily by Grande and Hilton
(2006, 2009).

SUBFAMILY ACIPENSERINAE. One genus, Acipenser. Northern Hemisphere. Gill
membranes joined to isthmus, mouth transverse. Seventeen species, five of
which occur in North America (Grande and Bemis, 1996; Bemis et al., 1997;
Hilton etal., 2011). Birstein et al. (2005) argue for unrecognized species diver-
sity in the Caspian Sea area.

In the previous edition, there were two tribes, with Scaphirhynchus and
Pseudoscaphirhynchus in a second tribe. Those two genera are now in separate
subfamilies (Hilton et al., 2011).

SUBFAMILY SCAPHIRHYNCHINAE. Ome genus, Scaphirhynchus. Mississippi basin.
Caudal peduncle long, depressed, and completely armored. Three species.

SUBFAMILY PSEUDOSCAPHIRHYNCHINAE. One genus, Pseudoscaphirhynchus. Aral
Sea and its drainage. Caudal peduncle short, slightly depressed, and not
completely armored. Three species.
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SUBFAMILY HUSINAE. One genus, Huso. Adriatic Sea to Caspian Basin; Amur
River. Gill membranes joined to one another, mouth crescentic. Two species.

NEOPTERYGII

This clade, unranked here, is characterized by: fin rays equal in number to
their supports in dorsal and anal fins; premaxilla with internal process lin-
ing the anterior part of nasal pit; symplectic developed as an outgrowth of
hyomandibular cartilage. In addition, the spermatozoa of neopterygians has
lost a plesiomorphic feature of vertebrates—the acrosome (several species,
however, have acrosome-like structures) (Jamieson, 1991).

It is generally agreed that the neopterygian fishes (Holostei including
both gars and bowfins, plus Teleostei) are a monophyletic group. Their fossil
record may extend as far back as the Late Permian if TAcentrophorus is a stem
neopterygian. See above for additional taxa suggested by some to be stem
neopterygians.

THE NEXT ORDER is of uncertain placement as to infraclass within Neopterygii
despite significant interest in its relationships (e.g., Poyato-Ariza and Wenz,
2002; Nursall, 2010).

FOrder PYCNODONTIFORMES. Late Triassic to Eocene. This group of reef- or
lagoon-dwelling fishes with crushing (durophagous) dentition lived primarily
around the Tethys Sea and its extensions as the Atlantic opened during the
Jurassic. Well-known fossil sites such as the Eocene Monte Bolca site in north-
ern Italy and the Late Jurassic Solnhofen site in southern Germany have added
many of the specimens. Nursall (1996) and Poyato-Ariza and Wenz (2002) pre-
sented phylogenetic analyses of the pycnodontiforms and a revised taxonomy.

The families recognized in recent literature are TGibbodontidae,
tGyrodontidae (e.g., T Gyrodus), TMesturidae, TBrembodontidae, TPycnodon-
tidae (with several subfamilies such as {Nursalliinae and fProscinetinae),
tCoccodontidae (with TCoccodus the only benthic member of the order),
tHadrodontidae, and fTrewavasiidae (Nursall, 1996, 1999a,b; Kriwet, 1999,
2004b; Poyato-Ariza and Wenz, 2002, 2004).

Infraclass HOLOSTEI (gars, bowfins, and relatives)

Grande (2010), in a morphological study of gars and their close relatives,
advocated recognition once again of the Holostei, a taxon containing both
Lepisosteiformes and Amiiformes and the sister group of the teleosts; this
group had fallen out of favor, but its revival is also in agreement with several
recent broad-scale molecular phylogenies (e.g., Near et al., 2012a; Broughton
etal., 2013). One result of this rearrangement is that a major clade recognized
in the previous edition, the Halecostomi, combining the Teleostei with the
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Halecomorphi (bowfins and fossil relatives, but without the gars), is no longer
recognized as valid.

Division GINGLYMODI

This group includes gars (Lepisosteiformes) along with fossil relatives such
as the fSemionotiformes and fMacrosemiiformes. Grande (2010) made
a detailed study of gars and their relatives, placing the Ginglymodi once
again within the Holostei that includes also the living bowfin Amia calva.
Lopez-Arbarello (2012) produced a phylogenetic analysis of Ginglymodi and
concluded that there were two main clades, one containing macrosemiiforms
plus semionotiforms, and the other containing lepisosteiforms. Two more
recent phylogenetic studies are those of Thies and Waschkewitz (2015) and
Gibson (2013b).

tOrder DAPEDIIFORMES. Late Triassic to Late Jurassic. Thies and Waschkewitz
(2015) erected this order to include the single family Dapediidae. The rela-
tionships of the order are in doubt as it might belong within Ginglymodi as
Thies and Waschewitz concluded and as listed here, or in Halecomorphi, or
be sister to both.

tFamily DAPEDIIDAE. Body deep to nearly circular in outline; circumorbital bones
including infraorbitals and suborbitals; vertical arm of preopercular variably covered by
suborbitals; dorsal and anal fins long; gular present. Late Triassic to Early Jurassic; in
marine and freshwater deposits; North America, Europe, and India.

Genera include {Dapedium (7D. pholidotum was redescribed by Thies and
Waschkewitz, 2015), T Hemicalypterus, T Heterostrophus, T Paradapedivwm, T Sargodon,
and Tt Tetragonolepis (e.g., Thies and Hauff, 2011).

Order LEPISOSTEIFORMES (21)—gars. One extinct and one extant family.

The following genera, formerly in {Semionotiformes, belong within
Lepisosteiformes according to Loépez-Arbarello (2012): T Araripelepidotes,
T Isanichthys, T Lepidotes, T Pliodetes, and T Sheenstia.
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FFamily OBAICHTHYIDAE. Early Cretaceous of Brazil, e.g., TObaichthys, with two
species (Brito et al., 2000). The family was named by Grande (2010).

Family LEPISOSTEIDAE (66)—gars. Freshwater, occasionally brackish, very rarely
in marine water; eastern North America, Central America (south to Costa Rica),
and Cuba.

Body and jaws elongate; mouth with needle-like teeth; abbreviated heterocer-
cal tail; heavy ganoid scales, about 50-65 along lateral line; dorsal fin far back,
with few rays; three branchiostegal rays; interoperculum absent; two or more
supratemporal bones on each side; maxilla small and immobile; supramax-
illa absent; myodome absent; vomer paired; swimbladder vascularized (thus
permitting aerial respiration); vertebrae opisthocoelous (anterior end convex,
posterior end concave, as in some reptiles and unlike all other fish except the
blenny Andamia).

The heavily armored predaceous gars usually occur in shallow, weedy areas.
Maximum length about 3.0 m, attained in Atractosteus spatula.

The northernmost limit is reached by Lepisosteus osseus in southern Quebec;
the southernmost limit is reached by A. tropicus in Costa Rica. This is also the
only species that ranges to Pacific slope drainages (from southern Mexico to
Honduras). Atractosteus tristoechus is known to enter marine water around Cuba
and the Isle of Pines.

Two genera, Lepisosteus and Atractosteus, with seven species (e.g., Nelson
et al., 2004, which lists six of the seven). Grande (2010) reviewed the fossil and
extant gars. Lepisosteus has four species, with about 14-33 small, pear-shaped
gill rakers, and Atractosteus has three species, with about 59-81 large, laterally
compressed gill rakers. Fossil species (primarily Cretaceous and Eocene)
of Lepisosteus are known from North America, South America, Europe, and
India (extant species are restricted to North America); fossil species of
Atractosteus are known from North America, South America, Europe, and
Africa (extant species are restricted to North America, Cuba, and Central
America). There are several fossil genera, e.g., TCuneatus, TDentilepisosteus,
T Masillosteus, T Obaichthys, and T Oniichthys (e.g., Micklich and Klappert, 2001;
Grande, 2010).

tOrder SEMIONOTIFORMES. Triassic to Cretaceous. Extant gars and the fossil
tSemionotidae were sometimes recognized in the same order, either under
the ordinal name Lepisosteiformes or Semionotiformes (e.g., Nelson, 1976,
1994). In contrast, Nelson (1984) placed them in separate orders and we do
so now following the scholarly and highly detailed work of Grande and Bemis
(1998) and Grande (2010).
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‘tSangiorgioichthys. This Triassic genus from Europe and China was previously
in TSemionotidae but is now incertae sedis in Semionotiformes according to
Lopez-Arbarello et al. (2011).

FFamily SEMIONOTIDAE (Lepidotidae). Dorsal ridge scales present; epiotic with a
large posteriorly directed process; mouth small; body fusiform; dorsal and anal fins short.
Triassic to Cretaceous.

Composition of this family was reduced to the single genus {Semionotus by
Lopez-Arbarello (2012). Soon after, Gibson (2013a,b) added the new genus
T Lophionotus as sister to TSemionotus.

‘Family CALLIPURBECKIDAE. Late Triassic to Early Cretaceous. This family was named
by Lopez-Arbarello (2012) to contain genera previously in Semionotidae.

Genera include § Callipurbeckia, t Macrosemimimus, t Paralepidotus, T Semiolepis,
T Tlayuamichin; e.g., Tintori (1996), Lopez-Arbarello and Alvarado-Ortega
(2011), Lopez-Arbarello (2012), Gibson (2013).

FOrder MACROSEMIIFORMES.  Jurassic and Cretaceous; one family. Arratia and
Schultze (2012) named the incertae sedis macrosemiiform 1 Voelklichthys.

‘FFamily MACROSEMIIDAE. Europe, Mexico, and North Africa.

Genera include f{Agoultichthys, TEnchelyolepis, THistionotus, TLegnonotus,
T Macrosemius, T Macrosemiocolzus, TNotagogus, and TPropterus (Gonzalez-
Rodriguez et al., 2004; Gonzalez-Rodriguez and Reynoso, 2004; Murray and
Wilson, 2009).

Division HALECOMORPHI

Taxa that belong to or are related to this group, and placed in the Hale-
comorphi (then ranked as subdivision) in the work of Grande and Bemis
(1998), include (with rankings of Grande and Bemis, 1998) order fPara-
semionotiformes (fParasemionotidae—includes T Parasemionotus, in figure
below, and T Watsonulus), Tlonoscopiformes (flonoscopidae, TOshuniidae,
and tOphiopsidae), and Amiiformes (fCaturidae, fLiodesmidae, {Sinamiidae,
and Amiidae) (for more information see Maisey, 1991; Lambers, 1995; Grande
and Bemis, 1998; Arratia, 2004).
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FtOrder PARASEMIONOTIFORMES. This important group was diverse and widely
distributed in the Triassic. Genera include 1 Albertonia, T Ospia, T Parasemionotus,
and T Watsonulus.

tOrder IONOSCOPIFORMES. Another diverse, widely distributed, and
important group known from the Triassic, Jurassic, and Cretaceous, first
recognized as an order by Grande and Bemis (1998). Genera include
T Ophiopsis, TPanxianichthys, TPlacidichthys, TQuetzalichthys, TRobustichthys,
and T7eoichthys (e.g., Applegate, 1988; Brito, 2000; Alvarado-Ortega and
Espinosa-Arrubarrena, 2008; Lane and Ebert, 2015).

Order AMIIFORMES (22)—bowfins. Ossified ural neural arches reduced to 2 or
fewer; opisthotic bone lost; pterotic bone lost (Grande and Bemis, 1998).
Most amiids were apparently fresh water, while most non-amiid amiiforms
were marine. The following taxa are among those most closely related to the
living Bowfin Amia calva.

‘tSuborder Caturoidei. Acrodin cap on larger jaw teeth sharply carinate; max-
illa slender and rod-like; branchiostegals 22 or more per side; heamal spines
broadly spatulate transversely; preural haemal and neural spines strongly
inclined to nearly horizontal; paired block-like ural neural arch ossifications
(Grande and Bemis, 1998). One family. ¥ Gymnoichthys from the Triassic of
China was originally described as a primitive neopterygian, but Tan and Jin
(2013) argued that it is a primitive caturoid.

FFamily CATURIDAE. Triassic to Cretaceous; e.g., TAmblysemius, +Caturus.

Suborder Amioidei. Posterior margin of caudal fin rounded; loss of fringing
fulcra from median fins; reduced number of caudal fin rays articulating with
each hypural (characters given for Sinamiidae plus Amiidae by Grande and
Bemis 1998). Three families.

FFamily LIODESMIDAE. Early Jurassic; e.g., TLiodesmus.

FFamily SINAMIIDAE. Early Cretaceous. Single median parietal; three pairs of
extrascapulars; dermopterotics short (Grande and Bemis, 1998). One or two genera,
tSinamia and its possible junior synonym tlkechaoamia, with eight species (Peng
etal., 2015).
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Family AMIIDAE (67)—bowfins. The one extant species is freshwater; central North
America.

Solid perichordally ossified, drum-shaped diplospondylous centra; occiput
extending posterior to proximal ends of exoccipitals; anteriorly projecting
spine-like processes on neural and or haemal arches; three or more lateral pits
on each side of most centra (Grande and Bemis, 1998). Additional characters
are: dorsal fin base long, with about 48 rays; large median gular plate and
10-13 branchiostegal rays; swimbladder can function as a lung; no pyloric
caeca. Maximum length about 90 cm.

The only extant species is Amia calva. Fossil amiids are many (e.g., TAmiopsis,
T Calamopleurus, T Cratoamia, TCyclurus, +Melvius, T Pachyamia, TSolnhofenamia,
and 1 Vidalamia) and known primarily from freshwater deposits of Cretaceous
and Cenozoic age; the oldest fossils are of Jurassic age (Maisey, 1991;
Grande and Bemis, 1998, 1999; Forey and Grande, 1998). There are also
many extinct species of Amia. Recently described fossils include Cratoamia
gondwanica by Brito et al. (2008) and a Miocene species of Amia from Japan
by Yabumoto and Grande (2013).

Four subfamilies are recognized by Grande and Bemis (1998), and that
work should be consulted for further information (including the unusual
biogeographical history of members of the subfamily tVidalamiinae).

Division TELEOSTEOMORPHA

The Teleosteomorpha were named by Arratia (2001) to include all extant
teleostean fishes plus all fossil taxa more closely related to extant teleosteans
than to any other extant group of fishes. Thus, teleosteomorphs are a “total-
group” taxon: they include all crown-group teleosteans plus all stem-group
teleosteans. The crown-group teleosteans are named the Teleocephala (see
below). The taxon Teleostei, also listed below, is neither a total-group nor a
crown-group taxon but an apomorphy-based taxon, containing all fossil and
extant teleosteomorphs that possess a particular suite of derived characteris-
tics. The Teleostei defined this way include all teleocephalans plus some, but
not all, of their stem-group fossil relatives.
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T Prohalecites is the oldest stem teleost (i.e., the earliest fossil teleosteomorph)
according to Arratia (2013); itis known from strata at the Middle /Late Triassic
boundary.

tSubdivision ASPIDORHYNCHEI

This clade was proposed but not named by Arratia (2013) as the sister group of
all other teleosteomorphs. The orthography of its name reflects its sister-group
relationship to Subdivision Teleostei.

FOrder ASPIDORHYNCHIFORMES. One family.

FFamily ASPIDORHYNCHIDAE. Late Jurassic and Cretaceous. Body elongate with a
long, slender snout; dorsal and anal fins opposite one another and placed posteriorly;
interoperculum absent; maxillae free. Appearance superficially like needlefishes. Most
were marine. Lengths up to T m were common. Brito (1999) presented strong evidence
from the caudal skeleton that these fishes are in fact stem teleosts.

Four genera, fAspidorhynchus, TBelonostomus, T Jonoichthys, and T Vinctifer
(Maisey, 1991:170-89; Brito, 1999; Arratia, 2004, 2013; Gouiric-Cavalli, 2015).

tOrder PACHYCORMIFORMES. One family. The morphology of pachycormi-
forms is poorly known and fragmentary. However, according to Friedman et al.
(2010) and Arratia and Schultz (2013), the monophyly of the group is sup-
ported by several characters including a median rostrodermethmoid separat-
ing the premaxillary bones; pectoral-fin rays branched distally and with Y-type
bifurcation; and a hypural plate.

FFamily PACHYCORMIDAE. Early Jurassic to late Late Cretaceous; Europe, Cuba, and
South America during the Jurassic; cosmopolitan as a family (e.g., TProtosphyraena) in
Cretaceous seas.

Genera include {Asthenocormus, TBonnerichthys, TEuthynotus, tHypsocormus,
T Leedsichthys (which reached an exceptionally large size and was likely a
filter feeder; Liston et al., 2013), TNotodectes, TOrthocormus, TPachycormus,
T Prosauropsis, and T Protosphyraena, and Sauropsis (e.g., Arratia and Lambers,
1996; Liston, 2004; Arratia, 2004; Friedman et al., 2010, 2013a; Arratia and
Schultz, 2013; Liston, 2013; Gouiric-Cavalli and Cione, 2015).
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Subdivision TELEOSTEI

The monophyly of Teleostei is supported by both morphological (e.g., de
Pinna, 1996a) and molecular evidence (e.g., Near et al., 2012a; Betancur-R.
et al., 2013a). This is the group that is usually meant by the colloquial term
“teleosts.” The first modern classification of Teleostei was that of Greenwood
et al. (1966). Patterson (1968) subsequently demonstrated that teleosts as
defined on the basis of their caudal fin skeleton are a monophyletic group, and
Patterson and Rosen (1977) defined the teleosts as a group of halecostomes
with the ural neural arches elongated as uroneurals, basibranchial toothplates
unpaired, and premaxilla mobile. In addition, Arratia and Schultze (1990)
demonstrated that the teleost urohyal is distinctive, being formed as an
unpaired ossification of the tendon of the sternohyoideus muscle.

A summary of some earlier work on teleost monophyly and boundaries was
given by de Pinna (1996a), and a summary of more recent work can be found in
Arratia (1997, 1999, 2004). At least 27 anatomical synapomorphies were found
by de Pinna (1996a) to support monophyly of the total group, when defined as
the most inclusive group of actinopterygians not including Amia and relatives
(the Halecomorphi) and Lepisosteus and relatives (the Ginglymodi). Arratia has
added much to our understanding of the basal members and their phylogeny
(e.g., Arratia, 1997, 1999, 2004).

In the following classification, we present several groups of primitive fossil
(stem-group) teleosts first. These are followed by the four lineages that
include all living teleosts (the crown-group teleosts, collectively termed the
Teleocephala by de Pinna, 1996a). The four groups of crown teleosts are
treated here as cohorts, the Osteoglossomorpha, Elopomorpha, Otocephala
(= Ostarioclupeomorpha), and Euteleostei. Contrary to Patterson and Rosen
(1977), these four taxa are sequenced according to the sister-group relation-
ships postulated by Arratia (1991), who found elopomorphs, rather than
osteoglossomorphs, to be the sister group of all other crown-group teleosts.
This change was originally made on the grounds that the caudal skeleton
of Elops is more primitive than that of the osteoglossomorphs. Although
this relationship was challenged by Patterson (1998) (see also the rebuttal
by Arratia, 1998) as well as by the works of Filleul (2000), Inoue and Miya
(2001), Inoue et al. (2003), Wang et al. (2003) and Broughton (2010), the
detailed morphological work of Arratia (1997, 1999, 2004) plus the recent
molecular studies of Near et al. (2012a, 2013), Betancur-R. et al. (2013a), and
Broughton et al. (2013) further support the view that elopomorphs are the
sister group of the others. This arrangement is also more consistent with the
early appearance of elopomorphs in the fossil record (Arratia, 1997).

Teleosts probably arose in the Early or Middle Triassic, about 250-230 mil-
lion years ago, shortly before the Late Triassic appearance in the fossil record of
the first teleosts, the TPholidophoridae (note that these are stem teleosts, even
though they are the oldestin the apomorphy-based taxon Teleostei) in the Late
Jurassic (Arratia, 2013). Teleosts have a rich fossil record (e.g., Patterson, 1993;
Arratia, 1997, 1999, 2004). Several early fossil groups of uncertain relationships



Subdivision TELEOSTEI 129

and not otherwise mentioned are given in Nelson (1994) and the above works
of G. Arratia.
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Phylogenetic relationships of the major groups of Teleostei discussed in the text and followed
here.

Teleosts are the most species-rich and diversified group of all the verte-
brates. They dominate in the world’s rivers, lakes, and oceans. About 29,585
extant species, of which about 10% are new in the last ten years, comprising
about 96% of all extant fishes, and placed in 63 orders, 469 families, and
about 4,610 genera.

THE FOLLOWING FOSSIL ORDERS are stem-group teleosts arranged in approximate
phylogenetic sequence.

tOrder PHOLIDOPHORIFORMES. Late Triassic. Arratia (2013) recently
reviewed the pholidophoriforms, and found a core monophyletic group with
a single family, all members of which are Late Triassic in age.

FFamily PHOLIDOPHORIDAE. Marine, Late Triassic of Europe. This family was
recently revised by Arratia (2013), and contains at least seven genera: TAnnaichthys,
tKnerichthys, tParapholidophorus, tPholidoctenus, tPholidophoretes, tPholidophorus,
and fPholidorhynchodon.
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tOrder DORSETICHTHYIFORMES. This order is named herein to include
the single family fDorsetichthyidae. Formerly thought to be part of the
TPholidophoriformes, it is more closely related to crown teleosts than that
order but more basal than fLeptolepidiformes according to Arratia (2013).

FFamily DORSETICHTHYIDAE. Early Jurassic, Britain. This family is named here to
include the single genus and species fDorsetichthys bechei, formerly classified in
tPholidophorus but assigned to a separate genus by Arratia (2013).

FOrder LEPTOLEPIDIFORMES. Formerly a paraphyletic assemblage of primitive
teleosts, this order is now restricted to one family with one genus and species
(Arratia, 2013). Taxa formerly included are now placed as relatives of various
other primitive teleostean groups.

‘Family LEPTOLEPIDIDAE. Marine, Early Jurassic of Europe. There is now just a single
genus and species, TLeptolepis coryphaenoides, in this family (e.g., Arratia, 2013), which
formerly was a wastebasket for assorted primitive fossil teleosts.

FOrder CROSSOGNATHIFORMES. This order contains fishes formerly classified
separately, but now grouped together as stem Teleostei (e.g., Arratia and
Tischlinger, 2010; Arratia, 2013).

tFamily VARASICHTHYIDAE. Jurassic of South America; e.g., tBobbichthys,
tDomeykos, tLuisichthys, tProtoclupea, TVarasichthys.

‘FFamily CROSSOGNATHIDAE. Cretaceous of Europe and North America. Two genera,
tCrossognathus, tApsopelix. Premaxilla very small; palatine without teeth and jaw teeth
small; palatine very elongate.

FtFamily NOTELOPIDAE. Cretaceous of South America; one genus, {Notelops.

FFamily PACHYRHIZODONTIDAE. Cretaceous to Paleogene of the Mediter-
ranean region and North and South America. Antorbital lost or completely fused
with the first infraorbital; never more than six hypurals. Ten genera including
tAquilopiscis, tElopopsis, TGoulmimichthys, +Greenwoodella, TMichin, +Nardopiscis,
tPachyrhizodus, tPlatinx (the only crossognathiform from Paleocene-Eocene),
tRhacolepis, and 1 Tingitanichthys.
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tOrder ICHTHYODECTIFORMES. Jurassic and Cretaceous. An endoskeletal
ethmopalatine bone in floor of nasal capsule; uroneurals covering lateral
faces of preural centra; anal fin long, usually with 24-37 rays and opposite
the posteriorly situated dorsal fin of 10-18 rays. Most were marine and
probably predators of other fishes. The predaceous {Gillicus reached 1.5 m,
and TXiphactinus reached at least 4 m. Maisey (1991) and Cavin et al.
(2013) reviewed this order. We follow Cavin et al. (2013) for within-group
relationships of ichthyodectiforms and Arratia and Tischlinger (2010) and
Arratia (2013) for their systematic position currently as the sister group of
crown teleosts.

FFamily ALLOTHRISSOPIDAE. Jurassic and Cretaceous; e.g., TAllothrissops, tCooyoo,
tHeckelichthys, tOccithrissops, tThrissops, and tUnamichthys. This family is a
paraphyletic series of basal ichthyodectiforms according to Cavin et al. (2013), who
declined to assign them to families. The family fAllothrissopidae is retained here until
the family-level taxonomy is revised. The Middle Jurassic tOccithrissops (placed in its
own family by Nelson, 2006) is the oldest known ichthyodectiform.

FFamily CLADOCYCLIDAE. Cretaceous of Brazil, Italy, Lebannon and Morocco. e.g.,
tChirocentrites, +Chiromystus, tCladocyclus, and tEubiodectes (e.g., Cavin etal., 2013;
Berrell et al., 2014).

‘Family SAURODONTIDAE. Cretaceous of Europe, North America and Middle East.
e.g., TGillicus, tProsaurodon, tSaurodon, tSaurocephalus, and f{Vallecillichthys (e.g.,
Cavin et al., 2013).

FFamily ICHTHYODECTIDAE. Early to Late Cretaceous of North America, Europe,
Africa. The name means “fish-biters”; e.g., tIchthyodectes, tGhrisichthys, tXiphactinus
(e.g., Cavin et al., 2013).

THE FOLLOWING TWO GENERA are Jurassic stem-group teleosts that, although
similar and both freshwater fishes, are of uncertain familial and ordinal
relationships.

tLuisiella. from Argentina (Sferco et al., 2015).
‘tCavenderichthys. from Australia (e.g., Bean, 2006).

THE FOLLOWING TWO ORDERS are of uncertain phylogenetic position within Sub-
division Teleostei. They may be stem-group or crown-group teleosts.

tOrder TSELFATHIFORMES. Cretaceous. Body deep; mouth bordered by
premaxilla and maxilla; dorsal fin extending along most of back; pectoral
fins inserted high on body; pelvics absent or present with six or seven rays;
caudal fin deeply forked with 18 principal rays; palate toothed; most fin rays
unsegmented.

Much work on this group has been conducted by Taverne (e.g., Taverne,
2000). Taverne and Gayet (2004) placed tselfatiiforms in the Clupeocephala,
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but Forey et al. (2003) listed them as Elopomorpha. Their interrelationships
require more study.

‘Family Plethodidae (= Bananogmiidae) e.g., TPlethodus.
‘Family Protobramidae e.g., tAbisaadichthys, tEusebichthys, and {Protobrama.

FFamily Tselfatiidae e.g., TTselfatia.

FOrder ARARIPICHTHYIFORMES. Early Cretaceous.

FFamily ARARIPICHTHYIDAE. Early Cretaceous of Brazil, Mexico, Morocco, and
Venezuela. Body deep; dorsal and anal fins with long base; pelvic fins and skele-
ton absent; pectoral fins attached low on body; caudal fin forked; teeth in jaws
absent; premaxilla protractile and forming border of upper jaw; supramaxilla present;
supraorbitals absent.

Maisey and Blum in Maisey (1991) did not find evidence to support ear-
lier suggestions that T Araripichthys is an acanthopterygian or a beryciform, but
note some similarities between this taxon and the lampriforms, a group of
basal acanthomorphs. They also cast doubt on original reports that it had spiny
fin rays. Maisey and Moody (2001) cast further doubt on an acanthomorph
relationship for the genus. A fourth species was recently discovered in Mexico
(Alvarado-Ortega and Brito, 2011).

One genus, TAraripichthys, with four species.

Supercohort TELEOCEPHALA—crown-group Teleostei

Teleocephala were named by Mario de Pinna (1996) in Intervelationships of
Fishes and given supercohort rank by Wiley and Johnson (2010). There is a
long-standing controversy about which clade of Teleocephala is sister to all
others, the so-called “basal” clade. We accept the morphological (including
fossil) evidence of Arratia (e.g., 2013), supported by some recent molecular
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studies (e.g., Near et al. 2012a, Betancur-R. et al., 2013a) that Elopomorpha,
rather than Osteoglossomorpha, are the sister clade of all other Teleocephala.

Cohort ELOPOMORPHA

Elopomorpha as recognized here include four orders: Elopiformes (ten-
pounders), Albuliformes (bonefishes), Notacanthiformes (halosaurs and
deep-sea spiny eels) and Anguilliformes (eels). The order Saccopharyngi-
formes previously recognized by, e.g., Nelson (2006) is now the suborder
Saccopharyngoidei within the order Anguilliformes. As listed by Wiley and
Johnson (2010) the Elopomorpha are diagnosed by: presence of a lepto-
cephalus larva (ribbon-like, totally unlike the adult); prenasal ossicles present;
sternohyoideus originating on the cleithrum; compound neural arch formed
from a cartilage over the first preural and first ural centrum; unique spermato-
zoa and proximal centriole morphology (Greenwood et al., 1966; Forey, 1973;
Arratia, 1996, 1997; Forey et al., 1996). Additional elopomorph characters
include: swimbladder not connected with ear (in Megalops, however, it does lie
against the skull); no recessus lateralis; hypurals on three or more ural centra;
branchiostegals usually more than 15; parasphenoid toothed (except in some
notacanthoids).

During metamorphosis from the leptocephalus to the juvenile body form,
the fish shrinks greatly in length. Larvae commonly reach 10 cm and may be
as long as 2 m. D. G. Smith in Béhlke (1989, vol. 2) gave keys and descriptions
for the leptocephali of this group.

= —_— Elops
2 5cm

— Albula

s 6 om

Notacanthidae
1-2cm

,/’—“”j Ophichthidae
-« 12 cm

Saccopharyngoidei
5cm

Representative leptocephalus larvae of elopomorphs; typical maximum lengths are indicated for
each.
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Some historical notes on the classification of the elopomorphs were
given in Nelson (1994), and older classifications based on adult characters
recognized markedly different relationships of the taxa given here. The
relationships among the members of this group are based largely on the
common occurrence of a leptocephalus larval stage (Greenwood et al., 1966).
However, not all authors accepted the larva as a valid indicator of affinity
and questioned the monophyly of Elopomorpha. For example, rather than
the leptocephalus larvae representing a derived condition, Hulet and Robins
in Bohlke (1989), argued it to be a primitive condition and therefore of
limited systematic significance. Contrary to Forey et al. (1996), Filleul and
Lavoué (2001) concluded that the morphological characters used to support
the monophyly of the Elopomorpha are mostly weak and proposed a new
hypothesis of relationships based on nucleotide sequences of ribosomal
RNA 18S, 16S, and 12S. They concluded that the Elopomorpha are not
monophyletic, and considered elopiforms, anguilliforms, albuliforms, and
notacanthiforms as four monophyletic, incertae sedis taxa among basal teleosts.
However, Wang et al. (2003), in an analysis of 12S rRNA sequences, confirmed
a monophyletic Elopomorpha, and concluded that Elops and Megalops share a
common ancestor and are basal (extant) Elopomorpha, and that Albula and
Notacanthus together form the sister group of the Anguilliformes; however,
they also concluded that the Congroidei are not monophyletic and neither are
the Anguilliformes without the Saccopharyngiformes. Inoue et al. (2004) also
supported the monophyly of the Elopomorpha, as do the current molecular
phylogenies of Near et al. (2012a) and Betancur-R. et al. (2013a). Dornburg
et al. (2015) assumed the monophyly of Elopomorpha, focusing instead on
relationships of some elopomorph fossils with the extant clades, although they
did not sample many anguilliforms; their results also are in general agreement
with the groups recognized here. Overall, based on both morphological and
molecular data, we accept the monophyly of Elopomorpha, but recognize
that the internal relationships of the group may change with additional and
targeted study.

6(\ o
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Elopomorpha

Phylogenetic relationships among the four orders of Elopomorpha.

The fossil genera TEichstaettia (late Late Jurassic) and TAnaethalion (mid to
late Late Jurassic) (Arratia, 1991, 2000) may be the oldest and most primitive
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known elopomorphs. Other fossil elopomorphs not mentioned below include
T Davichthys, T Lebonichthys, and the albuloids T Brannerion and T Osmeroides; these
and others were reviewed by Forey et al. (1996) and Arratia (1997, 2000).

Four orders, 24 families, 169 genera, and about 986 species. All but six
species are marine or primarily marine.

Order ELOPIFORMES (23)—tenpounders. Pelvic fins abdominal; body slender,
usually compressed; gill openings wide; caudal fin deeply forked; caudal fin
with seven hypurals; scales cycloid; mesocoracoid and postcleithra present;
gular plate well developed (median); branchiostegals 23-35; mouth bordered
by premaxilla and toothed maxilla; upper jaw extending past eye; tip of
snout not overhanging mouth (mouth terminal or superior). Leptocephali
small, maximum length about 5 cm, with a well-developed, forked, caudal
fin, a posterior dorsal fin, and about 53-86 myomeres (see Smith in Bohlke,
1989:961-972).

Two families, two genera, and nine species. The Late Jurassic genus
T Elopsomolos from Germany is an early fossil of this order (Arratia, 2000).

Family ELOPIDAE (68)—tenpounders (ladyfishes). Mainly marine (rarely brackish and
freshwater); tropical and subtropical oceans.

Body rounded (little compressed); mouth terminal; pseudobranchiae large;
branchiostegals 27-35; dorsal-fin rays usually 20-25, the last ray not elongate;
anal-fin rays usually 13-18; pelvic-fin rays usually 12-16, no conus arteriosus;
lateral-line tubes unbranched; lateral-line scales usually 95-120; insertion
of pelvic fin beneath or posterior to origin of dorsal fin; vertebrae 63-79.
Maximum length 1.0 m, attained in Elops machnata.

One genus, Elops, with seven species (e.g., Smith, 2003), including one
described recently (McBride et al., 2010) from the Western Atlantic.

Family MEGALOPIDAE (69)—tarpons. Mainly marine (enters freshwater); tropical and
subtropical oceans.
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Body compressed; mouth terminal or superior; pseudobranchiae absent;
branchiostegals 23-27; dorsal-fin rays 13-21, the last ray elongate; anal-fin rays
usually 22-29; pelvic-fin rays 10 or 11; conus arteriosus present; lateral-line
tubes branched (radiating over surface of lateral-line scales); the only elop-
iforms with the swimbladder contacting skull (but no intimate association
between the swimbladder and the perilymphatic cavity as in clupeoids and
notopteroids). Maximum length about 2.4 m, attained in Megalops atlanticus.
Two species, as follows:

Megalops cyprinoides. Indo-West Pacific (Africa to Society Islands). Pelvic-fin
insertion beneath dorsal-fin origin; dorsal-fin rays 17-21; lateral-line scales
37-42; vertebrae 67 or 68; expanded arm of the intercalar forming the entire
wall of the large otic bulla.

Megalops atlanticus (= Tarpon atlanticus). Western Atlantic (North Carolina,
rarely north to Nova Scotia, to Brazil and offshore, and off tropical West Africa,
rarely to southern Europe. Pelvic-fin insertion in advance of dorsal-fin origin;
dorsal-fin rays 13-16; lateral-line scales 41-48; vertebrae 53-57; intercalar not
forming part of lateral wall of otic bulla.

Order ALBULIFORMES (24)—bonefishes. Mandibular sensory canal lying in
open groove in dentary and angular bones (in all other elopomorphs the
groove is roofed; in Albula there is a small roof in the angular). Wiley and
Johnson (2010) recognized three characters proposed by Forey et al. (1996) as
possible synapomorphies of the order: ectopterygoid with dorsal process, sube-
piotic fossa, presence of a fenestra within the hyomandibular-metapterygoid
suture.
One family, two genera, and about 12 species.

Family ALBULIDAE (70)—bonefishes. Marine; tropical seas. Maximum length about
105 cm, attained in Albula vulpes. Two subfamilies.

SUBFAMILY ALBULINAE. Most tropical seas (rarely brackish and freshwater).
Dorsal-fin base short, 16-21 rays (last ray of dorsal fin prolonged into a fila-
ment in Albula nemoptera); branchiostegals 10-16; gill rakers 15-17; lateral-line
scales 66-84; vertebrae 69-80; small median gular plate; maxilla and basihyal
toothless; crushing dentition on parasphenoid.

One genus, Albula, with ten species (e.g., Smith, 2003; Nelson etal., 2004; Kwun
and Kim, 2011; Pfeiler et al., 2011).
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SUBFAMILY PTEROTHRISSINAE. Eastern Atlantic (Gulf of Guinea) and Japan.
Dorsal-fin base long, about 55-65 rays; branchiostegals 6; lateral-line scales
85-112; vertebrae about 107; gular plate absent; maxilla each with six or seven
small teeth.

One genus, Istieus (synonym Plerothrissus), with two species: I belloci from
tropical west Africa and /. gissufrom Japan. C. R. Robins in Béhlke (1989:9-23)
noted the 1973 evidence of Forey for synonymizing the genus Istieus, based on
fossil species, with the similar extant species, but not all authorities accept the
synonymy (e.g., Eschmeyer and Fricke, 2015).

Order NOTACANTHIFORMES (25)—halosaurs and deep-sea spiny eels. Body
eel-like; posteriorly directed spine on dorsal edge of rear of maxilla; premax-
illa and maxilla bordering upper jaw; connective tissue structure intercalated
between pterygoid and maxilla; gill membranes separate; pectoral fins rela-
tively high on body; pelvic fins abdominal, with 7-11 rays (the two fins are
usually connected by a membrane); anal-fin base long and merged with what
remains of the caudal fin; caudal fin skeleton reduced or absent; tail easily
regenerated when lost; branchiostegals 5-23; swimbladder present. Some
have photophores.

Smith (1979) and Smith in Bohlke (1989:955-959) described the lepto-
cephalus larva. The 300 or more myomeres are V-shaped. A caudal fin is
absent; instead there is a single postcaudal filament (Smith, 1979). The dorsal
fin is short, consisting of about 10 rays, and is located in the anterior half of
the body. The larvae, which can be exceptionally large, reach a length of up
to 2 m before metamorphosis. Generic names applied to notacanthoid larvae
include Tilurus and Tiluropsis.

Specimens have been collected between 125 and 4,900 m, but most occur at
depths of 450-2,500 m.

Two families, six genera with about 27 species (e.g., Sulak, 1977; Smith,
2003).

Family HALOSAURIDAE (71)—halosaurs. Deepsea; worldwide.

1)
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Maxilla and premaxilla toothed; branchiostegal membranes completely sep-
arate, rays 9-23; dorsal fin entirely anterior to anus, with 9-13 soft rays, no
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spines; lateral line cavernous and extending full length of body, lateroventrally;
scales relatively large, fewer than 30 longitudinal rows on each side.

Three genera with 16 species. Halosaurus, with nine species, occurs in many
areas of the Atlantic, Indian, and Pacific, usually confined to continental
margins. Halosauropsis macrochir is in the Atlantic, western Pacific, and Indian.
Aldrovandia, with six species, is in the Atlantic, Indian, and western and central
Pacific. In addition, fossils such as the Late Cretaceous {Echidnocephalus, are
known.

Family NOTACANTHIDAE (72)—deep-sea spiny eels. Deep-sea; worldwide.

Branchiostegal membranes at least partly joined; at least part of the dorsal
fin posterior to the anus; lateral line not cavernous and well up on the side;
scales relatively small, more than 50 longitudinal rows occur on each side; some
genera with as many as three spine-like rays in each pelvic fin.

Three genera with 11 species. The common name “spiny eels” is commonly
applied also to the African freshwater family Mastacembelidae in the order
Synbranchiformes (see below).

Lipogenys. Mouth small, toothless, and suctorial; lower jaw short, lying
within the sucker-like opening; branchiostegals 5-7; gill rakers absent; pec-
toral girdle lacking cleithrum and supracleithrum; dorsal-fin base short, with
9-12 rays (the first few spine-like); anal-fin base long, with the first 32-44
rays spine-like, total rays about 116-136; pyloric caeca 5-7; vertebrae about
228-2347

One species, Lipogenys gilli, deep-sea, in the Western North Atlantic and off
Japan (Nakabo etal., 1991).

In contrast to Lipogenys, the following two genera have mouth normal in size,
maxilla toothless but premaxilla and dentary toothed; branchiostegals 6-13;
gill rakers well developed; cleithrum and supracleithrum well ossified.

Polyacanthonotus. Dorsal fin with 26-41 isolated spines and no conspicuous
soft rays; vertebrae 224-290.

Four species known from the southern Bering Sea, North Pacific, New
Zealand, Caribbean, Mediterranean, and North Atlantic at 500-3,753 m depth
(Sulak et al., 1984; Crabtree et al., 1985).

Notacanthus. Dorsal fin with 6-15 isolated spines and no conspicuous
soft rays.

Six species and probably worldwide.
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Order ANGUILLIFORMES (Apodes) (26)—eels. Pelvic fins and skeleton absent;
pectoral fins and girdle absent in some; pectoral fins, when present,
approximately mid-lateral in position; dorsal and anal fins confluent with
caudal fin (or nearly so in Protanguilla; caudal fin rayless or lost in some);
scales usually absent or, if present in extant eels (Protanguilla, synapho-
branchids, and Anguilla) they are cycloid and embedded; gill openings
usually narrow; gill arches elongate and gills posteriorly; gill rakers absent
(except Protanguilla; Johnson et al., 2012); pyloric caeca absent; maxilla
toothed, bordering mouth; both premaxillae, the vomer, and ethmoid
fused into a single bone (except premaxillae autogenous in Protanguilla);
branchiostegals 6-49; swimbladder with pneumatic duct present; oviducts
absent; opisthotic, orbitosphenoid, mesocoracoid, gular plate, posttemporal,
postcleithra, supramaxilla, and extrascapular bones absent; metapterygoid
absent except Protanguilla among extant eels; symplectic fused with quadrate
during development, except Protanguilla and Cretaceous eels (Johnson et al.,
2012). All or most of the gonads are in the tail (post anal) in some groups
(e.g., Heterenchelyidae and Synaphobranchidae) (Fishelson, 1994; Johnson
etal. 2012).

Johnson et al. (2012) proposed numerous synapomorphies uniting all
eels, including Cretaceous fossils, and others uniting only crown-group eels.
Cretaceous eels that may be stem-group taxa include TAbisaadia, TAnguillavus,
T Hayenchelys, TLuenchelys, and T Urenchelys (Forey et al., 1996, 2003; Johnson
et al.,, 2012). Cretaceous eels (except for fAnguillavus) had already lost the
pelvic fin and girdle, including the primitive Cretaceous eel TLibanechelys
described by Taverne (2004).

Many eels are specialized for wedging through small openings, although
many others are adapted to a pelagic existence, or to burrowing in soft sub-
strates, rotational feeding, or knotting around prey. Mehta et al. (2010), com-
paring morphological correlates of body elongation in a phylogenetic context,
found that major groups of eels achieved long bodies and advanced behaviors
in unique ways.

The leptocephalus larva of anguilliforms differs from that of elopiforms and
notacanthiforms in having the caudal fin small and round, continuous with the
dorsal and anal fins (the many-rayed dorsal and anal fins are usually very incon-
spicuous). As in notacanthiforms, there are usually more than 100 myomeres.
Considerable morphological diversity exists among the pelagic leptocephalus
larvae, and problems still exist in identifying them to species. Selective pres-
sures on larval characters have evidently been different than those for adult
characters (as is true for many marine larvae); the larvae and adults give the
appearance of having evolved independently. Although a few leptocephali are
known to exceed 50 cm, most are less than 20 cm long before metamorphosis,
when there is a loss of many larval features (detailed in, e.g., Smith, 1979), and
a contraction in length. Further information on eel leptocephali and keys to
their identification may be found in Smith (1979) and the chapters by D. G.
Smith in Bohlke (1989, vol. 2). Extensive work on leptocephali has also been
done by such workers as Peter H. J. Castle (e.g., Castle and Raju, 1975).

Recent molecular studies (e.g., Inoue, Miya, and Miller et al., 2004,
2010; Johnson et al.,, 2012; Santini et al., 2013; Tang and Fielitz, 2012;
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Chen etal., 2013) suggest that some of the relationships among suborder- and
family-groups differ from those adopted in earlier editions of this book and
reviews such as that of Wiley and Johnson (2010). For the present edition, we
are adopting the basic arrangement in Inoue, Miya, and Miller et al. (2010),
which is generally supported by other molecular and morphological studies,
including those of Johnson et al. (2012), Santini et al. (2013), and Tang and
Fielitz (2012). We also accept the position of the newly discovered primitive
cave eel, Protanguilla, as the likely sister group of all other eels (Johnson
etal., 2012).

There are eight suborders containing 19 families, 159 genera, and about 938
species, most of which are marine. Members of several families occur in fresh
water, and about six species are known only from fresh water.

Anguilliformes

Suggested phylogenetic relationships among the suborders of Anguilliformes (eels).

Suborder Protanguilloidei. This suborder contains only the recently discovered
primitive eel genus Protanguilla. Johnson et al. (2012) concluded, based on
analysis of whole mitogenomic sequences and especially on its retention of
primitive morphological features (see also Springer and Johnson, 2015),
that Protanguilla warrants recognition as a “living fossil” of the true eels.
Other studies, using exclusively molecular data (Santini et al., 2012; Tang
and Fielitz, 2013), proposed that Protanguilla is the sister group of the
Synaphobranchoidei.
One monotypic family and one species.

Family PROTANGUILLIDAE (73)—primitive cave eels. Marine, Palau.

Body relatively short; gill opening terminating as ovoid tube with fringed col-
lar; pseudobranch present; toothed gill rakers present; premaxillae present,
symplectic autogenous, and metapterygoid present (all three unique among
extant eels but seen in Cretaceous eels); vomer with small, ovoid, autogenous
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toothplate; hypurals three and four not fused to each other; total vertebrae 87
or fewer (Johnson et al., 2015; Springer and Johnson, 2015).

The only known species, Protanguilla palau, was found in 2009 in an
undersea cave in the Western Pacific Ocean, on a fringing reef of the Republic
of Palau.

Suborder Synaphobranchoidei. As per several molecular studies (e.g., Inoue,
Miya, and Miller et al., 2010), the family Synaphobranchidae is placed in its
own suborder. This assignment differs from Nelson (2006) who placed it within
Congroidei.

One family, three subfamilies, twelve genera, and about 38 species (Robins
and Robins in Bohlke, 1989:207-253; Chen and Mok, 1995; Sulak and
Shcherbacheyv, 1997).

Family SYNAPHOBRANCHIDAE (74)—cutthroat eels. Marine; Atlantic, Indian, and
Pacific.

Gill openings low on body, at or below insertion of pectoral fin (this
fin is absent in a few species); vertebrae 110-205; third hypobranchial
directed forward from midline, meets third ceratobranchial at a sharp
angle; larvae with diagonally elongated eyes (termed telescopic), lens at
anterodorsal end.

There are three subfamilies.

SUBFAMILY SIMENCHELYINAE (SNUBNOSE OR PUGNOSE PARASITIC EEL). Body espe-
cially slimy, with scales embedded in skin; snout blunt and rounded with
terminal slitlike mouth; pectoral fin moderate in size; palatopterygoid
arch (arcade) complete (absent or only a splinter-like pterygoid present in
members of the other subfamilies). Maximum length about 60 cm.

The sole species occurs between 365 and 2,620 m. It is essentially worldwide
from tropical to temperate latitudes. It is reported to be a scavenger on other
fishes (especially halibut), or even to burrow into other fishes (e.g., Shortfin
Mako; Caira et al., 1997) and live as an internal parasite.

One species, Simenchelys parasiticus.

SUBFAMILY ILYOPHINAE (DYSOMMATINAE) (ARROWTOOTH EELS OR MUSTARD EELS).
Lower jaw shorter than upper; body scaleless (except in some Ilyophis); pec-
toral fin absent in some species of Dysomma and the monotypic Thermobiotes;
head shape depressed and relatively rounded; some teeth relatively long.
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Seven genera, Atractodenchelys (2), Dysomma (12), Dysommina (2), Ilyophis (6),
Linkenchelys (1), Meadia (2), and Thermobiotes (1), with a total of 26 species.

SUBFAMILY SYNAPHOBRANCHINAE (CUTTHROAT EELS). Lower jaw longer than
upper; body scaled (usually naked in Haptenchelys texis); head shape com-
pressed and relatively pointed; teeth small and needle-like; branchial apertures
confluent or only slightly separated in most; ventral region dark-colored and
dorsal region pale, a pattern opposite to the usual one.

=< —

Four genera, Diastobranchus and Haptenchelys (one species each), Histio-
branchus (three species), and Synaphobranchus (six species; e.g., Melo, 2007),
with 11 species.

Suborder Muraenoidei. Mouth large; frontals not fused to each other; marked
reduction in gill-arch elements and lateral line; eyes of normal size. In
other suborders, frontals can be fused and eyes can be significantly larger
or smaller. Molecular studies including those in Johnson et al. (2012) and
Santini et al. (2013) recover this group as monophyletic and distinct from
Anguilliformes.

Three families, 19 genera, and about 213 species.

Family HETERENCHELYIDAE (75)—mud eels. Marine; tropical, Atlantic (and Mediter-
ranean) and eastern Pacific.

Pectoral fin absent; mouth large; gill openings low on body; dorsal fin ori-
gin over gill opening; lateral line obsolete. Members of this family appear to
burrow (head first).

Two genera, Panturichthys (dermal crest on top of head, inner row of
maxillary teeth complete or nearly so, and 109-136 vertebrae) with four
species and Pythonichthys (synonym Heterenchelys) (no crest, inner row of
maxillary teeth incomplete, and 141-227 vertebrae) also with four species
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(e.g., D. G. Smith in Bohlke, 1989:48-54). Smith et al. (2012) reviewed the
eight species in the family.

Family MYROCONGRIDAE (76)—myroconger eels. Marine; eastern tropical Atlantic,
St. Helena, and Pacific.

Gill openings small but not greatly restricted; basibranchials greatly reduced;
body strongly compressed; pectoral fin present; posterior nostril high on head,
level with upper margin of eye; lateral line incomplete, 5-7 pores at anterior
end of canal in branchial region above pectoral fin.

One genus, Myroconger, with five species (D. G. Smith in Bohlke,
1989:89-103; Castle and Bearez, 1995; Karmovskaya, 2006).

Family MURAENIDAE (Heteromyridae) (77)—moray eels. Marine, some species in or
occasionally entering fresh water; tropical and temperate seas.

Gill openings restricted to small roundish lateral openings; lateral-line pores
on head, up to two in branchial region, but none on body; branchial arches
reduced with basibranchials greatly reduced; fourth branchial arch strength-
ened and modified as pharyngeal jaws; pectoral fins absent (some other eels
have lost the pectoral fin, but only morays have a greatly reduced fin in the lar-
val stage—Smith, 1979); posterior nostril high on head (usually above front
portion of eye); most with long fang-like teeth; vertebrae usually 110-200.
Maximum length 3.0 m.

Some morays, such as species of Gymnothorax, are involved in ciguatera fish-
poisoning (e.g., Lewis et al., 1991), which occurs largely between 35°N and
34°S and results from eating any one of a large variety of marine fish species
that are ciguatoxic. It is suspected that plankton-feeding fishes acquire the
toxicity first by feeding on organisms such as dinoflagellates; they then are
consumed by predators. The toxin is passed up the food chain and its con-
centration magnified in apex predators (e.g., Caranx, Gymnothorax, Lutjanus,
Mycteroperca, and Sphyraena).

About 16 genera with about 200 species (E. Bohlke, McCosker, and J. Bohlke
in Bohlke, 1989:104-206; Bohlke and Randall, 2000; Bohlke and McCosker,
2001; Smith, 2002; Reece etal., 2010). There are about 150 Indo-Pacific species
and 50 Atlantic species.

SUBFAMILY UROPTERYGIINAE. Hypobranchials in first and second arches ossi-
fied; dorsal and anal fins confined to tip of tail (as they are also in the larvae).
Five genera, Anarchias (11 species), Channomuraena (2), Cirrimaxilla (1), Scu-

ticaria (2), and Uropterygius (20), with 36 species.

SUBFAMILY MURAENINAE. No ossified hypobranchials; vertical fins not confined
to tip of tail (usually the dorsal fin origin is above the gill opening or forward,
but in three species it begins over the anus or behind).
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Miller (1987) described knotting behavior as a mode of feeding in species
of Echidna and Gymnothorax (in aquarium observations), otherwise known in
fishes only in hagfishes. The eels also employed rotational feeding, known
also in Anguwilla. Gymnothorax polyuranodon regularly occurs in fresh water in
Indonesia and perhaps in Fiji and part of Australia.

About 11 genera: Diaphenchelys, Echidna, Enchelycore, Enchelynassa, Gymnomu-
raena, Gymnothorax (synonym Lycodontis; some with a single branchial pore;
e.g., Lavenberg, 1992), Monopenchelys, Muraena, Pseudechidna, Rhinomuraena,
and Strophidon with about 164 species.

Suborder Chlopsoidei. Frontals not fused; branchial arches reduced; gill open-
ings restricted to small roundish lateral openings; lateral-line pores on head,
one or two in branchial region, but none on body; pectoral fins absent in some
(e.g.,in the six species of Chlopsisand the similar appearing Robinsia catherinae);
posterior nostril displaced ventrally, all but Kaupichthys nuchalis of the western
Atlantic with posterior nostril opening into the lip; vertebrae usually 100-150.
One family.

Family CHLOPSIDAE (Xenocongridae) (78)—false morays. Marine; tropical and sub-
tropical, Atlantic, Indian, and Pacific. Formally within the suborder Muraenoidei (e.g.,
Nelson, 2006).

Characters are as listed for the suborder.

Eight genera, Boehlkenchelys, Catesbya, Chilorhinus, Chlopsis, Kaupichthys, Pow-
ellichthys, Robinsia, and Xenoconger, with 22 species (e.g., D. G. Smith in Bohlke,
1989:72-97; Tighe, 1992; Tighe and McCosker, 2003).
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Suborder Congroidei. Frontals fused to each other; pharyngeal elements ossi-
fied. Evidence for this group was given by Regan (1912) based on fusion of the
frontals, and supported by Nelson (1966), who recognized substantially the
same membership as the present volume. Synaphobranchoids were separated
from congroids by Nelson (1966) on gill-arch characters (see above). Molecu-
lar studies (e.g., Johnson et al., 2012; Santini et al., 2013) now generally agree
with these divisions.
Five families, 105 genera, and about 572 species.

Family DERICHTHYIDAE (79) (includes Colocongridae)—longneck or narrowneck and
shorttail eels. Marine; Atlantic, Indian, and Pacific. Derichthyidae were named by Gill
(1884) when he reported the discovery of Derichthys serpentinus. The Colocongridae
(Coloconger and Thalassenchelys) were included with the Derichthyidae in a single
clade in several recent molecular analyses, including those of Lépez et al. (2007),
Johnson et al. (2012), and Tang and Fielitz (2012).

In Derichthys (narrowneck eels) and Nessorhamphus (duckbill oceanic eels), a
series of short, parallel ridges on the head may form part of a sensory sys-
tem (similar ridges occur also in some Nemichthyidae); branchial region not
expanded, with body behind gill opening somewhat compressed; pectoral fins
present, well developed in some; dorsal fin origin behind tip of pectoral fin;
anus well behind midlength; lateral line virtually complete; vertebrae 125-163;
adults mesopelagic to bathypelagic. Maximum length in Derichthys and Nes-
sorhamphus about 60 cm.

In Coloconger (shorttail eel, shown above, the least elongate anguilliform
apart from Protanguilla) the body is stubby and the snout blunt; lateral line
complete, most pores in short tubes; vomerine teeth absent. Thalassenchelys
is known only from leptocephalus larvae. See D. G. Smith in Carpenter and
Niem (1999:1671-1672).

Derichthys containing one species with a short snout, Nessorhamphus contain-
ing two species with relatively long snouts (C. Robins in Boéhlke, 1989:420-31),
Coloconger, with seven species, and Thalassenchelys with two nominal species
(e.g., Lopez et al., 2007).

Family OPHICHTHIDAE (80)—snake eels and worm eels. Marine, continental shelf,
some species in or occasionally entering fresh water; coastal areas of tropical to warm
temperate oceans, rarely in midwater.

Posterior nostril usually within or piercing upper lip; branchiostegals numer-
ous (15-49 pairs) and overlapping along the midventral line (so-called
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“jugostegalia” or “accessory branchiostegals”), forming a bulging, basket-like
structure in the ventral wall of the throat; neural spines poorly developed
or absent; hyomandibulae usually vertical or backwardly inclined (inclined
obliquely forward in the large-eyed, pelagic Benthenchelys); median supraor-
bital pore in frontal sensory canal; pectoral fins present or absent; vertebrae
110-270.

Ophichthids, with their stiffened tail, burrow tail first; they are thought to
move through the sediment equally well going forward or backward (unlike
the head-burrowing heterenchelyids and moringuids). Some members are
especially sharp-tailed, an adaptation for rapid burrowing. Found from shore
to over 800 m depth, but most at less than 200 m. (e.g., D. G. Smith and
McCosker in Carpenter and Niem, 1999:1662-1663).

Two subfamilies with 59 genera and about 319 species (e.g., McCosker, E.
Bohlke, and J. Bohlke in Bohlke, 1989:254-412; Castle and McCosker, 1999;
McCosker and Rosenblatt, 1998; McCosker and Chen, 2000; McCosker and
Randall, 2001, 2005; McCosker and Robertson, 2001; McCosker, 2007, 2010;
McCosker and Ross, 2007; Ji and Kim, 2011; Hibino et al., 2013).

SUBFAMILY MYROPHINAE (WORM EELS). Gill openings midlateral, opening con-
stricted; caudal fin rays conspicuous and still confluent with dorsal and anal
fins, tail tip flexible; pectoral fin present or absent; coloration uniform, often
darkened dorsally.

Fourteen genera, Benthenchelys, Ahlia, Asarcenchelys, Glenoglossa, Mixomy-
rophis, Muraenichthys, Myrophis, Neenchelys, Pseudomyrophis, Pylorobranchus,
Schismorhynchus, Scolecenchelys, Schullzidia, and Skythrenchelys with about 59
species. In Glenoglossa (Angler Snake Eel) the glossohyal of the tongue is
greatly elongated into a lure complete with ‘eyespot’.

SUBFAMILY OPHICHTHINAE (SNAKE EELS). Gill openings midlateral to entirely
ventral, opening unconstricted; tail tip a hard or fleshy finless point used in
burrowing, rudimentary caudal-fin rays visible in some genera; pectoral fin
present or absent, anal fin absent in some, dorsal fin absent in some and all
fins absent in Apterichtus, Cirricaecula, and Ichthyapus; coloration highly variable,
uniform to spotted or striped or barred.

Forty-five genera, e.g., Apterichtus (synonym Verma), Bascanichthys, Caecula,
Callechelys, Cirrhimuraena, Dalophis (freshwater in Africa), Echelus, Echiophis,
Ethadophis, Ichthyapus, Lamnostoma (with four western Pacific species generally
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found in fresh water), Leiuranus, Letharchus, Myrichthys, Mystriophis, Ophichthus,
Ophisurus, Phaenomonas, Pisodonophis, and Yirrkala with about 260 species.

Family MURAENESOCIDAE (81)—pike congers. Marine; tropical, Atlantic, Indian,

and Pacific.
)
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Teeth well developed, especially on the vomer; pectorals well developed; eyes
large and covered with skin; dorsal fin origin over or slightly before pectoral
base; lateral line conspicuous; vertebrae 120-216.

As noted by Smith in (1989:432-440), this family is poorly diagnosed and is
of uncertain affinity.

Six genera, Congresox, Cynoponticus, Gavialiceps, Muraenesox, Oxyconger, and
probably Sauromuraenesox, with fifteen species (e.g., Karmovskya, 1993).

Family NETTASTOMATIDAE (82)—duckbill eels. Marine; Atlantic, Indian, and Pacific.

Head and snout elongate and narrow; mouth enlarged; tail greatly attenuated;
pectoral fin usually absent in adults (present only in Hoplunnis); vertebrae usu-
ally 190-280. Maximum length about 1 m. This family of tropical and warm
temperate fishes is poorly known; it is thought to be most closely related to the
Uroconger lineage of congrids.

Six genera, Facciolella, Hoplunnis, Nettastoma, Nettenchelys, Saurenchelys,
and Venefica, with 42 species (e.g., D. G. Smith in Bohlke, 1989:568-612;
Karmovskaya, 1999).

Family CONGRIDAE (83)—conger eels. Marine; tropical to temperate, Atlantic,
Indian, and Pacific.

Lateral line complete; pectoral fin usually present; branchiostegals 8-22; ver-

tebrae 105-225.
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Three subfamilies with 30 genera and about 194 species (e.g., D. G. Smith
in Bohlke, 1989:460-567; Castle and Randall, 1999; Smith and Karmovskaya,
2003; Greenfield and Niesz, 2004; Karmovskaya and Smith, 2008).

SUBFAMILY CONGRINAE. Dorsal and anal fin rays segmented; pectoral fin well
developed; posterior nostril at or above mideye level.

=L O

About 22 genera: e.g., Acromycter, Conger (= the older but suppressed generic
name Leptocephalus), Gnathophis, Hildebrandia, Lumiconger (a luminescent eel
off northern Australia described in 1984), Macrocephenchelys (this genus
was once placed in its own family), Rhechias, Rhynchoconger, Uroconger, and
Xenomystax.

SUBFAMILY HETEROCONGRINAE (GARDEN EELS). Dorsal and anal fin rays unseg-
mented; pectoral fin minute or absent; body very elongate and slender; mouth
short and lower jaw projecting beyond upper. Garden eels hover above their
sand burrows in large colonies (giving the appearance of a garden), with their
tail down, the body relatively straight, and the head up.

Two genera, Gorgasia and Heleroconger.

SUBFAMILY BATHYMYRINAE. Dorsal and anal fin rays unsegmented; pectoral
fin well developed; posterior nostril below mideye level. Although there
is molecular support (e.g., Lopéz et al., 2007; Johnson et al., 2010; Tang
and Fielitz, 2012) for including Heteroconger and/or Gorgasia in a clade with
Paraconger and/or Ariosoma, there also is morphological evidence to support
the two subfamilies, albeit as close relatives.

Six genera, Ariosoma, Bathymyrus, Chiloconger, Kenyaconger, Parabathymyrus,
and Paraconger.

Suborder Moringuoidei. Frontals unfused; gill openings low on body; dorsal fin
begins far behind head; dorsal and anal fins reduced to low folds posteriorly;
pectoral fin small to feeble; eyes small and covered with skin; sensory pores
on head confined to lower jaw; vertebrae 98-180. Many of the features are
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adaptations to their fossorial life (they burrow head first). Moringua has been
found in fresh water.

Family MORINGUIDAE (84)—spaghetti eels. Marine, rarely in fresh water; tropical,
Indo-Pacific and western Atlantic.

=2

Body moderately to extremely elongate, cylindrical; posterior nostril ante-
rior to eye; anus posterior to midlength; dorsal-fin origin near or behind
midlength; pectoral fin present.

Two genera, Moringua (12) with greatly elongate body, and the moderately
elongate Neoconger (3) with 15 species (e.g., D. G. Smith in Bohlke, 1989:55-71;
D. G. Smith in Carpenter and Niem, 1999:1637-1638).

Suborder Saccopharyngoidei (Lyomeri). Highly aberrant eels; opercular bones,
branchiostegals, ribs, and swimbladder absent; caudal fin absent or rudimen-
tary; gill openings ventral; dorsal and anal fins long; hyomandibula attached
to neurocranium by only one condyle; jaws and quadrate greatly elongate;
gape of mouth extending well posterior to eye; pharynx highly distensible
(accommodating extremely large prey); leptocephalus larvae deep-bodied
with myomeres V-shaped rather than W-shaped (e.g., D. G. Smith in Carpenter
and Niem, 1999:1693-1697).

The Saccopharyngoidei were a separate order in Nelson (2006). Recent
studies (e.g., Johnson et al.,, 2012; Tang and Fielitz, 2012; Santini et al.,
2013) suggest that they are a highly modified group closely related to the
Anguilloidei.

Four families, 5 genera and 28 species.

Family CYEMATIDAE (85)—bobtail snipe eels. Marine (bathypelagic); Atlantic, Indian,
and Pacific.

Body relatively short, compressed; lateral-line pores absent; eye small to ves-
tigial; maxillae present; caudal fin present, tip of tail blunt. Fewer reductive
characters than in other saccopharyngoids. Maximum length about 15 cm.

Two monotypic genera—Cyema (body black; long, nonocclusible upper and
lower jaws) and Neocyema from the South and North Atlantic (body bright
reddish-orange; pectoral skeleton absent, although a rayless fin is present;
myomeres prominently visible; described as paedomorphic by Castle, 1977;
see also DeVaney et al., 2009).
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Family MONOGNATHIDAE (86)—onejaw gulpers. Marine; Atlantic and Pacific.

Upper jaw absent (i.e., no maxilla; premaxilla also absent as in other extant eels
except Protanguilla); pectoral fins absent; dorsal and anal fins without skeletal
supports; rostral fang with connected glands; abdomen distensible, often pro-
truding posterior to anus. Maximum length 15.9 cm. Most of the 70 known
specimens were taken below 2,000 m.

One genus, Monognathus, with about 15 species (e.g., Nielsen and Hartel,
1996).

Family SACCOPHARYNGIDAE (87)—swallowers. Marine; Atlantic, Indian, and
Pacific.

Head large and deep; body greatly elongated including greatly elongated,
attenuated tail ending in luminous caudal organ; eye small; snout short;
mouth greatly enlarged by posterior extension of jaws, gape extending far
behind eye; jaws with curved teeth; gill openings closer to end of snout than to
anus; pectoral fins well developed; vomer and parasphenoid absent; vertebrae
about 150-300. Maximum length about 2 m.

One genus, Saccopharynx, with about 10 species (Tighe and Nielsen, 2000).

Family EURYPHARYNGIDAE (88)—gulpers or pelican eels. Marine; tropical and
temperate, Atlantic, Indian, and Pacific.

Head large; body greatly elongated with attenuated tail ending in expanded
luminous caudal organ; gill openings small, closer to anus than to end of snout;
mouth enormous; jaws large with numerous minute teeth; oral cavity very large
but stomach not greatly distensible; pectoral fins minute; vertebrae 100-125.
Maximum length about 75 cm.

One species, Eurypharynx pelecanoides (e.g., Nielsen et al., 1989). When
announcing its discovery, Vaillant (1882) reported it to have six pairs of
gill clefts and five branchial bars. D. G. Smith in Carpenter and Niem
(1999:1695-1696) reported that the gulper eel engulfs mainly smaller
invertebrates, expelling water before swallowing.
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Suborder Anguilloidei. This group of three families is suggested by some molec-
ular studies including Inoue, Miya, Miller, et al. (2010), and by morphological
evidence including a similar pattern of shape, ossification, fusion, and loss in
the basibranchials (e.g., Nelson, 1966).

Three families, seven genera, and about 40 species.

Family NEMICHTHYIDAE (89)—snipe eels. Marine (bathy- and mesopelagic); Atlantic,
Indian, and Pacific.

-

Extremely long, nonocclusible upper and lower jaws (except in fully mature
males), with upper jaw longer than lower; body very elongate; pectoral fin
present; dorsal and anal fins confluent with caudal; eyes large; preopercle
absent; frontals fused or only partially fused in some; lateral line complete;
anus a short distance behind pectoral fin (Avocettina) or under pectoral fin (the
other two genera); vertebrae 170-220 in Labichthys and Avoceltina to over 750 in
Nemichthys (species of Nemichthys have a caudal filament that is frequently lost
and thus precludes accurate counts). Labichthys and Avocettina have a small cau-
dal fin rather than a caudal filament. Longitudinal dermal ridges on the head
behind the eye are present in the latter two genera but lacking in Nemichthys
(D. G. Smith in Carpenter and Niem, 1999:1678-1679).

Snipe eels are reported to orient themselves vertically (diverging jaws
upward) at >300 m depth, and have been suggested to use their long jaws to
entangle antennae of crustacean prey (Mead and Earle, 1970). Male snipe
eels, smaller than females, undergo a transformation at sexual maturity with,
for example, the jaws shortening and teeth being lost. The two sexes of some
species were at one time placed in separate genera and even in separate
suborders (Nielsen and Smith, 1978).

Three genera, Avocettina (about four species), Labichthys (two species), and
Nemichthys (three species), with about nine species (D. G. Smith and J. G.
Nielsen in Bohlke, 1989:441-59).

Family SERRIVOMERIDAE (90)—sawtooth eels. Marine; midwater (pelagic) tropical to
temperate, Atlantic, Indian, and Pacific.

_— e ————
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Jaws extremely elongate and slender; vomerine teeth in two or more rows; gill
openings widely open dorsally; branchiostegals 6 or 7; color usually blackish
with silvery sides; vertebrae 137-170.

Two genera, Serrivomer (eight species, dorsal-fin origin slightly posterior
to anus) and the monotypic Stemonidium (dorsal-fin origin over or slightly
anterior to anus), with about nine species (Clarke, 1984; Tighe in Bohlke,
1989:613-27).

Family ANGUILLIDAE (91)—freshwater eels. Usually catadromous; tropical and tem-
perate seas except eastern Pacific and southern Atlantic, and freshwater in coastal areas
of eastern North America (including the St Lawrence River system and Lake Ontario) and
Central America (rarely occurring in Atlantic side of Colombia), Europe and Mediter-
ranean area (including northernmost Africa), eastern Africa, India to SE Asia to Japan,
Australia, and New Zealand.

g~

Minute embedded scales present; lower jaw slightly protruding; gill opening
crescentic, lateral; lateral line complete on body and head; pectoral fins well
developed; vertebrae 100-119.

Adult anguillids live in fresh water or in estuaries. They stop feeding at
maturity, when they move from fresh water out to sea. The leptocephali
move back to coastal areas and estuaries, undergo metamorphosis as glass
eels, and enter fresh water as elvers (remaining as elvers until pigmentation
develops). The spawning biology and location of freshwater eels was long a
mystery (Tsukamoto, 2009) but has recently been clarified by the collection
of spawning adults and newly hatched larvae of the Japanese Eel and Giant
Mottled Eel from oceanic spawning areas such as the West Mariana Ridge
in the Pacific (Tsukamoto, 2011). The North American (Anguilla rostrata)
and European (A. anguilla) freshwater eels appear to spawn in the Sargasso
Sea area.

A cladistic hypothesis of relationships among the species (Lin et al., 2001)
was converted into an areagram by Parenti (2008a), who concluded that at
least two clade of species exhibit antitropical distributions. Minegishi et al.
(2005) reconstructed the phylogeny of 18 species and subspecies of the genus
Anguilla, finding that A. mossambica is the most basal species, and that the other
species formed three geographically separated clades corresponding to the
Atlantic, Oceania, and the Indo-Pacific regions. A more recent molecular phy-
logenetic study (Inoue et al., 2015) agreed that freshwater eels (Anguillidae)
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are highly derived anguilliforms and likely originated from midwater-dwelling
ancestors that inhabited deep ocean regions.

Two genera, Anguilla, with 22 species (e.g., Smith in Bohlke, 1989:24-47;
Watanabe et al., 2009), and Neoanguilla, with one species from Nepal
(Shrestha, 2008).

OSTEOGLOSSOCEPHALA

Arratia (2010b) proposed this name for the clade comprising the cohort
Osteoglossomorpha and all higher teleosts. In the present treatment it is
unranked.

Cohort OSTEOGLOSSOMORPHA

This is a clade of primitive teleosteans with extant representatives in five
biogeographic regions and extinct representatives on six continents. Notable
members include Arapaima gigas, the largest fresh water fish in South America
and one the largest fish in existence, Gymnarchus niloticus, which produces
electrical discharges in the water via electrical organs, and Helerotis niloticus,
which is able to breath atmospheric air. Britz (2004b) made some interesting
observations on their reproduction and early life history. Most osteoglos-
somorphs exhibit some kind of parental care (mouthbrooding occurs in
Osteoglossum and Scleropages). Unlike most teleosts, adult osteoglossomorphs,
except Pantodon and Hiodon, which do not exhibit parental care, possess only
the left ovary, the right being absent.

Morphological and paleontological studies of osteoglossomorphs and their
subgroups include those of Li and Wilson (1996), Li et al. (1997), Hilton
(2003), Wilson and Murray (2008), Zhang (2006), Hilton and Grande (2008),
Hilton and Britz (2010), and Forey and Hilton (2010). Molecular phylogenetic
studies include those of Lavoué et al. (2000) on mormyrids, Inoue et al. (2009)
on notopterids, and Lavoué and Sullivan (2004) on osteoglossomorphs. The
main difference between the morphological and molecular results concerns
the position of the Butterflyfish Pantodon buccholzi. Lavoué and Sullivan
(2004) placed it as the sister group to all other Osteoglossiformes, whereas the
morphological studies generally disagreed among each other as to its proper
placement.

On the other hand, when they attempt to date phylogenetic events, the
molecular studies often postulate anomalously early lineage splitting times,
such as origin of Hiodontiformes by the end of the Paleozoic (e.g., Inoue etal.,
2009). Such very early dates find no support in the fossil record (they are ear-
lier by a geological period than the oldest fossils that can be considered as
stem-group teleosts, i.e., the oldest teleosteomorphs) and we consider such
extraordinarily early dates for the origin of Osteoglossomorpha or its early
diversification to be highly unlikely.
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Osteoglossidae

Osteoglossiformes
Osteoglossomorpha

Relationships of the extant groups of Osteoglossomorpha.

There are numerous fossil members of the Osteoglossomorpha, including
fishes from China, Africa, Europe, and the Americas. Although extant
osteoglossomorphs are entirely freshwater fishes, as also are most fossil
osteoglossomorphs, a few fossil osteoglossomorphs seem to have lived in
marine waters (e.g., some species of T Phareodus).

Wiley and Johnson (2010) listed possible synapomorphies for Osteoglosso-
morpha which include: epibranchial bones absent; sixteen principal branched
caudal rays; one epural; full spine on the first preural centrum; supraorbital
absent; posterior opening of mandibular sensory canal placed lateral to
the angular of the jaw; presence of a “shearing bite”; second infraorbital
triangular or rectangular in shape and smaller than third infraorbital. As
concluded by Wiley and Johnson (2010) the synapomorphies diagnosing
Osteoglossomorpha reflect the particular fossil taxa used in analyses with
Recent taxa (e.g., Hilton, 2003; Zhang, 2006; Wilson and Murray, 2008).
Further study including all taxa of well-preserved fossil osteoglossomorphs is
warranted.

Two extant orders and six extant families.

tOrder LYCOPTERIFORMES. Late Jurassic to Early Cretaceous; freshwater; Asia.

FFamily LYCOPTERIDAE. This family contains the well-known genus fLycoptera, at
one time thought to be related to hiodontiforms. Li and Wilson (1996), on the basis
of four synapomorphies, regarded the fLycopteridae as stem-group osteoglossomorphs,
sister to all extant clades. That conclusion was supported by Zhang (1998). Although
Hilton (2003) was not able to resolve whether it belonged in that position or was related
to Eohiodon + Hiodon, we here consider it to be an order of stem-group osteoglosso-
morphs.

In addition to T Lycoptera, the fossil genera T fiuquanichthys and T Kuyangichthys
of Early Cretaceous age are also possibly stem-group osteoglossomorphs
(Li and Wilson, 1996; Zhang, 1998).
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Order HIODONTIFORMES (27)—mooneyes. Nasal bones tubular and strongly
curved; dermosphenotic triradiate. Placement of the Hiodontidae in its own
order rather than in the Osteoglossiformes, as formerly done (Nelson, 1994),
follows Li and Wilson (1996) and Hilton (2003). This is also supported by
molecular studies cited above. Fossil hiodontiforms are increasingly numer-
ous and include TYanbiania and T Plesiolycoptera from the Early Cretaceous of
China (Li, 1987; Li and Wilson, 1996; Li et al., 1997; Zhang, 1998).

Family HIODONTIDAE (92)—mooneyes. Freshwater; North America (primarily
Mackenzie, Saskatchewan, Mississippi, and St. Lawrence river systems).

Opercle with posterodorsal recurved process; subopercular present; anal fin
sexually dimorphic, moderately long (23-33 rays), and not confluent with the
well-developed forked caudal fin; pelvic fins distinct, with seven rays; 7-10 bran-
chiostegals; lateral-line scales about 54-61. Length up to 51 cm.

Two species: Hiodon tergisus (Mooneye) with 11 or 12 principal dorsal-fin
rays and ventral keel not extending in front of pelvic fins; and Hiodon alosoides
(Goldeye) with 9 or 10 principal dorsal-fin rays and ventral keel extending in
front of pelvics. Several species of the fossil genus {FEohiodon, which Hilton and
Grande (2008) suggest is a synonym of Hiodon, are known from diverse Eocene
deposits in Western North America.

Order OSTEOGLOSSIFORMES (28)—bonytongues. Intestine passing posteriorly
to left of esophagus and stomach; parasphenoid and tongue bones usually with
well-developed teeth and forming a shearing bite (mesopterygoid and usually
ectopterygoid also toothed); premaxilla small and fixed to skull; no supramax-
illa; caudal fin skeleton with large first ural centrum and no urodermals, one
or more epurals fused with uroneurals; caudal fin with 16 or fewer branched
rays; nasal capsule rigid, no antorbital-supraorbital system for pumping water
over olfactory epithelium; epipleural intermuscular bones absent; one or two
pyloric caeca, one caecum in Pantodon and two in other osteoglossiforms.
The osteoglossomorph T Ostariostoma, from the Late Cretaceous or early
Paleocene freshwater deposits of Montana was assigned to the family
tOstariostomidae. It was placed by Li and Wilson (1996) in their suborder
Notopteroidei (they provisionally also included the Paleocene f Thaumaturus),
but was found to be the sister group of all non-hiodontiform osteoglosso-
morphs by Hilton (2003). Subsequently, the latter position was accorded
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to the Early Cretaceous fXixiaichthys from China by Zhang (2004). The
Cretaceous f{Palaeonotopterus from Morocco was thought to be related to
either mormyrids or notopterids by Cavin and Forey (2001); however, Taverne
(2004) suggested that more phylogenetic work is needed before we can be
confident of its relationships.

The phylogenetic study of Li and Wilson (1996) suggested that the
Osteoglossidae be placed in the suborder Osteoglossoidei, and that
Notopteridae, Mormyridae, and Gymnarchidae be placed in the suborder
Notopteroidei. In contrast, Hilton (2003) found that mormyrids are the sister
group of notopterids + osteoglossids. Herein we have not used the categories
of suborder or superfamily to express detailed relationships.

According to Lavoué and Sullivan’s (2004) molecular analysis, the
Pantodontidae are the sister group of all other extant osteoglossiforms.

Five families, about 31 genera and 244 species. All species occur in fresh
water; only some notopterids enter brackish water.

Family PANTODONTIDAE (93)—butterflyfishes. Freshwater; Africa.

Pelvic fins located under pectoral fins; swimbladder that can act as
air-breathing organ; eight branchiostegals; greatly enlarged pectoral fins;
suboperculum absent; interoperculum sometimes absent; 30 vertebrae.
Length up to 10 cm.

o

One genus with one living species, Pantodon buchholzi (Butterflyfish) of trop-
ical western Africa.

Taverne and Capasso (2012) described a possibly marine pantodontid,
T Prognathoglossum kalassyi, from Cretaceous (Cenomanian) of Lebanon.

Family OSTEOGLOSSIDAE (94)—osteoglossids or bonytongues. Freshwater; cir-
cumtropical, South America, Africa, and Southeast Asia to northern Australia. Most
osteoglossids are omnivorous or carnivorous.

Maxilla toothed; no intracranial penetration of swimbladder; six pelvic-fin
rays; pelvic fins distinctly behind base of pectoral fins; some possess a
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suprabranchial organ and can utilize atmospheric air; lateralline scales
21-55; 60-100 vertebrae.

Four genera and perhaps sixteen species. A number of fossils are recognized:
e.g., TJoffrichthys from the Paleocene of Alberta, {Phareodus from the Eocene
of Wyoming, and f{Brychaetus of the Paleocene and Eocene of Europe and
Africa. Additional fossils were listed by Li and Wilson (1996), Hilton (2003),
and Zhang (2004).

SUBFAMILY HETEROTIDINAE. No mandibular barbels; branchiostegals 10 or 11
(Arapaima) or 7-9 (Heterotis).

Perhaps six species, including Arapaima gigas (Piraructi) of South America,
shown here. In addition, Castello and Stewart (2008) and Stewart (2013a) have
argued for recognition of the species Arapaima agassizii, A. mapae, and A. ara-
paima, and Stewart (2013b) has also named the new species A. leptosoma. Ara-
paima gigas, one of the world’s largest species of scaled freshwater fish, grows to
about 2-21/5 m in length, although larger specimens probably existed before
modern fisheries.

Heterotis miloticus (shown here), of western Africa, lacks parasphenoid teeth
and has reduced tongue teeth, grows to almost a meter in length, and has
a unique spiral epibranchial organ that aids in concentrating and swallow-
ing food.

SUBFAMILY OSTEOGLOSSINAE.  Osteoglossum and Scleropages have: mandibular bar-
bels; 10-17 branchiostegals.
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Osteoglossum bicirrhosum (Silver Arowana, aruana, or arawana), shown here, and
O. ferreirai (Black Arowana), both of South America, have 42-57 dorsal-fin rays.

Scleropages has perhaps seven species. Scleropages jardinii of northern
Australia and New Guinea, S. leichardii of the Fitzroy River in Queensland,
Australia, and S. formosus of Southeast Asia (including Sumatra and Borneo)
have about 20 dorsal-fin rays. Three other nominal species have now been
named by Pouyaud et al. (2003). Roberts (2012) also described S. inscriptus
from Myanmar (Burma). Mu et al. (2012) used mtDNA to reconstruct the
phylogeny and geographical relationships of osteoglossids and supported the
established morphological relationships of the group. The high amount of
genetic variation in Southeast Asian populations of S. formosus provides some
support for recognizing multiple species.

Family NOTOPTERIDAE (95). featherfin knifefishes or Old World knifefishes.
Freshwater, sometimes brackish; Africa to Southeast Asia.

Maxilla toothed; anterior prongs of the swimbladder passing forward to
ear lateral to skull (intracranially in Xenomystus and Papyrocranus) (also in
mormyrids); anal fin long (94-141 rays or 100 or more rays in anal and caudal
combined) and confluent with reduced caudal fin; dorsal fin small to absent;
pectoral-fin rays 11-17; pelvic fins small (3-6 rays) to absent; subopercular
absent; lateral-line scales 120-180; ventral scutes 25-52; vertebrae 66-86; body
color uniform, with numerous small spots, with wavy stripes, or with large
ocellated spots above anal fin; length perhaps up to 1.5 m in Chitala chitala
and C. lopis.

Four genera and ten species (Roberts, 1992). Inoue et al. (2009), on
mtDNA evidence agreed with Lavoué and Sullivan (2004) as to a division
into two clades recognized here as subfamilies, one Southeast Asian and the
other African. There are several fossil notopterids including the otolith-based
T Notopteridarum from India (Rana, 1988), and fPalaconotopterus from the
Cenomanian (early Late Cretaceous) of Morocco (Forey, 1997; Cavin and
Forey, 2001), which has been suggested to be the sister group to other
notopterids.

SUBFAMILY NOTOPTERINAE. Two genera and seven species, Southeast Asia.

Notopterus. Mandible with two rows (versus one or none) of strongly
developed serrations. One species, southern and Southeast Asia from India to
Sumatra and Java.
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Chitala. Craniodorsal profile concave (vs. convex, straight, or slightly
concave). Formerly ranked as a subgenus of Notopterus. Six species, Pakistan
and India to Sumatra and Borneo.

SUBFAMILY XENOMYSTINAE. Two genera and three species; equatorial Africa.
Papyrocranus. Pelvic fin absent (versus present with 3—6 rays); well-developed
intracranial extensions of the swimbladder. Two species, West Africa, primarily
from Senegal to Nigeria and the Congo Basin.
Xenomystus. Dorsal fin absent (vs. present with 6-11 rays along a short base);
branchiostegals 3 (versus 6-9); gill rakers rudimentary (versus 10-15). One

species, tropical Africa (primarily Nile, Chad, Niger, and Congo basins).

Family MORMYRIDAE (96)—elephantfishes. Freshwater; tropical Africa and Nile.

Anal, caudal, and pelvic fins present; caudal peduncle narrow; caudal fin
deeply forked; teeth present on parasphenoid and tongue; 6-8 branchioste-
gals; dorsal-fin rays 12-91; anal-fin rays 20-70; dorsal and anal fins usually
opposite and placed back on body; vertebrae 37-64.

The mouth is extremely variable in mormyrids. In some there is a very
elongate proboscis-like snout with a terminal mouth (e.g., Gnathonemus
curvirostris); in a few there is an elongate lower jaw (e.g., Gnathonemus petersii) ,
whereas in others there is a rounded snout with an undershot mouth (e.g.,
Marcusenius) . The fish shown above has a moderately developed proboscis-like
snout. Some bottom-feeding mormyrids have a chin barbel that is absent in
the mid-water species. Length reported up to 1.5 m; the maximum length
in most species is 9-50 cm.

Some mormyrids and the one gymnarchid are known to generate weak
electric fields and to be capable of detecting extremely weak charges. They
are primarily nocturnal fishes and may use these fields to locate objects or
food, but there is also evidence that mormyrids communicate with each other
electrically, have very specific signal patterns used during courtship, and that
there has been rapid evolution in signal patterns driven by sexual selection
during the radiation of some species flocks (e.g., in Paramormyrops; Arnegard
etal., 2010).

Mormyrids appear to have considerable learning ability. Their brain size
(largely the cerebellum), relative to body weight, is comparable to that of
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humans. There is evidence that the family Mormyridae is paraphyletic without
the inclusion of Gymnarchus; both groups share the following: maxilla tooth-
less; cerebellum enormous; eyes usually small; electric organs derived from
caudal muscles; intracranial penetration of swimbladder; flagellum lost in sper-
matozoa (Jamieson, 1991).

About 21 genera (e.g., Brienomyrus, Campylomormyrus, Gnathonemus,
Hippopotamyrus, Hyperopisus, ITvindomyrus, Marcusenius, Mormyrops, Mormyrus,
Petrocephalus, Pollimyrus, and Stomatorhinus) with a total of about 216 species
(Kramer and van der Bank, 2000; Kramer et al., 2004; Sullivan and Hopkins,
2005, on a new species of Stomatorhinus). The following recent papers describe
nine new species of Petrocephalus: Lavoué et al. (2010), Lavoué (2011), Kramer
etal. (2012), and Lavoué and Sullivan (2014).

Family GYMNARCHIDAE (97)—abas. Freshwater; tropical Africa and Nile River.
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Anal, caudal, and pelvic fins absent; teeth absent from parasphenoid and
tongue; four branchiostegals; body elongate; dorsal fin long (183-230 rays),
which can be used for locomotion (they can move forward or backward
equally well by passing reversible wave-like movements along the fin while
keeping the body rigid); vertebrae 114-120; eyesight weak; able to generate
and detect electric fields used for identifying prey and surroundings; length
reported up to 1.5 m but usually less than 0.9 m.
One species, Gymnarchus niloticus (Aba).

CLUPEOCEPHALA

The remaining two subdivisions, the Otocephala (= Ostarioclupeomorpha)
and the Euteleostei, are placed together as sister groups in the clade Clupeo-
cephala following Patterson and Rosen (1977). This relationship is supported
by both morphological (e.g., Arratia, 2010b) and molecular (e.g., Broughton,
2010; Near et al., 2012a; Betancur-R. et al., 2013a) evidence. Arratia (2010b)
concluded, after a critical analysis of proposed morphological synaporphies,
that the following three characters unambiguously unite the Clupeocephala:
early ossification of autopalatine; hyoidean artery piercing ventral hypohyal;
toothplate of last pharyngobranchial or pharyngobranchial cartilage 4 corre-
sponding to growth of only one toothplate. Additional characters provided by
Wiley and Johnson (2010) include: articular and angular bones fused, retroar-
ticular excluded from joint with quadrate; neural arch of first ural centrum
reduced or absent; two anterior uroneurals present aslong separated elements;
and six or fewer hypurals. The Clupeocephala are not given formal rank here
because we have sequenced groups at the subdivision rank to indicate phylo-
genetic relationships among major clades of crown-group teleosts.
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Cohort OTOCEPHALA (= OSTARIOCLUPEOMORPHA, OTOMORPHA)

Strong evidence has existed for some time for a close relationship between
Clupeomorpha and Ostariophysi, based on both molecular and morphological
evidence (e.g., Lé etal., 1993; Lecointre and Nelson, 1996; Arratia, 1997, 1999,
2004, 2010b; Zaragueta-Bagils et al., 2002; Near et al., 2012a; and Betancur-R.
et al,, 2013a, among others). However, they are likely to no longer be, in the
strict sense, sister groups if the Alepocephali (see below) are more closely
related to one of them or the other. In that case, the group would include
all three taxa.
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Phylogeny of major groups of Otocephala

Based on morphological studies, three names have been applied to the
Clupeomorpha + Ostariophysi grouping: Otocephala by Johnson and
Patterson (1996), Ostarioclupeomorpha by Arratia (1996, 1997), and Oto-
morpha by Wiley and Johnson (2010). The name adopted here for this
subdivision, Otocephala, refers to the possession of an otophysic (hearing)
connection between swimbladder and inner ear in most members. The name
Ostarioclupeomorpha is node-based, referring to the last common ancestor
of the Clupeomorpha and the Ostariophysi, then considered to be each
other’s sister groups; it was first used in the 1996 doctoral dissertation of
Arratia and published later (Arratia, 1997:153). Wiley and Johnson (2010)
used the name Otomorpha at a different rank for the same group. They cited
the following, as supporting characters: fusion of median extrascapular to
parietals; autopalatine ossifying early in ontogeny; and bases of hypurals 1
and 2 not united by cartilage during development.

As discussed below, the Otocephala might also now include a third
superorder, the Alepocephali, containing only the order Alepocephaliformes
(slickheads, etc.), which were formerly placed within order Argentiniformes as
suborder Alepocephaloidei. Near etal. (2012a) and Betancur-R. etal. (2013a),
among others, have supported the new relationship with molecular studies.
Betancur-R. et al. (2013a) provided a classification grouping Alepocephali
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within Otocephala (= their Otomorpha). Morphological character support
for Otocephala with the inclusion of Alepocephali is still wanting.

Superorder CLUPEOMORPHA

Otophysic (swimbladder to inner ear) connection comprising a pair of
anterior extensions of the swimbladder that enter the skull through the
exoccipital and extend into the prootic and often into the pterotics within
the lateral wall of the braincase to connect with the utriculus of the inner
ear (unlike that occurring in any other group); second hypural fused at base
to first ural centrum in all stages of development, but the first hypural free
at its base from first ural centrum (autogenous); single pelvic scute present
at insertion of the pelvic fin (inconspicuous in adult Chirocentrus) and most
species with series of median scutes along abdomen before and behind pelvic
fin; dorsal scutes with a median keel; branchiostegals usually fewer than 7,
rarely up to 20; body compressed in most; pneumatic duct extending from
swimbladder to gut at or near stomach (opening into the dorsal wall of the
stomach, relatively anteriorly, in most Engraulidae, Pristigasteridae, and in
Dussumieria, and in some the duct extends from the swimbladder to the anus);
jaws not protrusible; usually two supramaxillae (Patterson and Rosen, 1977;
Grande, 1985).

tEllimmichthyiformes .
Clupeidae

Denticipitoidei Clupeoidei

Clupeiformes

Clupeomorpha

Phylogenetic relationships of major groups of Clupeomorpha

Several lines of clupeomorphs, both fossil and extant, have members that
are double-armored; that is, they have predorsal as well as ventral scutes. In
some of these there is only one or two predorsal scutes (double-armored
engraulids of the Indo-Pacific), while in others there is a series (fParaclupea,
TDiplomystus, TElWimmichthys, tKnightia, Hyperlophus, Potamalosa, Ethmidium,
T Gostutichthys, and T Clupanodon). The double-armored feature has evolved or
been lost independently several times, although most or all members of the
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fossil-only order fEllimmichthyiformes are double-armored, and some even
have additional median scutes behind the dorsal fin.

The late Early Cretaceous (Albian) fossil TLErichalcis, formerly thought to
be a primitive clupeomorph (Forey, 1975), has now been shown (Hermus
et al., 2004) not to be a clupeomorph, and to be more likely (Arratia, 2010)
a primitive euteleostean (although another unnamed fish from the same
deposit is a clupeomorph). The Late Cretaceous TOrnategulum is a possible
clupeomorph of uncertain position (Forey, 2004; Alvarado-Oretega, 2014),
as is T Horseshoeichthys (Newbrey et al., 2010; Murray and Wilson, 2013). Forey
(2004) considered the Early Cretaceous TSpratticeps to be sister to the extant
Clupeiformes plus fossils such as TSantanaclupea. Recently, Alvarado-Ortega
(2014) described TRanulfoichthys, another Albian-aged basal clupeomorph
that he argued was the most primitive known clupeomorph.

There are two major clades within the Clupeomorpha, one fossil-only
clade, the fEllimmichthyiformes, and one containing the crown-group
clupeomorphs, both fossil and extant, in the order Clupeiformes.

tOrder ELLIMMICHTHYIFORMES. No recessus lateralis (infraorbital canal not
merging with preopercular canal but extending through dermosphenotic);
lateral line complete; patch of teeth on parasphenoid similar to that in
Osteoglossum; large foramen in anterior ceratohyal; parietals meeting at
midline between supraoccipital and frontals.

Zaragueta Bagils (2004) raised biogeographical questions and gave strati-
graphic and geographic occurrences for genera and species known till then.
TEllimmichthyiformes represent a great Cretacous radiation of mostly marine
clupeomorphs, having been found in Lebanon, Morocco, Spain, UK, Brazil,
Mexico, USA, Canada, and China (Murray and Wilson, 2013).

Earlier phylogenetic studies were by Grande (1985), Chang and Maisey
(2003), Forey (2004), and Alvarado-Ortega et al. (2008), the last of whom rec-
ognized a second fossil family, fSorbinichthyidae. The present classification
follows Murray and Wilson (2013), who named a third family, TArmigatidae,
and divided the order into two suborders.

‘tSuborder Armigatoidei. One family.

FtFamily ARMIGATIDAE. Late Cretaceous to Eocene; freshwater and marine of
Lebanon, Portugal, USA, and China.

Two genera, TArmigatus and Diplomystus, with at least six species. Uniting
these two genera within fArmigatidae, instead of including tDiplomystus in
tParaclupeidae, follows Murray and Wilson (2013).

‘tSuborder Ellimmichthyoidei. Two families.

FFamily SORBINICHTHYIDAE. Late Cretaceous; freshwater and marine; Lebanon and
Morocco.
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This family was named by Bannikov and Bacchia (2000) to contain the
species TSorbinichthys elusivo from Lebanon, notable for its extremely elon-
gated second dorsal-fin ray and second pectoral-fin ray. A second species from
Morocco was named by Murray and Wilson (2011). fSorbinichthyidae are the
sister group to the fParaclupeidae (Murray and Wilson, 2013).

‘Family PARACLUPEIDAE (= Ellimmichthyidae). Early Cretaceous to middle Eocene;
freshwater and marine.

Subrectangular dorsal scutes; ventral scutes extending from isthmus to anus;
pelvic fin, as far as known, in advance of dorsal fin; two supramaxillary bones;
parhypural fused to first preural centrum; lateral line complete. Some species
had a very deep body. Based originally on fossils of fParaclupea chetungensis
from China (Chang and Chou, 1977; Chang and Grande, 1997), the family as
recognized here (Wilson and Murray, 2013) has at least nine fossil genera in
five subfamilies, listed in approximate phylogenetic sequence:

TSUBFAMILY SCUTATOSPINOSINAE. TKwangoclupea and TScutatospinosa (one
species each). Cretaceous of Africa and Brazil.

TSUBFAMILY THORECTICHTHYINAE. T Thorectichthys (two species). Cretaceous of
Morocco.

TSUBFAMILY ELLIMMINAE. TEllimma (one species). Cretaceous of Brazil.

TSUBFAMILY ELLIMMICHTHYINAE. {Ellimmichthys, TRhombichthys. Cretaceous of
Brazil, Africa, and the Middle East.

TSUBFAMILY PARACLUPEINAE. Two lineages: tribe ftParaclupeini with T Paraclupea
and {7Tjcheroichthys (one species each) from China and Canada, and tribe
T Triplomystini with {Triplomystus (three species) from Lebanon and Mexico.
Late Cretaceous.

Order CLUPEIFORMES (29)—herrings. Recessus lateralis present (part of the oto-
physic connection in which various sensory canals merge within a chamber in
the otic region of the neurocranium, not known in any other group); parasphe-
noid teeth absent; no large foramen on the anterior ceratohyal; parietals sep-
arated by the supraoccipital. Most are plankton feeders, with long and some-
times very numerous gill rakers that serve as straining devices. This group is
very important in the world’s commercial fisheries.

The higher classification of the order Clupeiformes presented here is based
primarily on the work of Grande (1985) and works cited therein, with more
recent contributions by others (e.g., Di Dario 2002, 2009; Di Dario and de
Pinna, 2006). Some recent molecular phylogenetic studies (e.g., Li and Orti,
2007; Lavoué et al., 2007, 2014) do not differ greatly from this arrangement
at the level of suborders and families, but the molecular studies present many
differences at subfamily and genus level within the Clupeidae. There have also
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been several studies (Ishiguro et al., 2005; Lavoué et al., 2007) suggesting a
new phylogenetic assignment of the (former) family Sundasalangidae, which
is now included within the clupeid subfamily Ehiravinae.

Lavoué et al. (2014) presented an alternative classification of the
Clupeiformes, based almost solely on mitochondrial data, which we find
interesting. Although a start was made by Lavoué et al. (2014) to identify
morphological synapomorphies, there are still few morphological characters
to support their revised classification (and no nuclear DNA studies with
sufficient taxon sampling to compare with the mtDNA phylogeny). Moreover,
their phylogeny did not resolve many relationships among the higher taxa
within Clupeomorpha. Therefore, we have not adopted the new arrangement
at this time, except for agreeing that Sundasalanx belongs in the Ehiravinae. In
the accounts below, we note some of the major differences in the assignment
of genera to families based on those mtDNA results.

Five families, about 92 genera, and 405 species. About half the species are
Indo-West Pacific, and almost one-quarter are in the Western Atlantic. About
79 species occur primarily in fresh water.

Suborder Denticipitoidei. This suborder contains only a single living freshwater
species and one fossil species, both from Africa, but the suborder is considered
to be the sister group of all other clupeiforms (Grande 1985; Di Dario and de
Pinna, 2006, De Pinna and Di Dario, 2010).

Family DENTICIPITIDAE (98)—denticle herrings. Freshwater; coastal rivers of Nigeria
and Cameroon, Africa.

i

Denticles (odontodes) on all roofing bones of skull; no supramaxillae; four or
five branchiostegals, first (median) pair with denticles on anterior edge; ven-
tral half of head with “furred” appearance from small denticles; lateral line
complete; ventral scutes present; 16 principal caudal fin rays; caudal skeleton
with one uroneural (other clupeomorphs have three) and parhypural fused
to first preural centrum; recessus lateralis relatively primitive, incomplete in not
having a separate opening for the supraorbital laterosensory canal; postorbital
bulla present; presence of a supraorbital cavern; accessory cartilage associated
with the fifth ceratobranchial; branchial arches one to four with a double row
of longitudinal rakers; basibranchial tooth plates absent; single upper pharyn-
geal tooth plate (Di Dario and de Pinna, 2006; de Pinna and Di Dario, 2010).
Scales in lateral line 3740 and vertebrae 40—41 in the living species. Maximum
length 6 cm.
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One species, Denticeps clupeoides (note that the family name is not spelled
Denticepitidae). One fossil species, TPalacodenticeps tanganikae, of Eocene age,
is known from Tanzania, Africa (Greenwood, 1960, 1968; Murray, 2000; Murray
etal., 2005).

Suborder Clupeoidei. Lateral line not extending onto body (a canal does
extend beyond the gill cover and branches over one or two scales, but there
are no pored lateral-line scales); single row of gill rakers on arches one—three;
second and third infraphryngobranchials anteriorly reduced to long, narrow
processes; 19 principal caudal-fin rays; first uroneural fused to first preural
centrum (located in front of the reduced first ural centrum, which is fused to
the second hypural in all clupeomorphs); parhypural usually separate from
the first preural centrum. Yolk segmented (also in Bothidae). There is much
diversity in the swimbladder of clupeoids, with the extreme specializations
found in the pristigasterids.

The classification of this suborder is based primarily on Grande (1985),
Whitehead (1985), and Whitehead et al. (1988), except that Grande (1985)
and Grande and Nelson (1985) gave an elevated rank to many of the groups.
Di Dario (2002, 2009) presented new morphological evidence that Pristigas-
teridae may be sister to a clade comprising all other clupeoids (Clupeidae +
Chirocentridae + Engraulidae). The position of Chirocentridae, either closer
to Clupeidae or to Engraulidae remains a subject of discussion (Di Dario,

2009).

Family PRISTIGASTERIDAE (99)—longfin herrings. Primarily marine, some freshwater
in South America and southeast Asia; Atlantic, Indian, and Pacific in tropical and some
subtropical seas.

Mouth uvsually superior, otherwise terminal; jaw teeth small, canines only
in Chirocentrodon; abdominal scutes present; anal fin long, 30-92 rays; six
branchiostegal rays; scales in lateral series about 35-55; vertebrae usually
40-55, up to 62 in Raconda. Pelvic fins are absent in several species as noted
below. Grande (1985) recognized this taxon on the basis of having the
predorsal bones orientated either vertically or inclined anterodorsally (versus
being inclined posterodorsally as in nearly all other teleosts) and no notch in
third hypural of the caudal skeleton (versus having a distinct notch that creates
a gap with the second hypural as in most clupeomorphs). He recognized
this group as a superfamily, giving family status to the following subfamilies
and noted that Ilisha, as recognized here, is not monophyletic. Maximum
length about 55 cm SL, attained in Pellona flavipinnis of South America; most
under 25 cm.
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Nine genera with 38 species (e.g., Whitehead, 1985; Randall, 1994; Munroe
et al., 1999; Munroe, 2003a; de Pinna and Di Dario, 2003). Four species are
freshwater; the rest are marine, occasionally entering brackish water.

SUBFAMILY PELLONINAE. Grande (1985) recognized this group on the basis of
having the maxillary-premaxillary gap covered by bone, either a toothed hypo-
maxilla bone or an extension of the maxilla (versus having a gap as in other
clupeomorphs; the hypomaxilla is a bone that is part of the gape of the upper
jaw and situated behind the premaxilla, it is also found in Harengula). The
pelvic fin is absent in the two small species of Neoopisthopterus and in the sin-
gle species of Pliosteostoma. The one small species of Chirocentrodon has strong
conical teeth and canine-like teeth in front (there are also teeth in the gap
separating the premaxillae).

Five genera, Chirocentrodon (1), Ilisha (16), Neoopisthopterus (shown
above) (2), Pellona (6), and Pliosteostoma (1), with 26 species.

SUBFAMILY PRISTIGASTERINAE. Grande (1985) recognized this group on the
basis of having a bony process on the first pleural rib that articulates with
the shoulder girdle (not known from any other teleost except Ilisha africana,
which Grande would place in this taxon). The pelvic fin is absent in the
six species of Opisthopterus, the three of Odontognathus, the single species of
Raconda (which also lacks the dorsal fin), and usually in the single species of
the exceptionally deep-bodied Amazonian Pristigaster.

Four genera, Odontognathus (3), Opisthopterus (6), Pristigaster (2), and
Raconda (1), with 12 species.

Family ENGRAULIDAE (Engraulididae and Stolephoridae) (100)—anchovies. Marine,
occasionally freshwater; Atlantic, Indian, and Pacific.

Suspensorium inclined forward with head of hyomandibula well in front of
quadrate, hind tip of upper jaw (maxilla) extending well behind eye in most
species and jaw articulation well behind eye; mesethmoid projecting in front of
vomer and supporting a paired sensory rostral organ; snout blunt, prominent,
projecting beyond tip of lower jaw in most species (only just beyond in some
Old World anchovies); gill rakers 10-50 or more on lower limb of first arch,
90 or more (100 or more on both limbs) in Anchovia; teeth on jaws absent
to well developed; 7-19 branchiostegals; scales in lateral series usually 30-60;
vertebrae usually 38—49, more in Coilia; body often translucent and with a silver
stripe down the side in some. Luminescent organs occur in Coilia dussumieri
(found from coastal India to Java).
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Most species feed on plankton (a few by filter-feeding), but a few large
species are piscivorous. Most of the freshwater species occur in South Amer-
ica. The maximum size is 37 cm, attained by Thryssa scratchleyi of rivers in
Papua New Guinea and those entering the Gulf of Carpentria; most species
under 20 cm.

The generic composition of the two subfamilies follows Grande (1985)
and Grande and Nelson (1985); however, they gave family status to these two
sub-families. Whitehead et al. (1988) gave keys to the genera and descriptions
of the species. In contrast to the clupeids, surprisingly few fossil anchovies
are known, the oldest of the four known species being only of Miocene age
(Grande and Nelson, 1985).

Seventeen genera with 146 species. At least 17 species are freshwater, occa-
sionally entering brackish water; the others are marine, rarely entering fresh
water.

SUBFAMILY COILINAE. Scutes present in front of pelvic fin and behind pelvic
fin (prepelvic scutes absent in some Coilia); anal fin long, 27-81 rays (Coilia,
with the anal fin joined to the caudal fin, has 80 to about 115 rays). In addi-
tion, Grande (1985) recognized this group as being monophyletic on the basis
of having lost the peg on the proximal end of the uppermost ray of the lower
caudal lobe (a dorsal peg is present on the upper-middle caudal ray; in most
other clupeoids there is a two-peg arrangement on the two middle rays); and
loss or poor development of a notch on the distal end of the third hypural
(similar to pristigasterids). Coilia (the rattailed anchovies) has an exceptionally
long tapering body. Most species other than the 13 of Coilia have a terminal or
superior mouth, quite different in appearance from that of other anchovies;
in the extreme form the mouth may be highly oblique with the lower jaw pro-
jecting beyond the upper (e.g., Papuengraulis micropinna with its minute dorsal
fin, and Setipinna breviceps).

Six Indo-West Pacific genera found in eastern Africa, Asia, and Australia,
Coilia (13), Lycothrissa (1), Papuengraulis (1), Pseudosetipinna (1), Setipinna (8),
and Thryssa (24) (includes the subgenus 7Thrissina), with about 48 species
(Grande, 1985; Whitehead et al. 1988; Peng and Zhao, 1988).

SUBFAMILY ENGRAULINAE. Scutes present in front of pelvic fin only in Encrasi-
cholina and Stolephorus, absent behind pelvic fin; anal fin usually short, usually
13-37 rays.

Most members of this subfamily are confined to North, Central, and South
America. Some species of Engraulis and species of two other genera occur
elsewhere. The diminutive and scaleless Amazonspratius scintilla of Brazil, the
smallest-known clupeomorph and reaching only 19.5 mm standard length,
probably belongs in this subfamily.

Eleven genera, Amazonsprattus (1), Anchoa (35), Anchovia (3), Anchoviella
(16), Cetengraulis (2), Encrasicholina (5), Engraulis (9), Jurengraulis (1),
Lycengraulis (5), Pterengraulis (1), and Stolephorus (20), with about 98 species
(Grande, 1985; Whitehead et al. 1988; Kullander and Ferraris, 2003; Nizinski
and Munroe, 2003; Kimura et al., 2009; Loeb and Alcantara, 2013).
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Family CHIROCENTRIDAE (101)—wolf herrings. Marine; Indian (west to South Africa
and the Red Sea) and western Pacific (Japan to Queensland, Australia).

Body elongate and highly compressed; fang-like teeth in the jaws (highly preda-
cious fish); spiral valve in intestine; 17-22 gill rakers; no pyloric caeca; scales
small; dorsal fin with 16-19 rays; anal fin with 30-35 rays; pelvic fins small,
with six or seven rays; pectoral fin with 13-15 rays; eight branchiostegals; pelvic
scute highly reduced in adults; other abdominal scutes absent; vertebrae 69-75
(42-45 abdominal and 27-31 caudal).

Wolf herrings are voracious carnivores, unlike other clupeoids. Maximum
length 100 cm.

The only fossil recognized in the Chirocentridae is the Late Cretaceous
T Gastroclupea from Bolivia. The Chinese fossil TMesoclupea was at one time
placed in this family, but Grande (1985) questioned its clupeomorph affinities;
Cavin et al. (2013) have suggested that it could be a basal ichthyodectiform.

Two species, Chirocentrus dorab and the very similar C. nudus (Whitehead,
1985; Munroe et al., 1999).

Family CLUPEIDAE (102)—herrings (shads, sprats, sardines, pilchards, and
menhadens). Primarily marine, some freshwater and anadromous; worldwide

(mostly tropical).

Two long, rod-like postcleithra in most; mouth usually terminal or nearly so
or somewhat superior, usually inferior only in Dorosomatinae; teeth small
or absent; abdominal scutes usually present—the Dussumieriinae (round
herrings) usually lack abdominal scutes, except for a single pelvic scute; anal
fin usually with 12-29 rays, up to 38 in Dorosomatinae; scales in lateral series
about 40-50; usually 5-10 branchiostegals; vertebrae usually 37-59. There
is much variation in body shape (from rounded to compressed). Maximum
length 60 cm, attained in Tenualosa ilisha of India and Myanmar (marine and
anadromous); most species less than 25 cm.

A valuable commercial fishery exists for clupeids in many parts of the world.
Most species form schools and swim near the surface, usually in coastal waters,
feeding on plankton.
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There are six subfamilies in the present treatment, as in Nelson (2006). The
pristigasterids and Congothrissa were formerly given subfamily status within the
clupeids. Grande (1985) noted that the monophyly and interrelationships of at
least the subfamilies Clupeinae, Alosinae, and Dorosomatinae are uncertain.

About 64 genera and 218 species. About 57 species are freshwater, occa-
sionally entering brackish water; many others occur in the Caspian Sea, are
anadromous, or otherwise extend into fresh water but are primarily marine.
Fossils include {Chasmoclupea from the Oligocene of Egypt (Murray et al.,
2005) and others listed by Grande (1985).

SUBFAMILY DUSSUMIERIINAE (ROUND HERRINGS). Pelvic scute W-shaped and no
other scutes along abdomen (in other clupeids the pelvic scute, located just
before the pelvic fin, has lateral ascending arms, and other scutes are usually
present in front of and behind the pelvic scute).

Whitehead (1985:27) recognized Dussumieria and Etrumeus with 11-18 bran-
chiostegals in the tribe Dussumieriini, and Jenkinsia and Spratelloides with 6 or
7 branchiostegals in the tribe Spratelloidini. Lavoué et al. (2014) classify Jenk-
insia and Spratelloides in a separate subfamily Spratelloidinae.

Four genera, Dussumieria (2), Etrumeus (7), Jenkinsia (4), and Spratelloides (4),
with 17 species.

SUBFAMILY EHIRAVINAE (INCLUDING SUNDASALANGIDAE). Mostly small, often
paedomorphic fishes; pterotic bone receiving three different sensory canals;
second hypural fused with terminal centrum at least in most; reduction of
epurals to two (one in Corica) (Stiassny, 2002); mostly living in fresh water.

iy
< A

Ehiravines are miniature, paecdomorphic fishes, first described by T. R. Roberts
in 1981 from Southeast Asia. They were originally placed in the Osmeriformes,
in their own family Sundasalangidae. They were later shown to be clupeiforms
by Siebert (1997), who found a prootic bulla and a recessus lateralis; he sug-
gested, on the basis of consolidation of the caudal skeleton, a relationship
to the clupeid Jenkinsia. Recognition as a separate family of clupeiforms, as
preferred by Britz and Kottelat (1999a), is not followed here, since Ishiguro
etal. (2005) gave mtDNA-based phylogenetic evidence contradicting that rela-
tionship, and Lavoué et al. (2014) gave evidence that they are nested within
Ehiravinae, a subfamily originally named as a family by Deraniyagala (1929)
and later treated as a tribe of Pellonulinae (e.g., by Grande, 1985).

The mtDNA phylogeny of Lavoué et al. (2014) included also Clupeonella and
Clupeoides within the subfamily Ehiravinae.

Eight genera, Corica (2), Clupeichthys (4), Dayella (1), Ehirava (1), Gilchris-
tella (1), Sawvagella (2), Spratellomorpha (1), Sundasalanx (7), with about
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19 species (Siebert, 1997; Britz and Kottelat, 1999a); Western Indian Ocean,
South Africa, Madagascar, India, and Southeast Asia.

SUBFAMILY PELLONULINAE (FRESHWATER HERRINGS). Usually only one supramax-
illa (anterior one lost); pre- and post-pelvic scutes reduced to absent; scutes
present before dorsal fin in some. Most species occur in fresh water, but some
are in marine waters; found only in Africa, off India, in Southeast Asia, and in
Australia, with most species in lakes and rivers of West Africa.

The double-armored fossil {Knightia, known from presumed freshwa-
ter deposits of the middle Paleocene to middle Eocene in western North
America and China, is provisionally retained in this subfamily. The monotypic
Congothrissa of the Zaire system was originally placed in its own family,
Congothrissidae.

Lavoué et al. (2014) did not recognize a separate Pellonulinae, choosing to
include most of the genera within an expanded Dorosomatinae, even though
there is a weakly supported clade in their study that is sister to other Doroso-
matinae and contains most of the traditionally recognized pellonuline genera.

Twenty-three genera (e.g., Clupeoides, Congothrissa, Cynothrissa, Hyperlophus,
Limnothrissa, Microthrissa, Minyclupeoides, Odaxothrissa, Pellonula, Potamalosa,
Potamothrissa, Spratellomorpha, and Stolothrissa) with at least 44 species.

SuBFAMILY CLUPEINAE. Two supramaxillae present. Fossilsinclude t Gosiutichthys
of Wyoming.

Lavoué et al. (2014) include only seven genera ( Clupea, Sprattus, Strangomera,
Ramnogaster, Potamalosa, Hyperlophus, and Ethmidium) in their greatly restricted
Clupeinae.

Sixteen genera (e.g., Amblygaster, Clupea, Clupeonella, Escualosa, Harengula,
Herklotsichthys, Lile, Opisthonema, Platanichthys, Ramnogaster, Sardina, Sardinella,
Sardinops, and Sprattus) with at least 72 species.

SUBFAMILY ALOSINAE (SHADS). Upper jaw with a distinct median notch or
cleft; mouth terminal; jaw teeth small or absent; strong scutes along abdomen
and, in Ethmidium, before dorsal fin. Species may be marine, freshwater, or
anadromous.

Only four genera (Alosa, Brevoortia, Sardinops, and Sardina) are included in
this subfamily by Lavoué et al. (2014).

Seven genera, Alosa (26), Brevoortia (6), Ethmalosa (1), Ethmidium (1),
Gudusia (2), Hilsa (1), and Tenualosa (5), with 42 species. Almost half of the
species belong to Alosa.

SUBFAMILY DOROSOMATINAE (GIZZARD SHADS). Upper jaw with a distinct median
notch or cleft; mouth usually inferior, lower jaw flared outward; no teeth;
strong scutes along abdomen and, in Clupanodon, before dorsal fin; last
dorsal fin ray filamentous in most; gill rakers long and numerous; stomach
muscular, gizzard-like, and intestine after second and last flexure with a loop;
pharyngeal pouches near the fourth epibranchials that may concentrate food
from the exceptionally large number of gill rakers. Species may be marine,
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anadromous, or freshwater. Dorosoma is found only in North and Central
America, while the others are Indo-West Pacific (marine and freshwater).

The molecular study of Lavoué et al. (2014) included many more gen-
era in a greatly expanded Dorosomatinae, including many listed here in
Alosinae (e.g., Ethmalosa, Gudusia), Clupeinae (e.g., Amblygaster, Harengula,
Rhinosardinia), and Pellonulinae (e.g., Pellonula, Microthrissa).

Six genera, Anodontostoma (3), Clupanodon (1), Dorosoma (5), Gonialosa (3),
Konosirus (1), and Nematalosa (11), with 24 species.

Superorder ALEPOCEPHALI

In the present work, the suborder Alepocephaloidei is included in the
Otocephala (see phylogenetic diagram for Otocephala above) as the super-
order Alepocephali, order Alepocephaliformes, contrary to Nelson (2006)
and many earlier works. Earlier morphological studies (e.g., Greenwood and
Rosen, 1971; Lauder and Liem, 1983) had united alepocephaloids with the
Argentiniformes based on the possession of a crumenal organ, and Diogo
(2008) continued to advance that phylogenetic position in recent years based
on muscle anatomy. However, numerous molecular studies (e.g., Inoue et al.,
2003, Ishiguro et al., 2003; Lavoué et al., 2008; Poulsen et al., 2009; Near
et al., 2012a; Betancur-R. et al., 2013a) have now placed alepocephaloids
within the Otocephala, and we accept this placement.

The position of alepocephaloids within otocephalans is somewhat uncertain,
though recent molecular works seem to be converging on a closer relation-
ship to Ostariophysi than to Clupeomorpha (Lavoué et al., 2008, 2014;
Poulsen et al., 2009; Near et al.,, 2012a; Betancur-R. et al., 2013a). The
taxon Alepocephali herein uses a spelling used also by Betancur-R. et al.
(2013a) but at the rank of subcohort. We list the superorder in implied
phylogenetic sequence, after Clupeomorpha and before (i.e., sister to)
Ostariophysi, but without naming that sister pair pending further corrobo-
ration of the relationship and identification of morphological or biological
synapomorphies.

Order ALEPOCEPHALIFORMES (30)—slickheads and tubeshoulders. Dorsal fin
inserted well back on body; no adipose fin; no swimbladder; upper jaw
with teeth except in Leptochilichthys; one or two supramaxillae; mouth
usually large; posttemporal fossa absent; mesocoracoid present; maximum
one postcleithrum; dark-colored fishes. Hatch from large eggs with direct
development.

The internal classification of this taxon is based on Johnson and Patterson
(1996: 311-312).

Three families with about 32 genera and 137 species.

Family PLATYTROCTIDAE (Searsiidae) (103)—tubeshoulders. Marine; all oceans
(absent from Mediterranean).
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Black shoulder sac apparatus located under shoulder girdle produces
blue-green luminous fluid, with conspicuous opening through tubular papilla
just below lateral line; light organs present in many species (directed hori-
zontally in young and ventrally in adults); subcutaneous canal system, usually
connected to scale pockets by pores; pectoral-fin rays 14-28; pelvic-fin rays
6-10, pelvic fins absent in Platytroctes apus; swimbladder absent; branchioste-
gals 4-8; vertebrae 40-52. Maximum length about 30 cm. Most species occur
between 300-1,000 m.

Thirteen genera, Barbantus, Holtbyrnia, Maulisia, Mirorictus, Normichthys, Para-
holtbyrnia, Pellisolus, Persparsia, Platytroctes, Sagamichthys, Searsia, Searsioides, and
Tragularius, with 39 species (Matsui and Rosenblatt, 1987).

Family BATHYLACONIDAE (104)—bathylaconids. Marine; tropical to temperate lati-
tudes, circumglobal.

Premaxilla minute, maxilla extending well behind eyes; pectoral fin small, set
low on body; branchiostegals 7-10, upper ones forming part of posterior gill
cover; vertebrae unossified; large cycloid scales.

Regarded as a subfamily of Alepocephalidae in Nelson (1994). The genus
Herwigia was formerly included in Bathylaconidae but has been placed in
Alepocephalidae following molecular and morphological evidence given by
Poulsen et al. (2009).

One genus, Bathylacowith three species known from few specimens from cir-
cumtropical waters (e.g., Iwamoto et al., 1976; Carter and Hartel, 2003). One
of the three species (B. macrophthalmus) is on the IUCN red list of threatened
species.

Family ALEPOCEPHALIDAE (105)—slickheads. Deep-sea; all oceans.

Teeth usually small; gill rakers long and numerous; shoulder sac apparatus
absent; photophores present; pectoral-fin rays 7-18; branchiostegals 5-8 (12 in
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the pikelike Bathyprion); scales absent in some. Most commonly found below
1000 m.

Leptochilichthys, with three species, deep-sea, rare but widespread, was placed
in its own family, Leptochilichthyidae, in Nelson (1994), but it along with
the genus Herwigia, formerly placed in Bathylaconidae, are both grouped in
Alepocephalidae by Poulsen et al. (2009) and Lavoué et al. (2008).

About 18 genera (e.g., Alepocephalus, Asquamiceps, Aulastomatomorpha,
Bajacalifornia, Bathyprion, Bathytroctes, Bellocia, Conocara, Ericara, Herwigia,
Leptochilichthys, Leptoderma, Narcetes, Photostylus, Rinoctes, Rouleina, Talismania,
and Xenodermichthys) with at least 95 species (e.g., Markle and Merrett, 1980;
Markle and Sazonov, 1996; Sazonov, 1999; Mecklenburg et al., 2002).

Superorder OSTARIOPHYSI

Basisphenoid absent; supramaxillae absent; unattached neural arch anterior
to arch of first centrum absent; dorsomedial expansion of the anterior neural
arches; loss of supraneural one; dermopalatine absent; sacculi and lagenae
positioned more posteriorly, along midline; swimbladder present (except in
Gonorynchus) and usually divided by a ductus pneumaticus into a smaller ante-
rior chamber, which is partially or completely covered by a silvery peritoneal
tunic and a larger posterior chamber (reduced or absent in some groups);
multicellular horny tubercles (= breeding or nuptial tubercles or pearl
organs) with keratinous cap well developed; pelvic fins, if present, abdominal.
Morphological characters of various authors were reviewed by Wiley and
Johnson (2010).

Fishes of this group possess a fright reaction elicited by an alarm sub-
stance (Schreckstoff). This was first documented by Karl von Frisch in 1938
and described in detail by Wolfgang Pfeiffer (e.g., 1963, 1977). The alarm
substance is a pheromone that is chemically similar in all ostariophysans
and produced by epidermal club cells. Injuries to the skin release the alarm
substance, which is detected by the sense of smell and causes a fright (escape)
reaction in nearby members of the same species (or sometimes in related
species). Although widely distributed among ostariophysans, it is not univer-
sally present. Some members of the superorder lack the fright reaction but
possess an alarm substance (e.g., Serrasalminae) while others lack both the
alarm substance and the reaction to alarm substances of other species (e.g.,
Loricariidae and Gymnotiformes).

The recognition of five major lineages and their sequencing mostly
follows Fink and Fink (1981). They postulated, as is still usually accepted,
gymnotiforms to be siluriform relatives and characiforms to be the primitive
sister group of both, with cypriniforms being the sister group to this entire
assemblage.

The superorder Ostariophysi is divided into two series, the Anotophysi and
the Otophysi. In old literature (e.g., Regan, 1911a, b; Berg, 1940), prior to
the inclusion of gonorynchiforms (Anotophysi), the name Ostariophysi was
restricted to what is herein recognized as the Otophysi.



Superorder OSTARIOPHYSI 175

Cypriniphysi
Anotophysi Otophysi
Ostariophysi

Phylogeny of major groups of Ostariophysi.

The Late Jurassic genus T 7Tischlingerichthys from Germany was interpreted
by Arratia (1999) as a primitive, stem-group ostariophysan, or possibly a
stem-group anotophysan or gonorynchiform.

Five orders, about 80 families, 1,347 genera, and about 10,388 species. The
three largest families—Cyprinidae (3,006), Characidae (1,306), and Loricari-
idae (915)—account for 5,227 (or 50%) of the species. The ostariophysans
contain about 28% of the known fish species in the world while accounting
for about 68% of the freshwater species. They are present on all continents
and major land masses except Antarctica, Greenland, and New Zealand (Aus-
tralia has a few catfishes secondarily derived from marine groups). About 123
species are marine (the chanid, the gonorynchids, half of the plotosids, and
most ariids).

Series ANOTOPHYSI.  One order, the sister group to all other Ostariophysi.

Order GONORYNCHIFORMES  (31)—milkfishes. Orbitosphenoid absent;
pterosphenoids reduced and separated; parietals small and separated by
supraoccipital; quadrate condyle far forward; teeth absent on fifth cera-
tobranchial; Baudelot’s ligament absent; three sets of intermuscular ribs
including cephalic ribs; anterior rib of third vertebra enlarged and shorter
than preceding ribs; first three vertebrae specialized and associated with
one or more cephalic ribs; first neural arch enlarged making contact with
occipital margin; second uroneural elongate anteroventrally; suprabranchial
(= epibranchial) organ present (consisting of lateral pouches in the posterior
part of the branchial chamber behind the fourth epibranchials); mouth
small; jaws toothless; postcleithra absent; 5—6 hypurals. (Fink and Fink, 1981,
Grande and Poyato-Ariza, 1999; Poyato-Ariza et al., 2010)

Gonorynchiform monophyly has been convincingly demonstrated using
both morphological (e.g., Fink and Fink, 1981; Gayet, 1993; Poyato- Ariza,
1996a; Grande and Poyato-Ariza, 1999; Poyato-Ariza et al., 2010) and molec-
ular data (e.g., Lavoué et al., 2005; Davis et al., 2013; Betancur et al., 2013a;
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Near, Dornburg, and Friedman, 2014). Contrary to Nelson (2006) and
following Grande and Poyato-Ariza (1999) and Poyato-Ariza et al. (2010), we
recognize three families within the order: Chanidae, Gonorynchidae, and
Kneriidae. Kneriidae are divided into two subfamilies, Phractolaeminae
and Kneriinae.

Although the monophyly of the order is not in doubt, the interrelationships
of its families pose an interesting problem. All morphological analyses (e.g.,
Fink and Fink, 1981, 1996; Gayet, 1993a, b, c; Johnson and Patterson, 1997;
Grande and Poyato-Ariza, 1999; Poyato-Ariza et al., 2010) strongly support a
sister-group relationship between Gonorynchidae and Kneriidae, but molecu-
lar (mtDNA and nuclear DNA) studies (e.g., Lavoué et al., 2005; Davis et al.,
2013; Near, Dornburg, and Friedman, 2014) support a relationship between
Chanidae and Kneriidae, with Gonorynchidae sister to those two. Davis et al.
(2013) demonstrated in their study that when the morphological and molecu-
lar data are partitioned, the two data sets give incongruent results with respect
to the position of gonorynchids. It seems fair to say that another look at gono-
rynchiform interrelationships will be worthwhile. That being said, we have
decided to list the three families within Gonorynchiformes without implying a
particular sister-group relationship.

Three families, seven genera, and about 37 species (of which 31 are
freshwater). The order has a broad geographic distribution in marine
and freshwater environments of Southeast Asia, Africa, and the Indo-Pacific.

Family CHANIDAE (106)—milkfishes. Marine and brackish (occasionally freshwater);
tropical and subtropical Indian and Pacific (rare in eastern Pacific from Southern
California to Peru).

Small, anteriorly directed mouth cleft; premaxilla large, very broad and
laterally convex; maxilla expanded posteriorly; opercular bone expanded;
suprapreopercle present. The following two subfamilies, one of them fossil-
only, are recognized following Poyato-Ariza (1996a), Grande and Poyato-Ariza
(1999), and Poyato-Ariza (2010).

TSUBFAMILY RUBIESICHTHYINAE. Nasal bone small but flat, not reduced to a
tubular ossification; maxillary articular process very curved; preopercular
limbs forming an acute angle. There are two Early Cretaceous fossil genera
from Spain, T Gordichthys and T Rubiesichthys (Poyato-Ariza, 1996b; Poyato-Ariza
et al., 2010). The Early Cretaceous genus {Nanaichthys from Brazil is thought
to be the sister-group of the former two (Amaral and Brito, 2012).
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SUBFAMILY CHANINAE. Maxillary process for articulation with autopalatine
present; ridge on anteroventral limb of preopercular bone present (Poyato-
Ariza, 2010); body compressed; mouth terminal; upper jaw non-protractile;
scales cycloid, 78-90 in lateral line; dorsal-fin rays 13-17; anal-fin rays 9-11;
pelvic-fin rays 10-12; branchiostegals four; swimbladder present.

Milkfish spawn in the ocean, but metamorphosis from the ribbon-like larval
stage occurs in brackish water. Young are caught close to shore and reared in
coastal ponds. Breeding, however, does not occur in the ponds. Females are
highly fecund and can lay millions of eggs. Adults feed primarily on algae. Fora
detailed study of the ossification and development of Chanos chanos see Arratia
and Bagarinao (2010). Chanos is of considerable importance as a food fish in
Southeast Asia. In the Philippines (where they are known as bangos, bangus,
or sabalo), Indonesia, and especially in Taiwan, there is an extensive fishpond
culture for them. Maximum length 1.8 m, usually 1.0 m.

Early Cretaceous fossil genera include fAethalionopsis (Belgium), TDastilbe
(Brazil and Equatorial Guinea), T Parachanos (Gabon), and T Tharrhias (Brazil,
and sister to Chanos).

One extant species, Chanos chanos (e.g., Poyato-Ariza, 1996a; Grande and
Arratia, 2010).

Family GONORYNCHIDAE (107)—beaked sandfishes. Marine; Indo-Pacific, rare in
southern Atlantic (e.g., St. Helena).

Tooth plates on entopterygoids and basibranchial 2; brush-like cranial inter-
muscular bones (Davis et al. 2013 report that such intermusculars have been
observed in very large Chanos specimens); frontals long and narrow; modified
ctenoid scales on body and head; elongation of lower limb of preopercle; body
elongate; mouth inferior; protractile upper jaw; fins posteriorly placed in most.
Unobservable in fossil forms, the swimbladder is lost, and a single barbel at the
tip of the pointed snout is present.

One genus, Gonorynchus, with five species (Grande, 1999b). Total vertebrae
54-66; lateral-line scales about 160-220; dorsal-fin rays 10-12; anal-fin rays 8
or 9; pectoral-fin rays 10-11 rays; pelvic-fin rays 8-9.

Named fossil gonorynchid genera include fNotogoneus (North America,
Europe, Australia, some of them freshwater, Late Cretaceous to Oligocene,
sister to Gonorynchus plus the Middle Eastern forms), the Cretaceous
T Charitosomus (Germany, Lebanon), {Judeichthys and TRamallichthys (Middle
East), fCharitopsis (Lebanon), and the recently described TSapperichthys
(Mexico) considered to be the most primitive gonorynchid (Poyato-Ariza,
1996; Grande, T., 1996, 1999a, b; Grande, T., and Poyato-Ariza, 1999;
Grande, L., and T. Grande, 2008; Grande, T., and L. Grande, 2008; Grande,
T., and Arratia, 2010; Amaral et al., 2013).
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Family KNERIIDAE (108)—knerias and snake mudheads. Freshwater; tropical Africa.

Parietals highly reduced or lost; foramen magnum enlarged, dorsally bounded
by supraoccipital; extensions on lateral ethmoids; number of supraneurals
reduced to one; fusion of haemal arch and preural centrum 2.

We recognize two subfamilies following Grande and Poyato-Ariza (1999) and
Poyato-Ariza et al. (2010): Kneriinae and Phractolaeminae.

SUBFAMILY KNERIINAE. Knerias. Freshwater; tropical Africa and Nile. Meseth-
moid long and slender with anterior elongate extensions; fifth basibranchial
ossified in adult specimens; neural arch of first vertebra and supraocipital in
contact; supraneurals greatly reduced in size or absent; mouth inferior or sub-
terminal; upper jaw protractile; pelvic-fin rays 6-9. Kneria and Parakneria have
cycloid scales and a lateral line, whereas the small and paedomorphic species of
Cromeria and Grasseichthys have a naked body and lack a lateral line. Maximum
length about 15 cm (attained in Parakneria marmorata of Angola).

Four genera with 30 species: Kneria (13 species), Parakneria (14 species),
Cromeria (2 species, C. nilotica and C. occidentalis as recognized by Britz and
Moritz, 2007), Grasseichthys gabonensis (1 species).

T Mahengichthys singidaensis, from the Eocene Mahenge deposits of Tanzania,
Africa, is the first and only described fossil belonging to the subfamily Kneri-
inae, Tribe Kneriini, and sister to the genus Kneria (Davis et al., 2013).

SUBFAMILY PHRACTOLAEMINAE. Snake mudheads. Freshwater; tropical Africa
(Niger Delta and Malebopool and Zaire systems). Frontals wide, and short;
articular process of maxilla wider than the rest of maxilla; symplectic absent;
expansion of anteroventral limbs of preopercles resulting in bones over-
lapping; spike-like interopercle; infraorbitals 2—4 greatly enlarged; mouth
superior; quadrate positioned near anterior tip of head; protractile upper jaw;
pelvic-fin rays six; cycloid scales; body elongate; dorsal and anal-fin rays about
six; esophagus with numerous folds; swimbladder divided into numerous
small alveoli and adapted to airbreathing; single median abdominal vein
resulting from fusion of the iliac veins. Maximum length about 16 cm.
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One species, Phractolaemus ansorgii, also known as the African Mudminnow
(D. F. E. Thys van den Audenaerde, in Daget et al., 1984; Poll and Gosse, 1995),
sometimes classified as a separate family.

Series OTOPHYSI. The Otophysi are diagnosed in part by the presence
of a Weberian apparatus (named in honor of E. Weber, who described
them in 1820). A Weberian apparatus consists of a series of modified bony
elements and ligaments of the anterior four or five vertebrae that connect
the swimbladder with the inner ear for sound transmission, accompanied
by modifications to the otic region of the skull. Characters of the Otophysi
include: ventral expansion of the anterior one or two supraneurals to form a
synchondral joint with their corresponding neural arches; modification of the
first neural arch elements to form the scaphium and claustrum; second neural
arch to form the intercalarium; the third pleural rib to form the tripus; and
the fourth pleural rib to form the os suspensorium; presence of a sinus impar,
anteriorly bifurcated pelvic girdle; presence of a compound terminal centrum
consisting of the first preural centrum, ural centra one, ural centrum two,
anterior uroneurals and hypural two (Fink and Fink, 1981, 1996; Wiley and
Johnson, 2010).

Early fossils (as old as Early Cretaceous) that may be stem otophysans
include T Chanoides macropoma, T Lusitanichthys, T Nardonoides, and T Santanichthys
(Patterson, 1984a, b; Malabarba and Malabarba, 2010; Mayrink et al., 2014).
The genus fSalminops had been said to be an otophysan ostariophysan but is
now Teleostei incertae sedis (Mayrink et al., 2015).

Fink and Fink (1981) gave strong morphological evidence for the phylo-
genetic relationships within the series Otophysi (comprising herein three
subseries and four orders, the Cypriniformes, Characiformes, Siluriformes,
and Gymnotiformes). The Cypriniformes (in the Cypriniphysi of Fink and
Fink, 1981, 1996) are sister to the Characiformes (in the Characiphysi) plus
the Siluriphysi (with two orders: Siluriformes and Gymnotiformes).

Dimmick and Larson (1996) provided strong support for this phylogenetic
hypothesis (as opposed to earlier views postulating different relationships),
in a combined analysis of molecular data (from 160 phylogenetically infor-
mative sites from nuclear-encoded ribosomal RNA and 208 phylogenetically
informative sites from the mitochondrial genes encoding ribosomal RNA
and the valine transfer RNA) and 85 morphological characters and found
generally high congruence between the molecular and morphological data
in supporting this view of a sister-group relationship between the Gymno-
tiformes and Siluriformes, those two together being a sister group to the
Characiformes, and of the earliest phylogenetic split within the crown-group
Otophysi being the separation of Cypriniformes from all other otophysans.
However, the molecular data of those authors analyzed separately produced a
topology that differs from the analysis of the combined data, for example, in
grouping the Characiformes and the Gymnotiformes as sister taxa (this was
an earlier idea of some morphologists). Dimmick and Larson examined the
sources of the incongruence between the molecular and morphological data,
and found that the morphological characters in their study were significantly
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less homoplastic than those from nuclear encoded rRNA, which were in turn
significantly less homoplastic than those from mitochondrial DNA.

In some more recent molecular studies (e.g., Orti and Meyer, 1997; Orti,
1997; Broughton, 2010) characiforms are hypothesized to be the sister group
to gymnotiforms, while in others (e.g., Near et al., 2012a; Betancur-R. et al,,
2013a) a characiform + siluriform sister-group relationship was obtained.
Additionally, Nakatani et al., 2011, and Chen et al. (2013) hypothesized a
paraphyletic Characiformes closer to Siluriformes than to Gymnotiformes.
Because of the inconsistencies among results based on molecular and
morphological data in recent years, and among various molecular studies
using data from mitochondrial and/or nuclear genes, we follow herein
Fink and Fink (1996) and Wiley and Johnson (2010) for otophysan ordinal
relationships.

Four orders, 77 families, 1,340 genera, and 10,350 species.

Subseries Cypriniphysi. One order, the sister group to all other extant
Otophysi.

Order CYPRINIFORMES (32)—carps, loaches, minnows, and relatives. Kineth-
moid present (a median bone or cartilage between ascending processes of
premaxillae); pre-ethmoid present and tightly articulated between vomer
and mesethmoid; dorsomedial process of autopalatine present; autopalatine
articulating in asocket of the endopterygoid; loss of ectopterygoid-autopalatine
anterior overlap; fifth ceratobranchial (the pharyngeal bone) enlarged, with
teeth ankylosed to the bone (bound by collagenous fibers to the bone in
other ostariophysans with teeth, pharyngeal teeth absent in gyrinocheilids);
pharyngeal teeth opposed to enlarged posterior process of basioccipital bone
(which encloses the dorsal aorta) rather than to upper pharyngeal elements,
the basioccipital process against which the pharyngeal teeth press usually
covered by a pad (tough horny pad in cyprinids, soft pad in catostomids);
elongation of the lateral process of the second vertebral centrum, projecting
into somatic musculature; ascending process to premaxillae; upper jaw usually
protractile; mouth (jaws and palate) always toothless; adipose fin absent
(exceptin some cobitoids); head almost always scaleless; branchiostegals three
(Fink and Fink, 1996, 1999; Wiley and Johnson, 2010; Conway et al., 2010;
Conway, 2011).

Ordinal status is given here following Fink and Fink (1981). The order is
divided into two main groups, usually classified either as superfamilies (as here;
see Conway, 2011) or as suborders. Siebert (1987) gave valuable insights into
family interrelationships. An early molecular (mitochondrial sequence) study
was that of Liu et al. (2002); since then, numerous others have been pub-
lished by a variety of research teams. The history of phylogenetic studies of
the Cypriniformes was reviewed by Simons and Gidmark (2010), Conway et al.
(2010) and Conway (2011).

Thirteen families, with about 489 genera and 4,205 species. The greatest
diversity is in Southeast Asia. Cypriniforms are natively absent from Australia
and South America. Members of this order are popular aquarium fishes, espe-
cially the minnows and loaches.
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Superfamily Cyprinoidea. Two families, the very diverse Cyprinidae, with
numerous subfamilies, hundreds of genera, and thousands of species, and the
much smaller Psilorhynchidae with a single genus.

Family CYPRINIDAE (109)—minnows, carps, and loaches. Freshwater, very rarely
occurring in brackish water; North America (northern Canada to southern Mexico),
Africa, and Eurasia.

Pharyngeal teeth in one to three rows, never more than eight teeth in any
row; absence of an uncinate process on epibranchials one and two; absence of
pharyngobranchial one; pharyngobranchial two overlapping with pharyngob-
ranchial three; barbels present or absent; upper jaw bordered only by premax-
illa (i.e., maxilla excluded from gape); upper jaw usually protrusible; spinelike
rays in dorsal fin in some.

Pectenocypris balaena of Borneo, a phytoplankton feeder, has over 200 gill
rakers. The largest species are the tetraploid barbine Catlocarpio siamensis
of Thailand, which is known to reach at least 2.5 m and probably 3 m, and
Tor putitora of the Brahmaputra River (eastern India), which reaches about
2.7 m; other large Asian species (2 m or larger) include Elopichthys bambusa
and Barbus esocinus. The largest North American cyprinid is Ptychocheilus lucius
of the Colorado River. Many species are under 5 cm, including miniature
danionines discussed below.

The family Cyprinidae is the largest family of freshwater fishes and, with
the possible exception of Gobiidae, the largest family of vertebrates. The com-
mon name for the family most frequently used in North America is minnow,
while in Eurasia it is carp. The incredible diversity in the family is reflected
in the many other common names that have been applied to its genera and
species, including barbel, bitterling, bleak, bream, chub, dace, goldfish, gud-
geon, labeo, loach, riffle dace, roach, rudd, shiner, and tench.

Various members of this family are important as food fish, as aquarium
fish, and in biological research. Species particularly widely used include the
Common Carp (and koi) Cyprinus carpio, Goldfish Carassius auratus, and Zebra
Danio or zebrafish Danio (Brachydanio) rerio. The last species is a popular
aquarium fish thatis being used extensively in developmental (embryological)
and genetic research.

The earliest definite cyprinid fossils are of Eocene age from Asia; the
earliest European and North American ones are of Oligocene age. Examples
include {Parabarbus from the Oligocene and possibly Eocene of Kazakhstan
(Sytchevskaya, 1986), the Eocene tPalaeogobio from China (e.g., Chang and
Chen, 2008), and an Early Eocene fossil assigned to Blicca from England
(Cavender, 1991). Cavender (1991) presented evidence that cyprinids were
absent from North America in the Eocene, a time when other otophysans
were present (catostomids, hypsidorids, and ictalurids), the oldest North
America cyprinids being from the Oligocene. Major extinctions occurred
about 40 and 38 million years ago (Eocene) in the North American faunas
when a marked global cooling occurred.

Much information on this family is found in Winfield and Nelson (1991).
Gilbert (1998) gave a type catalogue of recent and fossil taxa.
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The recognition and composition of the subfamilies has changed over
the years. Important contributions were those of Arai and Kato (2003), and
chapters in Winfield and Nelson (1991) by G. J. Howes and W. ]J. Rainboth.
Cavender (1991) and Cavender and Coburn (1992) preferred to recognize
two subfamilies: those with “head usually kept relatively rigid when feeding
and having relatively slow swimming movements in feeding” (Cyprininae, as
also given in Nelson, 1994), and those with a “head lifting mechanism when
feeding and often feeding with rapid swimming movements” (Leuciscinae, six
subfamilies of Nelson, 1994). Species are being described and genera revised
on a broad front.

About 367 genera and about 3,006 species.

SUBFAMILY DANIONINAE. Africa and southern Eurasia, including Indonesia.
Barbels absent. The composition and monophyly of this group are uncertain
(e.g., Tang et al.,, 2010). Genera include Amblypharyngodon, Aspidoparia,
Barilius, Boraras, Chela, Danio (synonym Brachydanio), Danionella, Engraulicypris,
Esomus, Fanfangia, Horadandia, Leptocypris, Mesobola, Neobola, Opsaridium,
Opsarius, Paedocypris, Raiamas, Rasbora, Rasboroides, Rastrineobola, Salmostoma,
Sundadanio, Tanichthys, and Thryssocypris. About 319 species (Eschmeyer and
Fong, 2015).

Miniaturization and truncated development is seen in several genera of
danionines including Danionella, Paedocypris, and Sundadanio (e.g., Kottelat
et al., 2006; Britz et al., 2011; Conway et al., 2011; Britz and Conway, 2015).
One of the smallest cyprinids and among the smallest freshwater fishes is
Danionella translucida, from lower Myanmar, in which females are ripe at
10-11 mm and the longest specimen known is 12 mm, with D. mirifer of upper
Myanmar being only slightly larger, reaching up to 14 mm (Britz, 2003). Britz
and Conway (2015) recently studied the truncated development of another
miniature species from Myanmar, the Dracula Minnow, Danionella dracula,
which has unusual morphologies such as fang-like processes from the upper
jaws of males.

However, the smallest fish and arguably the smallest vertebrate known
is another danionine, Paedocypris progenetica from Sumatra. Mature females
range in size from 7.9 to 10.3 mm, and mature males from 8.2 to 10.1 mm
(Kottelat et al., 2006). There is controversy over the relationships of Paedocypris
as to whether it is nested within Danioninae (Britz and Conway, 2009, 2011;
Britz et al.,, 2009) or is a much more primitive cyprinid (Mayden and
Chen, 2010).

SUBFAMILY LABEONINAE (LABEOS). Asia and Africa. Weberian apparatus
contacting skull with supraneural bones; basioccipital cross-section concave;
first anal pterygiophore enlarged. e.g., Bangana, Cirrhinus, Crossocheilus,
Epalzeorhynchos (in the aquarium trade these are called “sharks” including the
flying fox and the red-tailed black shark), Garra, Hongshuia, Labeo, Osteochilus,
Rectoris, and Sinigarra. Fossil Labeo are noted in Africa by Stewart (2001).
Some species of Labeo and of other genera are also called “sharks.” Perhaps
402 species (Eschmeyer and Fong, 2015).
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SUBFAMILY CYPRININAE (CARPS AND GOLDFISHES). Median rostral process
of supraethmoid; most with two pairs of barbels; maxillary foramen for
maxillaris nerve innervating anterior barbel; e.g., Aaptosyax, Anematichthys,
Aulopyge, Barbus, Capoeta, Carassius (Crucian Carp and Goldfish), Catlocarpio,
Cyclocheilichthys, Cyprinion, Cyprinus (e.g., Common Carp, koi), Gymnocypris,
Luciobarbus, Luciocyprinus, Poropuntius, Rohtee, and Varicorhinus (e.g., Pasco-Viel
et al., 2012; Yang et al. 2015). Aaptosyax, a giant but critically endangered
cyprinid described in recent decades from the Mekong River (Rainboth,
1991) is included only tentatively in this subfamily as its relationships are
disputed and only limited molecular evidence has been presented to date
(Yang et al., 2015).

Cyprinines include many of the most important food fishes, many of the
most commonly kept aquarium fishes, and many of the most troubling invasive
species. About 50 species (Eschmeyer and Fong, 2015).

SUBFAMILY BARBINAE. The barbels. Europe, Africa, and Asia. Mouth inferior;
lower lip often swollen or modified; two pairs of barbels; often large, living near
the bottom; females often with larger anal fin than males; e.g., Acrossocheilus,
Balantiocheilos, Barbus (barbels, barbs), Clypeobarbus, Diptychus, Haludaria, Ham-
pala, Onchystoma, Oreichthys, Pseudobarbus, Puntius, Schizothorax (this and its rel-
atives, known as snow trouts, occur at high elevations), Sinocyclocheilus (with
many cave species in China), Semiplotus, Spinibarbus, and Tor. About 744 species
(Eschmeyer and Fong, 2015).

SUBFAMILY LEUCISCINAE (MINNOWS). North America and Eurasia (except, e.g.,
India and Southeast Asia). Includes Alburninae in this treatment. Barbels
absent; maxillary foramen absent; pharyngeal teeth usually in two rows;
high number of vertebrae (Howes, 1991). Several monophyletic lineages
are recognized within this taxon, but the subfamily itself may not be mono-
phyletic. Phoxinus was at one time recognized as being in both the Nearctic
and Palearctic (Holarctic), but Strange and Mayden (2009) resurrected the
genus Chrosomis for the Nearctic species. The phylogeny of North American
Leuciscinae was analyzed by Bufalino and Mayden (2010). Gidmark and
Simons (2014) reviewed North American cyprinids and recognized additional
genera in this subfamily.
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North American genera include Acrocheilus, Agosia, Algansea, Azlecula,
Campostoma, Chrosomis, Clinostomus, Codoma, Couesius, Cyprinella, Dionda,
Evemichthys, Ericymba, Erimonax, Evimystax, Evarra, Exoglossum, Gila, Hemitremia,
Hesperoleucus, Hybognathus, Hybopsis, Iotichthys, Lavinia, Lepidomeda, Luxilus,
Lythrurus, Macrhybopsis, Margariscus, Meda, Moapa, Mylocheilus, Mylopharodon,
Nocomis, Notemigonus (may have affinity with Alburninae), Notropis, Opsopoeodus,
Oregonichthys, Orthodon, Pararhinichthys, Phenacobius, Pimephales, Plagopterus,
Platygobio, Pogonichthys, Pteronotropis, Plychocheilus, Relictus, Rhinichthys, Richard-
sonius, Semotilus, Siphateles, Snyderichthys, Stypodon, Tampichthys, and Yuriria
(based on Nelson et al.,, 2004). Old world genera in this clade include
Abramis (bream), Acanthobrama, Achondrostoma, Alburnoides, Alburnus (bleak)
(synonym Chalcalburnus) (type genus of the subfamily Alburninae, recognized
in Nelson, 1994), Anaecypris, Aspius, Atrilinea, Ballerus, Blicca, Chondrostoma
(nase), Delminichthys, Elopichthys, Hypophthalmichthys, Iberochondrostoma, Ibero-
cypris, Kottelatia, Ladibesocypris, Leucaspius, Leuciscus (e.g., the ide, formerly
in the genus Idus), Luciobrama, Leucos, Ochetobius, Oreoleuciscus, Pachychilon,
Parachondrostoma, Pelasgus, Pelecus, Petroleuciscus, Phoxinellus, Phoxinus, Pro-
tochondrostoma, Pseudaspius, Pseudochondrostoma, Pseudophoxinus, Rasbosoma,
Rhynchocypris (synonym Eupallasella), Rutilus (roach), Sarmarutilus, Scardinius
(rudd), Squalius, Telestes, Tribolodon, Tropidophoxinellus, and Vimba (e.g., Kottelat
and Freyhof, 2007a).

There are about 564 species in the subfamily (Eschmeyer and Fong, 2015).

SUBFAMILY ACHEILOGNATHINAE. Eurasia (including Japan, absent from central
Asia). Ovipositor in females (eggs usually laid in mantle cavity of unionid
bivalves); males with tubercle-bearing plates; uroneurals absent; coracoid
foramen reduced or absent; deep, compressed bodies. Three genera,
Acheilognathus, Rhodeus (bitterlings), and Tanakia, with about 75 total species
(Eschmeyer and Fong, 2015).

SUBFAMILY GOBIONINAE (GUDGEONS). Eurasia. One pair of barbels; derived
sensory canal patterns and frontal and supraoccipital morphology; benthic
fishes usually with flat belly, inferior mouth, and laterally spread pectoral fins
(Kottelat and Freyhoff, 2007b). The phylogeny of Gobioninae was recon-
structed by Tang et al. (2011), who recognized three or more main clades.
All genera except Gobio (gudgeons) restricted to eastern Asia (including
Japan). For example, Coreius, Gnathopogon, Gobio, Gobiobotia, Microphysogobio,
Pseudogobio, Pseudorasbora, Romanogobio, Sarcocheilichthys (type of the nominal
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subfamily Sarcocheilichthyinae), Sawrogobio, and Squalidus, with 201 total
species (Eschmeyer and Fong, 2015).

SUBFAMILY TINCINAE. Southeast Asia. One pair of barbels; supraorbital and
infraorbital sensory canals separated; scales small and deeply embedded
(Howes, 1991; Kottelat and Freyhof, 2007). Two genera with four species,
Tinca (1. tinca, the Tench) of Eurasia, and Tanichthys (3), which may be its
closest relative (Tang et al., 2010; Chang et al., 2014).

MOST MEMBERS OF THE FOLLOWING FOUR SUBFAMILIES, formerly thought to be
Danioninae (also referred to as Rasborinae in some works), have been
grouped together based on molecular evidence by several studies, including
those of Wang et al. (2007), Fang et al. (2009) and Tang et al. (2010). Wang
et al. (2007) used the existing name Xenocyprinae for the entire clade.
Fang et al. (2009) called them “ex-Danioninae,” and then Liao et al. (2011)
suggested using Opsariichthyinae, a name coined by Rendahl (1928) to
also include Zacco. Tang et al. (2013), using molecular data, but a different
method of analysis, synonymized all four of these under the subfamily name
“Oxygastrinae Bleeker, 1860a,” arguing that this name had priority over all
others. However, we disagree about the nomenclature. “Oxygastrinae” is based
on Bleeker’s (1860a, b) term Oxygastri, which is not an available family-group
name, as also pointed out recently by Kottelat (2013) and by Van der Laan
etal. (2014).

When Bleeker (1860a, b) used Oxygastri to describe a small group of genera,
he included the genus Chela in both publications, but he did not (separately)
include Oxygaster, because, as he (1860b) made clear, he regarded Chela as
a senior synonym of Oxygaster. Basing the name on a genus then considered
invalid (ajunior synonym) disqualified Oxygastri, even with corrected spelling,
from being made available as a family-group taxon (ICZN 1999, Articles 11.7.1,
64) in Bleeker’s publications. Kottelat (2013) also suggested (plausibly, in our
view) that Bleeker intended it to be a descriptive term, and not a family-group
name based on a type genus. Bleeker himself did not use the name in his
later work, as Tang et al. (2013) admitted. Therefore, we are confident that
Tang et al. (2013) and others are mistaken in using that name, and we use
Opsariichthyinae herein for the subfamily that contains it. Pending a greater
consensus about the details of their relationships, which are not agreed upon
by different studies, we provisionally retain all four separate subfamilies.

SUBFAMILY OPSARIICHTHYINAE. Eastern Asia. Macrochirichthys, Opsariichthys,
Oxygaster, Zacco. Tang et al. (2011) include also Aphyocypris, Candidia, Nichol-
sicypris, Nipponocypris, Parachela, Pararasbora, Parazacco, and Yaoshanicus in this
clade. This subfamily name would apply to a clade that contained all four of
these subfamilies if monophyly of the entire clade is confirmed.

SuBrAMILY CULTRINAE. Eastern Asia. Barbels absent; vomer extending anterior
to ethmoid to floor kinethmoid cavity; parasphenoid flattened anteriorly
with deep ventral groove; sensory canal as prominent ridge on platform
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formed mostly by parietal; belly keel-like; body compressed (Howes, 1991).
For example, Chanodichthys, Culter, Erythroculter, Hemiculter, and Parabramis.

SUBFAMILY SQUALIOBARBINAE. East Asia. Large cyprinids with enlarged subtem-
poral fossa; palatine articulating with lateral border of supraethmoid; enlarged
intercalar; divided levator posterior muscle. Ctenopharyngodon (C. idella, Grass
Carp), Mylopharyngodon (1), and Squaliobarbus (1) (e.g., Howes, 1961; Kottelat
and Freyhof, 2007).

SUBFAMILY XENOCYPRINAE. East Asia. Pharyngeal teeth compressed, six teeth in
main row. For example, Aristichthys, Hypophthalmichthys (Bighead Carp and Sil-
ver Carp, introduced into North America, India, and Southeast Asia), and Xeno-
cypris. Miocene fossils include {Eoxenocypris and T Xenocyproides (Chang et al.,
1996).

Family PSILORHYNCHIDAE (110)—mountain carps. Freshwater mountain streams;
Bangladesh, Nepal and adjacent India to western Myanmar (former Burma) and China.

Mouth small, subterminal; jaws with sharp horny edges, lips fleshy; barbels
absent; gill openings narrow; ventral surface of head flattened; dorsal fin
with 10-12 rays (7-9 branched) and anal fin with two unbranched and
five branched rays; pectoral fin with at least four unbranched rays; lateral
line complete, with 31-50 scales; pharyngeal bone with one row of four
teeth; swimbladder reduced. Maximum length about 8 cm. Given in Nelson
(1994) as a subfamily of Cyprinidae. Conway (2011) analyzed the osteology
and morphology-based relationships of Psilorhynchus and recommended
continued use of the family name.

One genus, Psilorhynchus (synonym Psilorhynchoides), with twenty species, of
which the majority have been named in recent decades (e.g., Yazdani et al.,,
1993; Vishwanath and Manojkumar, 1995; Conway and Britz, 2010; Conway
and Kottelat, 2007).

Superfamily Cobitoidea. The arrangement of families follows Siebert
(1987), with some modifications after Conway (2011) and Kottelat (2012).
Catostomids are usually regarded as the sister group to the remaining extant
cobitoids (e.g., Conway, 2011). The cobitids and balitorids were recognized
as 2 monophyletic group by Sawada (1982), in part, because the opisthotic is
absent and the orbitosphenoid is in contact with the supraethmoid-ethmoid
complex. Conway (2011) also included Nemacheilidae in this group.

One fossil-only family; 11 extant families with about 121 genera and 1,179
species.

tFamily JIANGHANICHTHYIDAE. Freshwater, Eocene, China. Adults deep-bodied;
caudal fin forked; dorsal and anal fins emarginate; first anal principal ray branched; sen-
sory canal in frontal bone-enclosed posteriorly but roofed by bony shelf anteriorly;
maxilla with three anterior processes; 4™ pleural rib of Weberian apparatus short with
hooked end; pharyngeal bones lacking enlarged teeth.
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This fossil-only family of freshwater fishes was recently named by Liu et al.
(2015). Its precise relationships to the extant families are uncertain, but it
clearly represents a separate, very distinct lineage. One genus with one species,
T Jianghanichthys hubeiensis.

THE NEXT TWO FAMILIES ARE UNITED IN A CLADE BY SOME recent studies (e.g., Saitoh
etal., 2006; Conway, 2011).

Family GYRINOCHEILIDAE (111)—algae eaters. Freshwater mountain streams; South-
east Asia. These fishes are used extensively in home aquaria.

Pharyngeal teeth absent; ventral mouth as sucking organ used to attach onto
objects; gill slit consisting of a dorsal and ventral opening, inhalent aperture
entering into gill chamber above the exhalent aperture; no barbels; number
of gill rakers about 140; lateral-line scales 39-43. Feeds exclusively on algae.
Size up to 30 cm.

One genus, Gyrinocheilus, with three species (Roberts and Kottelat, 1993).

Family CATOSTOMIDAE (112)—suckers. Freshwater; China, northeastern Siberia,
North America.

Basioccipital process finely fenestrated; decending ventral process of second
vertebral centrum and outer arm of the os suspensorium sutured forming a
transverse plate, mandibular portion of the preopercular-mandibular canal
absent; row of 16 or more pharyngeal teeth; lips usually thick and fleshy with
plicae or papillae; upper jaw usually bordered by premaxilla and maxilla;
18 (9+49) principle caudal rays; tetraploids. Maximum length about 1.0 m, less
than 60 cm for most species.

Thirteen genera with 78 species (about 45 species placed in the genera
Catostomus and Moxostoma). In Nelson (1994), three subfamilies were recog-
nized following Smith (1992); here, an additional subfamily is recognized
based on Harris and Mayden (2001) and Harris et al. (2002). Several more
recent molecular studies have attempted to resolve internal relationships of
catostomids (Doosey et al. 2010; Chen and Mayden, 2012; Clements et al.,
2012), but none has been comprehensive both with genetic loci or taxa
sampled.

Smith (1992:800) reviewed the Asian and North American fossil record.
Fossil genera include fAmyzon from North America and China (with a sug-
gested relationship to ictiobines; Wilson, 1977; Bruner, 1991a; Smith, 1992;
Liu et al., 2016), T Vasnetzovia from Asia, and T Plesiomyxocyprinus from China
(Liu and Chang, 2009), all of Eocene age. Bruner (1991b) compiled a bibli-
ography to the family, and Gilbert (1998) made a type catalogue of recent and
fossil taxa.

SUBFAMILY MYXOCYPRININAE. Twelve to 14 anal-fin rays; 52-57 dorsal-fin rays;
47-55 lateral-line scales; body relatively deep.
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One species, Myxocyprinus asiaticus, primarily in Yangtse and Hwang Ho
drainages, eastern China.

SUBFAMILY CYCLEPTINAE. Seven analfin rays; 28-37 dorsal-fin rays; 51-59
lateral-line scales.

One genus, Cycleptus (blue suckers), with two species, Mississippi and adja-
cent gulf coastal drainages of southern United States and Mexico.

SUBFAMILY ICTIOBINAE. Seven to 11 anal-fin rays; 22-32 dorsal-fin rays; 33—-43
lateral-line scales; 115-190 pharyngeal teeth (the highest of all catostomids;
Eastman, 1977). Canada to Guatemala (absent from Pacific drainages). The
northernmost species is Carpiodes cyprinus (North Saskatchewan and Red Deer
rivers, Alberta); the southernmost is Ictiobus meridionalis (Guatemala).

Two genera, Carpiodes (3, quillback and carpsuckers) and Ictiobus (5, buffaloes),
with eight species.

SUBFAMILY CATOSTOMINAE. Seven anal-fin rays; 10-18 dorsal-fin rays; 30-120
lateral-line scales. Northeastern Siberia, Alaska, and northern Canada to
Mexico. The northernmost species is Calostomus catostomus (rivers adjacent
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to the Arctic coastline); the southernmost is probably Moxostoma congestum
(northeastern Mexico).
Nine genera and 67 species.

TRIBE ERIMYZONTINI. The lateral line is incomplete or absent. Two genera,
Erimyzon (4, chubsuckers) and Minytrema (1), with five species, eastern Canada
and United States.

TRIBE CATOSTOMINIL. Mostly Western North America. Lateral line present;
more than 50 lateral-line scales. Most suckers are benthic feeders and have
a ventral mouth, but species of Chasmistes (lake suckers) are midwater plankti-
vores and have a large, terminal mouth.

Two species are particularly widespread: Catostomus catostomus (Longnose
Sucker) extends from New York to eastern Siberia and C. commersonii (White
Sucker) extends from Georgia to British Columbia.

Four genera, Catostomus (27, with subgenera Catostomus and Pantosteus),
Chasmistes (5), Deltistes (1), and Xyrauchen (1), with 34 species. The genus
Catostomus may be paraphyletic (Harris et al., 2002).

TRIBE THOBURNIINI. Eastern Canada and United States. Swimbladder poste-
rior chamber reduced in size. Two genera, Hypentelium (3, hog suckers) and
Thoburnia (3, paraphyletic if all species included), with six species, Considered
monophyletic by Harris and Mayden (2001).

TRIBE MOXOSTOMATINI.  Lateral line present; fewer than 50 lateral line scales.
Most of the species live in eastern and central Canada and United States and
in Mexico. One, Moxostoma macrolepidotum, which is particularly widespread,
extends from easternmost United States to Alberta. One genus, Moxostoma
(synonyms Lagochila, based on Smith, 1992, and Scartomyzon, based on Harris
etal., 2002) (redhorses and jumprocks), with 22 species. The extinct Harelip
Sucker, Moxostoma lacerum (Lagochila lacera), has not been collected for over
100 years and is not included in the generic species counts.

THE REMAINING NINE FAMILIES of Cobitoidea constitute the loaches. The first two,
the Botiidae and Vaillantellidae, were united in a clade by Conway (2011).

Family BOTIIDAE (113)—botiid loaches. Freshwater; Asia, from India to China and
Japan, including Sumatra, Java, and Borneo. Several species are popular aquarium fishes.
Kottelat (2012) raised the former cobitid subfamily Botiinae to family rank.



190 Fishes of the World

Two pairs of rostral barbels; cephalic lateral-line system inconspicuous; caudal
fin deeply forked; body compressed.

Eight genera, Ambastaia (2), Botia (10) (e.g., zebra loach B. striata), Chro-
mobotia (1) (the clown loach C. macracanthus), Leptobotia (14), Parabotia (12),
Sinibotia (6), Syncrossus (5) (e.g., tiger loach S. bermorei), and Yasuhikotakia (7),
with about 57 species (Kottelat, 1998, 2004a, 2012).

Family VAILLANTELLIDAE (114)—long-fin loaches. Borneo and Sumatra (Kottelat,
2012). Greatest diversity in southern Asia; bottom dwellers. Maximum length about
40 cm.

Dorsal fin long, with 59-71 rays (Nalbant and Banarescu, 1977; Conway et al.,
2010).
One genus, Vaillantella, with three species.

THE REMAINING FAMILIES were recognized as distinct by Kottelat (2012).
Family COBITIDAE (115)—loaches. Freshwater; Eurasia and Morocco.

Coronomeckelian absent; orbitosphenoid not in contact with pterosphenoid;
endopterygoid reduced to a rod and articulating loosely with metapterygoid;
concave posteroventral edge of opercle; horizontal and descending processes
of the fourth pleural rib from the lateral and posterior surfaces of the swim-
bladder; fusion of the first preural centrum to the parhypural and hypural one;
fusion of the second preural centrum to the last haemal arch (Conway at al.,
2010); body worm-like to fusiform; mouth subterminal; 3—-6 pairs of barbels
present; erectile spine below eye (anterior in Acantopsis); one row of pharyn-
geal teeth; one pair of rostral barbels (rarely absent); cephalic lateral-line sys-
tem conspicuous; caudal fin usually rounded or slightly emarginate (forked in
Acantopsis and some Lepidocephalichthys) .

Popular aquarium species belong to such genera as Acantopsis (horse-face
loach), Pangio (e.g., kuhli or coolie loaches), and Misgurnus (e.g., weather-
fishes, including a color form of the Japanese weather loach called the golden
dojo). Misgurnushas been widely released and is now invasive in many locations
including North America and Australia.

The accepted spelling of the family name is Cobitidae, not Cobitididae as
introduced into the literature in 1980 (Opinion 1500 of the International
Commission on Zoological Nomenclature, 1988, stemming from a case pub-
lished in the Bulletin of Zoological Nomenclature in December 1986 by M.
Kottelat).

About 21 genera, e.g., Acantopsis, Acanthopsoides, Bibarba, Canthophrys
(synonym Somileptus), Cobitis, Iksookimia, Kichulchoia, Koreocobitis, Kottelatlimia,
Lepidocephalichthys, Lepidocephalus, Microcobitis, Misgurnus, Neoeucirrhichthys,
Niwaella, Pangio (synonym Acanthophthalmus), Paralepidocephalus, Paramisgur-
nus, Protocobitis, Sabanejewia, and Theriodes with about 195 species (e.g., Kottelat
etal., 1993, 1998, 2012; Roberts, 1997).
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Family BALITORIDAE (Homalopteridae) (116)—hillstream or river loaches. Freshwa-

ter; Eurasia.

e

Three pairs of barbels present near mouth; exoccipitals separated from each
other by the supraoccipital; interhyal absent; mesocoracoid fused with an
enlarged cleithrum; enlargement of pelvic basipterygium; enlargement of
pleural rib connected to pelvic basipterygium; gill opening restricted or not;
paired fins enlarged with adhesive pads on ventral surface, orientated hori-
zontally; pelvic fin separated or united under belly. These fishes, commonly
known as the hill-stream loaches, have the body and head flattened, mouth
subterminal, and paired fins adapted as adhesive organs. They are found in
fast-flowing mountain streams from India through Southeast Asia including
Sumatra, Java, and Borneo, to China and Taiwan.

According to Sawada (1982), balitorids and nemacheilids may be recognized
as a separate lineage from cobitids by differences in the Weberian apparatus
(e.g., by the Y-shaped tripus, the most posterior element of the Weberian ossi-
cles). Nelson (1994) recognized two tribes that in earlier literature had been
recognized as distinct at the family or subfamily level, the balitorines (= homa-
lopterines) (with two or more unbranched anterior rays in both pectoral and
pelvic fins) and gastromyzontines (single unbranched anterior ray in pectoral
and pelvic fins). We now also separate the gastromyzontines from the balitorids
as a third family following Kottelat (2012).

About 14 genera, e.g., Balitora (12) (see figure), Balitoropsis (10), Bhavania
(1), Cryptotora (1), Hemimyzon (16), Homaloptera (11), Homalopteroides (6),
Homalopterula (6), Jinshaia (3), Lepturichthys (2), Metahomaloptera (3), Sino-
gastromyzon (20), and Travancoria (2), with about 93 species (e.g., Tan and
Martin-Smith, 1998; Freyhof, 2003; Freyhof and Serov, 2000; Kottelat, 1998,
2000a, 2001a,b, 2004b, 2012 and references therein).

Family GASTROMYZONTIDAE (117)—gastromyzontid or sucker loaches. China and
Southeast Asia. Formerly included within Balitoridae, the family is now considered dis-
tinct by Kottelat (2012) and herein.
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Pectoral and pelvic fins modified into sucker organs for clinging to objects in
fast-flowing streams; single unbranched anterior ray in pectoral and pelvic fins.

At least 18 genera, e.g., Annamia (1), Beaufortia (16), Erromyzon (4),
Formosania (10), Gastromyzon (36) (lower figure), Glaniopsis (4), Hypergastromy-
zon (2), Katibasia (1), Liniparhomaloptera (4), Neogastromyzon (6), Paraprotomyzon
(4), Parhomaloptera (1), Plesiomyzon (1), Protomyzon (4), Pseudogastromyzon (9),
Sewellia (13), Vanmanenia (16), Yaoshania (1), with about 125 species.

Family NEMACHEILIDAE (118)—stone loaches. Eurasia and Ethiopia. The previous
subfamily Vaillantellinae was raised to family status (see above) by Kottelat (2012).

®
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Prepalatine present; no spine under or before eye; two pairs of rostral barbels
and one pair of maxillary barbels; body elongate, rounded, or compressed;
mouth subterminal; single unbranched ray in pectoral and pelvic fins;
adipose-like fin present in some; scales present or absent.These loaches occur
throughout much of Eurasia, with greatest diversity in the Indian subcon-
tinent, Indochina, and China. One species occurs in Africa, in the Lake
Tana drainage in Ethiopia. Several cave species are known from Iran, India,
China, Thailand, and Malaysia (e.g., Proudlove, 2005). At least 42 genera,
e.g., Aborichthys, Acanthocobitis, Barbatula (synonym Orthrias), Heminoemacheilus,
Lefua, Nemacheilus, Neonoemacheilus, Oreonectes, Paracobitis (synonym Adi-
posia), Pteronemacheilus, Schistura (which contains the majority of species),
Traccatichthys, Triplophysa, and Yunnanilus (synonym Eonemachilus), with at
least 618 species (e.g., Sawada, 1982; Kottelat, 1998, 2000a, 2012; Freyhof and
Serov, 2001; Vishwanath and Laisram, 2001; Bohlen and Slechtova, 2011).

THE FOLLOWING THREE FAMILIES were also recognized as distinct in Kottelat’s
(2012) review of world loaches, and possibly related to Balitoridae, Gastromy-
zontidae, and Nemacheilidae according to a molecular study by Bohlen and
Slechtova (2009).

Family BARBUCCIDAE (119)—fire-eyed loaches. Borneo and Thailand. This family
was newly named by Kottelat (2012). One genus, Barbucca, with two species. Bohlen
and Slechtova (2009) found Barbucca to be close to Balitoridae, Serpenticobitidae, and
Gastromyzontidae.

Family ELLOPOSTOMATIDAE (120)—sturgeon-mouthed loaches. Borneo and Thai-
land (Kottelat 2012). Snout squarish or oblique (vs rounded or pointed in other loaches);
mouth very small, ventral, and highly protrusible; eyes very large; one pair of barbels;
35-38 pharyngeal teeth (vs 8-25 in others); see Roberts (1972). This family was named
by Bohlen and Slechtova (2009). One genus, Ellopostoma, with two species.
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Family SERPENTICOBITIDAE (121)—serpent loaches. Mekong River basin of
Southeast Asia. Mouth small, inferior; suborbital spine present; body with 7-8 regular,
dark, vertical bars. The genus was named by Roberts (1997) and the family was named
by Kottelat (2012). One genus, Serpenticobitis, with three species. Bohlen and Slechtova
(2009) found Serpenticobitis to be possibly the sister group to Gastromyzontidae.

Subseries Characiphysi. This clade, originally named by Fink and Fink (1981)
to contain three orders, herein contains only the order Characiformes. Its
sister group is the Siluriphysi (below). For character support see Fink and
Fink (1996).

Order CHARACIFORMES (33)—characins. Teeth usually well developed and
multicuspid (most are carnivores); replacement teeth on premaxillary and
dentary forming in crypts; auditory foramen of prootic present; dorsomedial
opening into posttemporal fossa present (Wiley and Johnson, 2010); adipose
fin usually present; body almost always scaled (scales almost totally lacking in
adults of the characid tetra Gymnocharacinus bergii of Argentina, which also
lacks an adipose fin and is the most southerly known characiform); ctenoid or
ctenoid-like scales in some; pelvic fin present (with 5-12 rays); anal fin short to
moderately long (fewer than 45 rays); lateral line often decurved, sometimes
incomplete; upper jaw usually not truly protractile; pharyngeal teeth usually
present, but not usually specialized as in cypriniforms (anostomids have highly
modified pharyngeal teeth); barbels absent; branchiostegals 3—5; usually three
postcleithra; first hypural separated from the centrum by a gap in adults;
usually 19 principal caudal-fin rays. Maximum length about 1.4 m, attained by
Hydrocynus goliath of the Congo. At the opposite extreme, many members are
under 3 cm, and the smallest reach a maximum size of about 13 mm.

Some members of this order are extremely colorful (many are silvery). Many
species are popular aquarium fishes (often known as tetras). In South America,
many are also important food fishes (e.g., Brycon).

Fossils include { Paleohoplias and T Tiupampichthysfrom South America (Gayet
et al.,, 2003), fEocitharinus (possibly in Citharinoidei) and {Mahengecharax
(and possibly sister to the Alestiidae) from Africa (Murray, 2003a, b), and
TSorbinicharax (of the fossil family fSorbinicharacidae) from the latest Cre-
taceous of Europe (Taverne, 2003; Otero et al., 2008). A Late Cretaceous
partial jaw from Canada (Newbrey et al., 2009) was identified as a characiform
because of the distinctive details of a complex interdigitating joint at the
symphysis between its lower jaws. These European and North American fossil
records show that the Characiformes were not restricted to the Southern
Hemisphere during the Mesozoic.

The order contains at least 24 families, about 520 genera, and about 2300
species. All extant characins are confined to fresh water. More than 200
species occur in Africa, with the remainder in southwestern United States,
Mexico, and Central and South America. The African members comprise
three lineages—the citharinoids, the alestiids, and the one species of Hepsetus.
Numbers of species for Central and South America taxa were listed by Reis
etal. (2003).
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The classification of this large assemblage of poorly known species, with
much morphological diversity and where convergent evolution is common
remains controversial. The history of phylogenetic hypotheses for this order
was reviewed by Vari (1998), Dahdul (2010), and Malabarbara and Malabar-
bara (2010). A comprehensive morphological phylogeny is that of Buckup
(1998) and that classification was closely followed by Nelson (2006). Other
recent molecular phylogenetic papers include those of Calcagnotto et al.
(2005) and Oliveira et al. (2011). The last mentioned study suggested some
rearrangements of family groups, some of which we adopt here. Some other
major aspects remain unchanged in this edition, including the basic division
into two suborders.

Suborder Citharinoidei. Teeth bicuspidate; second and third postcleithra fused;
neural arch of fourth vertebra autogenous; premaxillary ascending process
absent; scales ctenoid (cycloid in Citharinus) ; pelvic-fin rays relatively numerous.

Fink and Fink (1981) and Buckup (1998) postulated this group to be
the primitive sister group to all other characiforms, with Xenocharax being
the most primitive member. That hypothesis is also supported by molecular
studies including those of Orti and Meyer (1997), Calcagnotto et al. (2005)
and Oliveira et al. (2011).

Two families with twenty genera and about 109 species.

Family DISTICHODONTIDAE (122)—distichodontids. Freshwater; Africa.

There are two typical morphotypes. One consists of those members with non-
protractile upper jaws; they are micropredators and herbivores. Their body
shape varies from deep (as in figure above) to shallow. The other consists of
species with a movable upper jaw; they are carnivores, eating the fins of other
fishes or the whole fish. Their body is usually elongate (as in figure below).
This latter group was frequently recognized as a subfamily or family (Ichthy-
boridae). Maximum length 83 cm, attained in Distichodus niloticus.
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Seventeen genera, Belonophago, Congocharax, Distichodus, Dundocharax, Eug-
nathichthys, Hemigrammocharax, Hemistichodus, Ichthyborus, Mesoborus, Microstom-
atichthyoborus, Nannaethiops, Nannocharax, Neolebias, Paradistichodus, Paraphago,
Phago, and Xenocharax, with about 101 species (Daget and Gosse in Daget et al.,
1984:184-211).

Family CITHARINIDAE (123)—citharinids. Freshwater; Africa.

Maxilla reduced and lacking teeth; body deep; dorsal and anal fins relatively
long, dorsal with 16-24 rays and anal with 19-31 rays. Maximum length
about 84 cm.

Three genera with eight species, Citharinus with six and the monotypic
Citharinops and Citharidium (J. Daget in Daget et al. 1984:212-16).

Suborder Characoidei. This suborder contains all other characiforms, consti-
tuting the vast majority of taxa, at least 22 families, perhaps 500 genera, and
2200 or more species. Monophyly is supported by both morphological and
molecular evidence (see above).

Superfamily Crenuchoidea. One family.

Family CRENUCHIDAE (124)—South American darters. Freshwater; eastern Panama
and South America.

Paired foramina in the frontal bones, posterodorsally to the orbits (pro-
nounced in Crenuchinae but very small in the Characidiinae). Crenunchids
are relatively small, usually under 10 cm SL.

Both subfamilies were recognized as subfamilies of a large Characidae in
Nelson (1994); they are placed here as a monophyletic group in the family
Crenuchidae following Buckup (1998, 2003).

Twelve genera and 85 species.

SUBFAMILY CRENUCHINAE. Enlarged lateral frontal foramina (Buckup, 1998,
lists additional synapomorphic features supporting monophyly for this taxon).
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Poecilocharax lacks an adipose fin. Maximum length only 5.7 cm TL. Northern
South America.
Two genera, Crenuchus (1) and Poecilocharax (2), with three species.

SUBFAMILY CHARACIDIINAE. Anal fin with fewer than 14 rays. Buckup (1993a),
lists some 13 synapomorphic features supporting monophyly for this taxon and
provides a diagnosis for the then known genera and species. Eastern Panama
and South America south to northern Argentina and Uruguay). Some species
of Characidium have the remarkable ability to climb waterfalls by using their
paired fins to cling to the underside of rocks (Buckup et al., 2000). As noted
by these authors, some species of Awaous and reportedly of Trichomycteri-
dae, Astroblepidae, Rivulidae, and Balitoridae are able to surmount waterfalls
(adult Entosphenus and juvenile Galaxias apparently can also surmount falls
and/or dams).

Ten genera, Ammocryptocharax (4), Characidium (56), Elachocharax (4),
Geryichthys (1), Klausewitzia (1), Leptocharacidium (1), Melanocharacidium (9),
Microcharacidium (3), Odontocharacidium (1), and Skiotocharax (1), with about
82 species (Buckup, 1993b, 2003).

Superfamily Alestoidea. The orthography of the superfamily name is corrected
to correspond to that of the type family. Two families, twenty genera and about
123 species.

Family ALESTIDAE (ALESTIIDAE) (125)—African tetras. Freshwater; Africa.

Buckup (1998) gave reasons for recognition as a separate family; had been
considered a subfamily of Characidae in Nelson (1994) and Weitzman and
Malabarba (1998).

About 19 genera, e.g., Alestes, Brycinus, Bryconaethiops, Clupeocharax, Hem-
igrammopetersius, Hydrocynus, Ladigesia, Micralestes, Nannopetersius, Petersius,
Phenacogrammus, Rhabdalestes, and Tricuspidalestes, with about 118 species in
total (Géry, 1995; Murray and Stewart, 2002).

Family HEPSETIDAE (126)—African pikes. Freshwater; tropical Africa.

Elongate pike-like body; long snout and large mouth with a few large canines
and smaller pointed teeth; dorsal fin with seven rays placed before origin of
anal fin which has nine rays (each also with two rudimentary rays); pelvic
fin with nine rays; lateral-line scales 49-58, cycloid; adipose fin present.



Superorder OSTARIOPHYSI 197

Maximum length 65 c¢m SL. Eggs are laid in a nest of floating foam. This
species is considered to be a gamefish.

One genus and perhaps five species, including Hepsetus odoe (T. R. Roberts
in Daget et al., 1984:138-39; Poll and Gosse, 1995; Skelton, 2001).

Superfamily Erythrinoidea. The oldest available family-group name (Van
der Laan et al., 2014) within this superfamily appears to be Erythrinidae
Valenciennes, 1847, which is the basis for the superfamily name Erythrinoidea
adopted here.

Molecular evidence (Oliveira et al., 2011, fig. 4) suggested the existence
of this clade, which includes Anostomidae, Chilodontidae, Curimatidae,
Cynodontidae, Erythrinidae, Hemiodontidae, Parodontidae, Prochilodon-
tidae and Serrasalmidae. The sequence in which the families are listed
approximates their suggested phylogenetic relationships. Nine families with
about 56 genera and about 466 valid species.

Family ERYTHRINIDAE (127)—trahiras. Freshwater; South America.

Gape long, extending beyond anterior margin of orbit; body cylindrical; five
branchiostegals; pectoral-fin rays relatively few, 9-14; dorsal fin with 8-15 rays
(plus three rudimentary ones), origin in front of anal fin and usually over
pelvic fins (males of Erythrinus can have an elongated dorsal fin); anal fin short,
10-11 rays; adipose fin absent; caudal fin rounded; scales relatively large, 34-47
in lateral line; numerous teeth on palate.

Some are predators. Some can breathe air and move across land between
ponds. They show some resemblance to Amiain body shape. Maximum length
about 1.0 m, attained in Hoplias lacerdae and H. macrophthalmus.

Three genera, Erythrinus (2), Hoplerythrinus (3), and Hoplias (9), with
16 species (Oyakawa, 2003).

Family PARODONTIDAE (128)—parodontids. Freshwater, benthic; mountain streams
of eastern Panama and most of South America.
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Peculiar fishes with ventral mouths and teeth modified for scraping algae
off rocks; premaxillaries highly mobile and greatly enlarged; adipose eyelid
absent; lateral line scales 35-43; pectoral fins expanded and flattened;
vertebrae 35-41. Maximum length usually 15 cm.

Formerly considered a subfamily of Hemiodontidae. Recognized here
following Buckup (1998) as forming a polytomy with two other clades of
the Charocoidei, the Anostomoidea and all other characiforms (his clade 9,
recognized in six superfamilies and 11 families).

Three genera, Apareiodon (15), Parodon (14), and Saccodon (3), with about
32 species (Pavanelli, 2003).

Family CYNODONTIDAE (129)—cynodontids. Freshwater; South America.

Mouth oblique; well-developed canines (saberlike in some); pectoral fins
relatively large. Maximum length 65 cm. Two subfamilies were formerly
recognized, Cynodontinae for Cynodon, Hydrolycus, and Rhaphiodon with the
largest species and those with the longest canines, and Roestinae for Gilber-
tolus and Roestes. The Roestinae are now a subfamily of Acestrorhynchidae
(see below).

Three genera, Cynodon (3), Hydrolycus (4), and Rhaphiodon (1, upper figure)
with 8 species (Toledo-Piza, 2003).

THE NEXT TWO FAMILIES were hypothesized by Oliveira etal. (2011) to be a clade.
Serrasalmidae were classified as a subfamily of Characidae by Nelson (2006).

Family SERRASALMIDAE (130)—pacus, silver dollars, and piranhas. South America
(introduced to other areas) (pacus, silver dollars, and piranhas). Maximum length about
80 cm SL.
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Piranhas are thought to be mostly carnivorous, but other members of the
family are mainly herbivorous (M. Jégu in Réis et al., 2003). Thompson et al.
(2012) produced a molecular phylogeny of the family. Lundberg et al. (1986)
described fossils of a living species of Colossoma from the Miocene, suggesting
a very conservative history for a specialized herbivorous fish. Fossils from the
Miocene of a very large, meter-long piranha called Megapiranha, said to be a
link between pacus and piranhas, were found recently in Argentina (Cione
etal., 2009). Whether it was carnivorous or herbivorous is still debated.

Sixteen genera, e.g., Acnodon (3), Catoprion (1), Colossoma (1), Metynnis (11),
Mylesinus (3), Myleus (15), Myloplus (11), Piaractus (5), Pristobrycon (5), Pygocen-
trus (4), Serrasalmus (28), and Tometes (2), with about 92 species (Jégu in Reis
et al., 2003:182-196).

Family HEMIODONTIDAE (131)—hemiodontids. Freshwater, usually pelagic; north-
ern South America, south to the Parand-Paraguay Basin.

Body subcylindrical to fusiform (and fast swimming fishes); adipose eyelid
well developed; teeth absent on lower jaw in adults; gill membranes free;
adipose eyelid present; lateral-line scales 50-125; pectoral-fin rays 18-23; 9-11
branched pelvic rays; most species with round spot on side of mid-body and
stripe along lower lobe of caudal fin; vertebrae 40-45. Langeani (1998) listed
synapomorphies for the family and its lower taxa. Maximum length about
30 cm SL.

Five genera with about 31 species, with several undescribed species
(Langeani, 2003).

SUBFAMILY ANODONTINAE. Anodus has jaw teeth absent; numerous elongate gill
rakers, up to 200 on first arch (more than any other characoid) depending
on fish size; pharyngeal structures specialized for filter feeding on plankton,
while Micromischodus sugillatus is the only hemiodontid with teeth on lower jaw
throughout life.

Two genera, Anodus (2, synonym Eigenmannina) and Micromischodus (1), with
three species (Langeani, 2003).

SuBFAMILY HEMIODONTINAE. Two tribes with three genera and about 28
species.

TRIBE HEMIODONTINI. One genus, Hemiodus (synonyms Hemiodopsis and Ptero-
hemiodus), with about 21 species (Langeani, 2003).
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TRIBE BIVIBRANCHIINI. The only characiform with a highly protrusible upper
jaw having a unique mechanism of protrusion (especially pronounced in
Bivibranchia); premaxilla minute and firmly attached to anterior end of max-
illa. Bivibranchia also has a number of other derived modifications, including
a unique elaboration of the glossopharyngeal and vagus nerves.

Two genera, Argonectes (2) and Bivibranchia (synonym Atlomaster, 5), with
about seven species (Langeani, 2003).

THE NEXT TWO FAMILIES recognized here, Anostomidae and Chilodontidae, have
been proposed to form a monophyletic group (Vari, 1983) though results from
some molecular analyses (e.g., Oliveira et al., 2011) have neither confirmed
nor strongly rejected the grouping. Mandible relatively short; upper and lower
pharyngeal dentition enlarged; two or more cusps on all pharyngeal teeth; sin-
gle tooth row on each jaw. Many of the species swim in an oblique head-down
position, hence the common name headstanders for the group. Most species
are herbivores or detritovores.

Family ANOSTOMIDAE (132)—toothed headstanders. Freshwater; southern Central
America and South America.

Mouth small, nonproctractile (upturned in many species); series of only three
or four teeth in upper and lower jaws; premaxilla (especially the ascending
process) enlarged, much larger than the maxilla (which is excluded from the
gape), and with enlarged teeth; body usually elongate; anal fin short, usually
with fewer than 11 branched rays. Maximum length 80 cm SL.

Fourteen genera, Abramites (2), Anostomoides (3), Anostomus (5), Gnathodo-
lus (1), Hypomasticus (8), Laemolyta (9), Leporellus (4), Leporinus (90), Petulanos
(3), Pseudanos (5), Rhytiodus (4), Sartor (3), Schizodon (16), and Synaptolaemus
(2), with at least 155 species (Garavello and Britski, 2003). A comprehensive
osteological analysis and resulting phylogeny was published by Sidlauskas and
Vari (2008).

Family CHILODONTIDAE (133)—headstanders. Freshwater; northern South America.
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Premaxilla relatively small, maxilla much enlarged; uppermost of three
postcleithra typical of the order missing; 7-10 branched dorsal-fin rays;
lateral-line scales about 25-31; sixth lateral-line scale smaller than the other
scales; highly modified pharyngeal apparatus; single series of relatively small
teeth movably attached to jaws. Maximum length 18 cm.

Two genera, Caenotropus (4) and Chilodus (4), with eight species (Vari and
Raredon, 2003).

THE FOLLOWING TWO FAMILIES constitute a clade according to both morphologi-
cal (Vari, 1983, 1989; Buckup, 1998) and molecular (e.g., Oliveira et al., 2011)
evidence. These two families were recognized in Nelson (1994) as subfam-
ilies of the Curimatidae. They share a large sac-like muscular epibranchial
organ that extends dorsal to the medial elements of the dorsal portions of
the gill arches; and reduction or loss of dentition on the fifth upper pharyn-
geal tooth plate and loss on the ceratobranchial. Many of the synapomorphies
uniting them are associated with food gathering and manipulation. Typically
detritivorous.
About 11 genera and 124 species.

Family CURIMATIDAE (134)—toothless characiforms. Freshwater; southern Costa
Rica to northern Argentina.

Jaw teeth absent (Anodus is the only other characiform lacking jaw teeth);
enlarged lagenar capsule; gill rakers absent or poorly developed; four
branchiostegal rays; branchiostegal membranes united to isthmus; vertebrae
usually 30-36. Body form ranges from fusiform to deep-bodied and com-
pressed; most are mulletlike in shape. Curimatids are microphagous fishes.
Maximum length about 32 cm, attained in Curimata mivarti.

Eight genera, Curimata (synonym Acuticurimata), Curimatella, Curimatopsis,
Cyphocharax, Potamorhina (synonyms Gasterotomus, Suprasinelepichthys), Psectro-
gaster, Pseudocurimata, and Steindachnerina (synonyms Cruxentina, Curimatorbis),
with about 103 species (e.g., Vari, 1991, 1992a, b, 2003a, Vari et al., 2010). The
eight genera that are currently recognized were keyed in Vari (1992b).

Family PROCHILODONTIDAE (135)—flannel-mouth characiforms. Freshwater;
South America, primarily the northern half, south to Ecuador and Brazil.
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Mouth protractile, forming a sucking disc (lips enlarged); jaw teeth present,
numerous and small; predorsal spine present. Superficially resemble the
cyprinid Labeo. Maximum length 74 cm TL., attained in Prochilodus lineatus.

Three genera, Ichthyoelephas (2), Prochilodus (13), and Semaprochilodus (6),
with about 21 species (Vari, 1983; Castro and Vari, 2003).

Superfamily Characoidea. There are currently five families in this very large
superfamily.

THE FOLLOWING TWO FAMILIES constitute a group that is suggested by Oliveira
etal. (2011) to be sister to all remaining Characoidea. Those authors also pro-
posed numerous other changed taxonomic groups that we find interesting
and often plausible; however, because the changes are radical, not all sugges-
tions have been followed at this time; where appropriate they are discussed in
the text. The sequence in which families are listed below approximates that
implied by the phylogeny of Oliveira et al. (2011).

Family LEBIASINIDAE (136)—pencil fishes. Freshwater; Costa Rica, Panama, and
South America. This is the sister group to Ctenoluciidae on molecular evidence (Oliveira
etal., 2011).

Gape short, usually not reaching orbit; three or four branchiostegals; adipose
fin present or absent; anal fin with 8-14 rays; dorsal fin in front of anal fin,
usually over pelvic fins (often behind in the Pyrrhulinini, which also have an
elongate upper caudal fin lobe); scales large, 17-33 in longitudinal series.

Two subfamilies with seven genera (Derhamiawith one species is not assigned
to subfamily) and about 77 species (Weitzman and Weitzman, 2003).

SUBFAMILY LEBIASININAE. Four branchiostegals; maxilla relatively long.

Two genera, Lebiasina (18) and Piabucina (9), with about 27 species.
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SUBFAMILY PYRRHULININAE. Three branchiostegals; maxilla short.

Two tribes are recognized: Pyrrhulinini, with about 29 species, in Copeina (2),
Copella (9), and Pyrrhulina (18); and Nannostomini, which contains the one
genus of pencilfishes, proper, Nannostomus (20, synonym Poecilobrycon).

Family CTENOLUCIIDAE (137)—pike-characids. Freshwater; Panama and South
America.

Elongate pike-like body, including having anal fin and usually the dorsal fin
set far back on body; carnivorous; scales spinoid; pelvic fin with eight rays.
Maximum length at least 67.5 cm SL.

Two genera, Boulengerella (5) and Ctenolucius (2), with seven species (Vari,
1995, 2003b).

Family ACESTRORHYNCHIDAE (138)—acestrorhynchids. Freshwater; South America
(greatest diversity in Orinoco and Amazon basins).

Body elongate, pike-like body, and covered with small scales. Maximum length
40 cm SL.

SUBFAMILY ACESTRORHYNCHINAE. One genus, Acestrorhynchus, with 14 species.

SUBFAMILY HETEROCHARACINAE. Mirande (2009) recognized this subfam-
ily. Four genera, Heterocharax (3), Gnathocharax (1), Lonchogenys (1), and
Hoplocharax (1), with six species.

SUBFAMILY ROESTINAE. Mirande (2009, 2010) did not study these two gen-
era, previously placed within Cynodontidae (see above), but Oliveira et al.
(2011) gave molecular evidence for placing them as a subfamily within the
Acestrorhynchidae. Two genera, Roestes (3) and Gilbertolus (3), with six species.

Family CHARACIDAE (139)—characins. Freshwater; southwestern Texas, Mexico, and
Central and South America.
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Orbitosphenoid small, slender and separated from parasphenoid; rhinosphe-
noid present; lateral-line canal on caudal-fin membrane present; anterior ven-
tral procurrent caudal-fin rays fused in laminar medial bone; attachment of
medial tendon of Al section of adductor mandibulae on quadrate near its artic-
ulation with preopercle (Mirande, 2010). Mirande (2009, 2010) published a
detailed morphological phylogenetic analysis of the family.

This large and diversified family includes many fishes that are widely used
in home aquaria and as food, a blind cavefish in Mexico (Astyanax jordani and
Astyanax sp.) and Brazil (Stygichthys typhlops) (Proudlove, 2005), and a species
that has dispersed into Texas, United States (Astyanax mexicanus).

N\

The composition of this family has greatly changed with the removal of the
formerly recognized subfamilies Crenuchinae and Characidiinae, now recog-
nized in the family Crenuchidae, and the removal of African taxa (the formerly
recognized Alestiinae, now a family). This now leaves the osteoglossids as the
only completely freshwater fish family indigenous to both Africa and South
America (some nandids enter brackish water, and cyprinodontids and cichlids
have a few members that enter marine water).

A large number of taxa are incertae sedis as to subfamily, perhaps 500-600.
Reis et al. (2003:212) preferred to emphasize that the relationships of many
characids are too poorly known to recognize artificial subfamilies. Reis et al.
(2003:104-105) listed nine species as incertae sedis in Characidae while Lima
et al. in Reis et al. (2003:106-169), listed 88 genera containing 620 species
as incertae sedis. More recently, some of those genera have been allocated
to families as indicated below. Some of the remaining incertae sedis genera
(with approximate numbers of species) are Astyanax (142, see note below),
Bramocharax (4), Exodon (1), Gymnocharacinus (1), Gymnocorymbus (3, black
tetras), Hemigrammus (figure above) (54), Hyphessobrycon (135, synonyms
include Megalamphodus), Jupiaba (27), Moenkhausia (75), Oligosarcus (19),
Paracheirodon (3, recognized at one time in Hyphessobrycon, cardinal, green
neon, and neon tetras), Pristella (1), Probolodus (1), Rachoviscus (2), and
Stygichthys (1). There have been many changes in the species recognized in
the genus Astyanax, the most species-rich in the order, over the last several
years (Reis etal., 2003): for example, A. jordani of Mexico (originally described
in Anoptichthys), often treated as a synonym of A. mexicanus, is now recognized
as valid; and A. fasciatus, described from Brazil, has been identified more
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recently in southern Mexico populations and has been introduced into the
United States (Witmer and Fuller, 2011).

Much of the information on the subfamilies considered to be monophyletic
by Reis et al. (2003:170-230) is from individual chapters in that work, written
by specialists, and cited below.

SUBFAMILY IGUANODECTINAE. South America. Three genera, Bryconops (19),
Iguanodectes (8), and Piabucus (3), with 30 species (Moreira in Reis et al.,
2003:172-173).

Oliveira etal. (2011) suggest that the following two groups are closely related
to each other as well as to Engraulisoma (1), Lignobrycon (1) and Triportheus (18),
three genera that were formerly incertae sedis.

SUBFAMILY AGONIATINAE. South America (primarily in the Amazon basin).
Resemble clupeiforms in body shape and color. One genus, Agoniates, with
two species (Lima and Zanata in Reis et al., 2003:170).

SUBFAMILY CLUPEACHARACINAE. South America. Elongate body with midventral
keel and long anal fin. One species, Clupeacharax anchoveoides (Lima in Reis
etal., 2003:171).

SUBFAMILY BRYCONINAE. Southern Mexico (i.e., Brycon guatemalensis) to
Argentina. Maximum length about 70 cm SL. Four genera, Brycon (75),
Chilobrycon (1), Henochilus (1), and Salminus (2), with about 79 species (Lima
in Reis et al., 2003:174-181). A recent molecular phylogenetic study of this
group was that by Abe et al. (2014), who suggested that Brycon is paraphyletic,
several species being closer to Chilobrycon, and that Henochilus is a junior
synonym of Brycon.

SUBFAMILY STETHAPRIONINAE (SILVER DOLLAR TETRAS). South America (mainly
Colombia to Argentina). Body deep; anteriorly directed spine preceding first
dorsal-fin ray. Maximum length 9 cm. Six genera, Brachychalcinus (5), Gymno-
corymbus (3), Orthospinus (1), Poptella (4), and Stethaprion (2), Stichonodon (1),
with 16 species (Reis.in Reis et al., 2003:209-211).

SUBFAMILY RHOADSIINAE. Nicaragua and Costa Rica to Ecuador and Peru.
Longest dorsal-fin ray may reach caudal fin in adult males. Maximum length
13.6 cm SL. Four genera, Carlana (1), Nematocharax (2), Parastremma (3), and
Rhoadsia (2), with eight species (Cardosa in Reis et al., 2003:213-214).

SUBFAMILY CHARACINAE. Southern Mexico to South America (to La Plata
basin). Maximum length 24 cm SL. About twelve genera, e.g., Acanthocharax
(1), Acestrocephalus (8), Bryconexodon (2), Charax (16), Cynopotamus (12),
Exodon (1), Galeocharax (3), Phenacogaster (20), Priocharax (2), and Roeboexodon
(2), Roeboides (21), with more than 88 species (Lucena and Menezes in Reis
etal., 2003:200-208).
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SUBFAMILY TETRAGONOPTERINAE. South America. Body deep; anal-fin base
long. Most genera previously placed in this subfamily, as in Nelson (1994),
are now placed as incertae sedis in Characidae because there is no evidence
that they form a monophyletic group. One genus, Tetragonopterus, with eight
species (Reis in Reis et al., 2003:212).

SUBFAMILY APHYOCHARACINAE. South America. Eight genera, Aphyocharax
(12), Inpaichthys (1), Leptagoniates (2), Paragoniates (1), Phenagoniates (1),
Prionobrama (2), Rhacoviscus (2), Xenagoniates (1) with 22 species (Lima in Reis
et al., 2003:197-199).

SUBFAMILY APHYODITEINAE. The monophyly of this subfamily, supported most
recently on morphological grounds by Mirande (2010), has been questioned
on molecular results by Tagliacollo et al. (2012). Eight genera, Aphyodite (1),
Paarecbasis (1), Leptobrycon (1), Microschemobrycon (7), Aphyocharacidium (2),
Oxybrycon (1), Axelrodia (3), and Tyttobrycon (5), with 21 species.

SUBFAMILY CHEIRODONTINAE. Costa Rica and South America (to northern
Argentina and including Trinidad). Two tribes are recognized: Cheirodontini
with secondary sexual specializations in males of the ventral procurrent
caudal-fin rays, and Compsurini, which are inseminators, where sperm is
apparently transferred to the ovaries of females. Maximum length 6 cm,
attained in Spintherobolus papilliferus. Sixteen genera, e.g., Cheirodon (10),
Compsura (2), Odontostilbe (17), Serrapinnus (9), and Spintherobolus (4), with
about 62 species (L. R. Malabarba in Reis et al., 2003:215-221).

SUBFAMILY GYMNOCHARACINAE. Monophyly of this subfamily was supported by
Mirande (2010). Four genera, Gymnocharacinus (1), Grundulus (3), Nemato-
brycon (2), and Coptobrycon (1), with seven species.

SUBFAMILY STEVARDIINAE (GLANDULOCAUDINAE). Costa Rica and South Amer-
ica (to northern Argentina and including Trinidad). Males with a putative
pheromone pumping mechanism in the caudal region; internal fertilization
in all known species are inseminators, as are those of the above-mentioned
members of the tribe Compsurini, but with differing details. This is now a large
group, with 44 genera, e.g., Argopleura (4), Bryconamericus (51), Corynopoma (1),
Creagrutus (64), Diapoma (2), Gephyrocharax (12), Glandulocauda (2), Hemibrycon
(19), Knodus (16), Mimagoniates (6), Pseudocorynopoma (2), Tyttocharax (3), and
Xenurobrycon (4), with 438 species (Weitzman in Reis et al., 2003:222-230).
Many of the genera in this group were listed by Nelson (2006) as incertae sedis
within Characidae.

Family GASTEROPELECIDAE (140)—freshwater hatchetfishes. Freshwater; Panama
and South America (absent in Chile). This family was placed within Characidae close
to Salmininae and Bryconinae by a recent molecular study (Oliveira et al., 2011).
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Strongly compressed head and body with protruding bony and muscular breast
region; lateral line extremely short, extending to tail, or curved downward to
approach origin of anal fin; dorsal-fin rays 10-17; anal-fin rays 22-44; pelvic
fins and associated bones minute: teeth on third pharyngobranchial absent,
four or five branchiostegals; adipose fin present (in larger species) or absent
(in smaller species); frontal bone bearing a strong longitudinal ridge; posttem-
poral and supracleithrum fused into a single bone; cleithra of each side fused;
no postcleithra. Maximum length about 6.8 cm SL.

These fishes are capable of jumping out of the water and making short
flights.

Three genera, Carnegiella (4), Gasteropelecus (3), and Thoracocharax (2), with
nine species (Weitzman and Palmer, 2003).

Subseries Siluriphysi. The Siluriphysi are ranked here as the third and last
subseries within series Otophysi. The clade was unranked when it was
named by Fink and Fink (1996) to contain two orders, Siluriformes and
Gymnotiformes. Siluriphysi are the sister group to the subseries Characiphysi
containing the single order Characiformes. Fink and Fink (1996) reviewed
the extensive character support for the Siluriphysi. See the discussion above
under series Otophysi concerning alternative phylogenies. Siluriformes +
Gymnotiformes are diagnosed by a suite of characters discussed in Fink
and Fink (1981) and listed in Wiley and Johnson (2010). These characters
include the absence of the intercalar, sclerotic, and supraorbital bones; eye
of adults reduced in size; ectopterygoids reduced in siluroids or absent in
gymnotoids; presence of a single pharyngeal toothplate; Baudelot’s ligament
robust and bifurcated distally; all rib elements (especially the fourth and
tripus) projecting from their centra at an angle close to horizontal; flanges
on dorsal and ventral halves of pectoral-fin rays about equal in size; separate
middle radial ossifications absent from all dorsal and anal fin pterygiophores;
when present, principal caudal fin ray count usually 9/9 or fewer, rather
than 10/9; and neural complex exhibiting development of cartilaginous
bridges between supradorsals 3 and 4 of each side that fuse with supraneural
3 cartilage (Hoffman and Britz, 2006).

Order SILURIFORMES (Nematognathi) (34)—catfishes. Symplectic, subopercular,
basihyal, and intermuscular bones absent; parietals presumed fused to
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supraoccipital; mesopterygoid very reduced; preopercle (with no horizontal
limb) and interopercle relatively small; posttemporal presumably fused to
supracleithrum; vomer often toothed (as are the pterygoid and presumed
palatine); adipose fin usually present; spine-like (= spinous) rays often present
at the front of the dorsal and pectoral fins (referred to as spines in family
descriptions) (the dorsal fin of most catfishes technically has two spines—the
first being very short and forming a locking mechanism for the second spine,
which is usually the only one referred to in the family descriptions); body
naked or covered with bony plates; normally up to four pairs of barbels
on head, one nasal, one maxillary, and two on chin (i.e., on the lower jaw
or mandible), the nasal and chin barbels may be variously absent; maxilla
toothless and small, functioning with small autopalatine for precisely moving
the maxillary barbel (exceptin Diplomystidae and the extinct {Hypsidoridae);
principal caudal-fin rays 18 or fewer (mostwith 17, i.e., 1,7-8,i); caudal skeleton
varying between having six separate hypural plates to complete fusion of
caudal elements; air-breathing organs in Clariidae and Heteropneustidae.
Vertebrae are as few as 15 in some pangasiids to over 100 in some clariids,
not including the Weberian vertebrae (Arratia et al., 2003). In contrast to
other teleosts, where the urohyal forms as an unpaired ossification of the
tendon of the sternohyoideus muscle, in siluriforms a“parurohyal” results
from paired ossifications of the tendons, which then fuse in early ontogeny
(Arratia et al. 2003). The Weberian apparatus of catfishes is described in
detail by Chardon et al. (2003). For specific characters (e.g., os suspensoria
lacking posteromedial process; parapophysis of second centrum absent;
transformator process of tripus separated posteriorly by width of complex
centrum) see Fink and Fink (1996) and Wiley and Johnson (2010). The many
cave species are listed in Proudlove (2005).

Several catfish species are known to be poisonous or venomous (Perriere
and Goudey-Perriere, 2003, gave a detailed review). They can inflict severe
wounds with their spines (primarily those of the pectoral fin) and inject a poi-
son produced by glandular cells in the epidermal tissue covering the spines.
Most species are passive stingers (e.g., Noturus). Some, such as Heteropneustes
Jossilis of India, which has a painful and potentially dangerous sting, have an
aggressive behavior with records of attacks on humans and other fishes. Stings
from Plotosus lineatus may result in death.

In many areas, catfishes are popular sports fishes and valued food items.
They are also widely used as tropical aquarium fishes. All members of this order
are appropriately referred to as catfishes, despite attempts for marketing pur-
poses to restrict use of the term to one family (Nelson et al., 2002). The largest
catfish is Silurus glanis which commonly reaches 3 m in length; a pangasiid and
pimelodid are also known to reach exceptionally large sizes. Many catfishes
have a maximum length of under 12 cm.

Extensive information on all aspects of catfishes may be found in various
chapters in Arratia et al. (2003); for example, apart from papers cited below,
chapters 1 and 4 by G. Arratia give, respectively, an overview of the catfish
head skeleton and of the postcranial skeleton, and chapter 5 by B. G. Kapoor,
B. Khanna, R. Diogo, E. Parmentier, and M. Chardon reviews the internal
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anatomy. A detailed review of higher-level names was given by Ferraris and
de Pinna (1999). Ferraris (2007) more recently produced a detailed checklist
and type catalog for Siluriformes including fossil taxa.

Valuable reviews of past classifications, as well as information on the groups,
are found in de Pinna (1998), Diogo (2003a), and Teugels (2003). The clas-
sification here is modified from that in de Pinna (1998) and that work, based
largely on his 1993 unpublished Ph.D. dissertation, should be consulted for
many synapomorphies of clades. The family descriptions below do not nec-
essarily give diagnostic features. Parts of the classification are based on the
molecular results of Sullivan et al. (2006) though that work left many deeper
nodes within Siluroidei unresolved.
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Siluriformes

Gymnotiformes
Siluriphysi

One view of relationships among the main subgroups of Siluriphysi.

Forty families with about 490 genera and about 3,730 species. Of these, about
2,053 species (excluding strictly marine ones of Ariidae) occur in the Americas.
Two families, Ariidae and Plotosidae, consist largely of marine species, but they
have representatives that are frequently found in brackish and coastal waters
and sometimes only in fresh water. Other catfish families are freshwater groups,
although some have species that can invade brackish water.

Including Eocene or Oligocene fossils from Antarctica (Grande and
Eastman, 1986), catfishes are now known from all continents. The sister
group of the Siluriformes is usually considered to be the Gymnotiformes (see
above under Otophysi and Siluriphysi) although some preliminary molecular
phylogenies place them as sister to Characiformes (e.g., Betancur-R. et al.,
2013a) or sister to characoid characiforms (e.g., Nakatani et al., 2011).

As noted by Ferraris in Reis et al. (2003:254), Conorhynchos conirostris of
Brazil was formerly not assigned to any family and was placed incertae sedis,
but Sullivan et al. (2006) have now found evidence that it is close to or
in Heptapteridae. See also Sullivan et al. (2013) for additional evidence
that Conorlynchos is close to Heptapteridae and another incertae sedis genus,
Phreatobius, is close to Pseudopimelodidae and Pimelodidae.

A new family of catfishes was described by Rodiles-Hernandez et al. (2005),
the Lacantuniidae, erected for a single species from southern Mexico.
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A molecular phylogenetic and biogeographic study (Lundberg et al., 2007)
later concluded that Lacantunia indeed represents a separate family, closest
to Claroteidae and surprisingly in an unnamed clade of catfishes with African
distributions.

Another unusual new catfish from western India was named by Vincent and
Thomas (2011). Kryptoglanis glanis is a stygobitic (groundwater-dwelling) cat-
fish with developmentally truncated morphology (Lundberg et al., 2014) and
assigned to a new family by Britz et al. (2014).

The fossil record, beginning in the late Late Cretaceous (fossils are known
from all continents except perhaps Australia), was reviewed by Gayet and Meu-
nier (2003). The checklist and type catalog of Ferraris (2007) also lists fossils.
Some fossil taxa not placed in the families below include an unnamed genus of
late Late Cretaceous age from Bolivia; fossils assignable to the Arioida (sensu
Lundberg, 1993), Late Cretaceous, Bolivia; T Bucklandium, Eocene, England,;
TFajumia, Eocene, Egypt; and the so-called “titanoglanis,” not formally named,
from the Eocene of Arkansas (Gayet and Meunier, 2003).

FFamily ANDINICHTHYIDAE. Late Cretaceous to Paleocene, Bolivia, based on skele-
tal fragments. Extrascapular canal perhaps present (a primitive feature and unique among
catfishes); dermal skull bones ornamented. Genera include tAndinichthys, tincaichthys,
and fHoffstetterichthys.

Suborder Diplomystoidei. This may be the primitive sister group of all other
extant catfishes (Grande, 1987; Diogo, 2004; Diogo and Peng, 2010). Sullivan
et al. (2006) and Betancur-R. et al. (2013a) in molecular analyses suggested
instead that they are sister to Siluroidei, and that Loricarioidei are sister to
all other extant catfishes. The molecular studies unfortunately could not
sample one of the most important primitive catfish clades, the fossil-only
THypsidoroidei.

FFamily BACHMANNIIDAE. Eocene, South America. One genus and species. The
primitive catfish tBachmannia chubutensis Dolgopol de Saez, 1941, was redescribed
by Azpelicueta and Cione (2011), who suggested that it is the sister group of the
Diplomystidae. See also Pereira (1988).

Family DIPLOMYSTIDAE (141)—velvet catfishes. Freshwater; southern South Amer-
ica, Chile and Argentina.

The only extant catfish family with teeth on a well-developed maxilla, 18 princi-
pal caudal-fin rays, and lagenar otolith equal in size to or larger than utricular
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otolith; only maxillary barbels present; skin covered with papillae; no bony
plates; dorsal fin with spine and 6 or 7 soft rays; anal fin with 9-12 principal
rays; adipose fin present; pectoral fin with spine. Maximum length 32 cm SL.

Two genera, Diplomystes (3) and Olivaichthys (3), and six species (Arratia,
1987; Ferraris, 2003a; Lundberg et al., 2004). Diplomystid fossils have been
identified as pectoral spines from the late Late Cretaceous of Argentina and
Bolivia, although identification is based on primitive characters (Lundberg,
1998; Gayet and Meunier, 2003).

‘tSuborder Hypsidoroidei. Eocene. One family.

FFamily HYPSIDORIDAE. Eocene of North America.Teeth on a well-developed maxilla
(similar to the condition in diplomystids); one suprapreopercle; six infraorbital bones;
17 principal caudal-fin rays.

Two species, THypsidoris farsonensis from the early middle Eocene of Wyoming
and T H. oregonensis from the middle Eocene of Oregon (Grande 1987; Grande
and de Pinna, 1998). The fossils of {H. farsonensis are exceptionally well pre-
served and yield a wealth of anatomical information; Grande (1987) concluded
that they are the sister group of all catfishes except Diplomystidae.

Suborder Cetopsoidei. The one family is sister to all extant catfishes except
Diplomystidae according to de Pinna (1993), Hardman (2005), and de Pinna
etal. (2007), or forms a trichotomy with the {Hypsidoridae and a clade of all
remaining catfishes according to de Pinna (1998). Alternative phylogenetic
positions for the Cetopsidae are as sister to Siluroidei (Diogo, 2004), in a
polytomy at the base of all Siluroidei (Sullivan et al., 2006), or in an effec-
tive polytomy (key nodes having very weak support) among most Siluroidei
(Betancur-R. et al., 2013a).

Family CETOPSIDAE (142)—whale catfishes. Freshwater; South America.

Body naked; three pairs of barbels (no nasals); anal fin with long base, usually
20-49 rays; body naked and lacking bony plates; pectoral and dorsal fins lack-
ing spines (except in a few cetopsines).

The families Helogeneidae and Cetopsidae (as recognized in Nelson, 1994)
were united by de Pinna and Vari (1995) and this was followed in de Pinna
(1998) and de Pinna et al. (2007). They are recognized here as subfamilies.

Five genera (see below) with 42 species (Vari and Ferraris, 2003; Vari et al.,
2005; Vari and Ferraris, 2009).

SUBFAMILY HELOGENEINAE. Dorsal fin base short, with about five soft rays and
no spine; no spine in pectoral fin; adipose fin, if present, small (present or
absent within some species); caudal fin with 15 or 16 principal rays; 12 or 13
branchiostegal rays; vertebrae 41-45 (including the 5 Weberian vertebrae).
Maximum length about 7 cm SL.
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One genus, Helogenes (synonym Leyvaichthys), with four species (Vari and
Ferraris, 2003; de Pinna et al., 2007).

SuBrAMILY CETOPSINAE. No adipose fin; swimbladder highly reduced and
enclosed in bony capsule; dorsal fin far forward. Maximum length about
26 cm SL.

Four genera, Cetopsis (including Bathycetopsis, Hemicetopsis and Pseudocetopsis)
(21), Cetopsidium (7), Denticetopsis (7), and Paracetopsis (3, synonym
Cetopsogiton), with about 38 species (Vari and Ferraris, 2003). Vari et al. (2005)
made generic changes and described new species; de Pinna et al. (2007)
revised the family and made additional changes to taxonomy.

Suborder Loricarioidei. Six families with 159 genera and 1.453 species.
Loricarioids may be sister to all other extant catfishes (Sullivan et al., 2006) or
sister to Siluroidei among extant catfish groups (Diogo, 2004, 2010).

Family TRICHOMYCTERIDAE (Pygidiidae) (143)—pencil catfishes or parasitic
catfishes. Freshwater; Costa Rica, Panama, and throughout South America.

Body naked and elongate; chin (mental) barbels usually absent; nasal barbel
usually present but on anterior nostril rim rather than on the posterior nostril
rim as in many siluroids; usually two pairs of maxillary barbels; usually no adi-
pose fin; opercle usually with spines. Pelvic fins have been lost in at least three
lineages: Eremophilus, Glanapteryginae, and Miuroglanis.

The common name “parasitic catfishes” is derived from the habits found in
species of two subfamilies. Members of the Vandelliinae are hematophagous
and pierce the skin of living fishes or other animals and gorge themselves on
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blood; some live on blood obtained within the gill cavities of other fishes. In
addition, individuals of Vandellia (a candiru) of Brazil are known to enter the
urethra of humans with serious consequences for both the fish and the person
(see review by de Carvalho, 2003, of a book on the candiru). Members of the
Stegophilinae feed on the mucus and scales of other fishes. This family and
the Nematogenyidae are probably sister groups (de Pinna, 1998).

Eight subfamilies provisionally recognized, with about 41 genera and about
273 species (de Pinna, 1998; de Pinna and Wosiacki, 2003; Teugels, 2003).

SUBFAMILY COPIONODONTINAE. Brazil. Adipose fin well developed; origin of
dorsal fin in anterior half of body; maxilla articulating with lower jaw. Two
genera, Copionodon (3) and Glaphyropoma (2) and 5 species (de Pinna and Wosi-
acki, 2003). This group and the Trichogeninae may be part of a trichotomy
with the remaining trichomycterids (de Pinna, 1998; Bichuette et al., 2008).

SUBFAMILY TRICHOGENINAE. Brazil. Anal fin long, with more than 30 rays. One

genus, 2 species, Trichogenes longipinnis and 1. claviger from southeastern Brazil
(de Pinna and Wosiacki, 2003; de Pinna et al., 2010).

SUBFAMILY TRICHOMYCTERINAE. Central and South America. Eight genera,
Bullockia (1), Evemophilus (1), Hatcheria (1), Ituglanis (22), Rhizosomichthys (1),
Scleronema (3), Silvinichthys (5), and Trichomycterus (about 160), with about 194
species (de Pinna and Wosiacki, 2003; Wosiacki and Garavello, 2004; Bichuette
and Trajano, 2004; Fernandez and de Pinna, 2005; Campos-Paiva and Costa,
2007; Wosiacki and de Pinna, 2008; Barbosa and Costa, 2010; Fernandez and
Vari, 2012; Bichuette and Rizzato, 2012; Fernandez et al., 2013). They occur
from near sea level to 4,500 m elevation. Some of the species in the unusually
widespread genus Trichomycterus can inhabit torrential streams. One species,
T. catamarcensis from the Andes of Argentina, lacks the pelvic fins and girdle.
This subfamily may not be a monophyletic assemblage and is thus in need of
revision (de Pinna, 1998; Datovo and Bockmann, 2011).

SUBFAMILY VANDELLIINAE. South America. About four genera, Paracanthopoma
(1), Paravandellia (2, synonyms Branchioica and Plewrophysus), Plectrochilus (3),
and Vandellia (3), with about nine species (de Pinna and Wosiacki, 2003;
Teugels, 2003; Fernandez and Schaefer, 2009).

SUBFAMILY STEGOPHILINAE. South America. Coronoid process of dentary
oriented horizontally; wing-like posterior projection at distal tip of premax-
illa; posterodorsal process of hyomandibula medial to main lamina of the
bone; mouth opening a wide, crescentshaped disc (DoNascimiento, 2015).
These catfishes feed on scales, mucus, or skin of other fishes. There are
12 genera, Acanthopoma (1), Apomatoceros (1), Haemomaster (1), Henonemus
(5), Homodiaetus (4), Megalocenter (1), Ochmacanthus (5), Parastegophilus (2),
Pseudostegophilus (2), Pareiodon (1), Schultzichthys (2), and Stegophilus (3), with
about 28 species (de Pinna and Wosiacki, 2003; Teugels, 2003; DoNascimiento
and Provenzano, 2006).
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SUBFAMILY TRIDENTINAE. South America. Anal fin relatively long, more than
15 fin rays. About four genera, Miuroglanis (1), Tridens (1), Tridensimilis (2),
and Tridentopsis (3), with about seven species (de Pinna and Wosiacki, 2003;
Teugels, 2003).

SUBFAMILY GLANAPTERYGINAE. South America. Pectoral fin with three or four
rays; principal caudal-fin rays 11 or fewer; pelvic skeleton and fin present
or absent within Glanapteryx anguilla, both absent in the other species;
dorsal fin present in only the two species of Listrura; anal fin absent in G.
anguilla; hypurals completely fused. They have a transparent body and are
sand-dwelling. Four genera, Glanapteryx (2), Listrura (6), Pygidianops (4),
and Typhlobelus (5), with about 17 species (de Pinna and Wosiacki, 2003;
Teugels, 2003; Schaefer et al., 2005; Villa-Verde et al., 2012; de Pinna and
Zuanon, 2013).

SUBFAMILY SARCOGLANIDINAE. South America. Six genera and 11 species most
are monotypic, Ammoglanis (3), Malacoglanis (1), Microcambeva (3), Sarcoglanis
(1), Stauroglanis (1), and Stenolicmus (2), undescribed species are known
(de Pinna and Wosiacki, 2003; Teugels, 2003; Mattos et al., 2008; Mattos and
Lima, 2010). Poorly known, specialized, minute catfishes. Most known only
from a few specimens from the Amazon Basin. (Costa et al., 2004; Mattos
etal., 2010).

Family NEMATOGENYIDAE (144)—mountain catfishes. Freshwater; central Chile.

Body naked and elongate; three pairs of barbels present, chin (mental) barbel,
single maxillary barbel, and a short nasal barbel on each side; no adipose fin;
opercle lacking spines; dorsal fin in midbody, over pelvic-fin origin; pectoral
spine serrated on posterior margin. This family and the Trichomycteridae may
be sister groups (de Pinna, 1993, 1998); the molecular phylogeny of Sullivan
etal. (2006) could not resolve their relationships relative to Trichomycteridae
and remaining families within Loricarioidei.

One species, Nematogenys inermis (de Pinna, 2003; Teugels, 2003). The fossil
species TNematogenys cuivi is known from the Miocene of Chile (Azpelicueta
and Rubilar, 1998).

Family CALLICHTHYIDAE (145)—callichthyid armored catfishes. Freshwater; Panama
and South America.
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Body with two rows of overlapping bony plates on each side; swimbladder
encased in bone; mouth small and ventral; one or two pairs of well-developed
barbels present, and shorter processes usually on upper jaw and on lower jaw;
dorsal and pectoral fins with strong spine; spine at anterior border of adipose
fin. Some species can move short distances on land by utilizing air in vascular
hindgut.

Two subfamilies with nine genera and about 202 species (Reis, 2003c).
De Pinna (1993) and Sullivan et al. (2006) found them to be the first in
a sequence of successive sister groups among the remaining families of
Loricarioidei (Callichthyidae, Scoloplagidae, Astroblepidae, Loricariidae).
Reis (1998) discussed the fossil record and biogeography of this taxon.
Corydoras appears in the fossil record in the late Paleocene of Argentina, and
Hoplosternum is reported from the Miocene of Colombia (Lundberg ,1997).

SUBFAMILY CALLICHTHYINAE. Snout area depressed. Five genera, Callichthys (4),
Dianema (2), Hoplosternum (3, synonym Cataphractops), Lepthoplosternum (6),
and Megalechis (2) with 17 species (Reis, 2003c; Reis et al., 2005; Reis and
Kaefer, 2005).

SUBFAMILY CORYDORADINAE. Snout area compressed or rounded. Four genera,
Aspidoras (about 20 species), Brochis (1), Corydoras (about 160 species), and
Scleromystax (4) with about 185 species (Reis, 2003c; Britto et al., 2009).

Family SCOLOPLACIDAE (146)—spiny dwarf catfishes. Freshwater; South America
(Peru, Bolivia, Brazil, and Paraguay).

Body with two bilateral series of odontode-bearing plates and one midventral
series of plates; rostral plate with numerous recurved odontodes; odontodes on
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many other parts of body; dorsal fin with stout smooth spine and 3-5 soft rays;
anal fin with 5 or 6 soft rays; adipose fin absent; caudal fin with 10-12 principal
rays; vomer absent; exoccipitals absent. Maximum length about 20 mm SL.
This is among the most recently discovered families of catfishes in the sense
that the first species in it was not described until 1976. The Lacantuniidae
(discussed below) and the recently proposed family Kryptoglanidae (see above
under Siluridae) were discovered more recently.

One genus, Scoloplax, with six species (Schaefer, 2003a; Rocha et al., 2008;
Rocha et al., 2012).

Family ASTROBLEPIDAE (Argidae) (147)—climbing catfishes. Freshwater; Panama
and South America (Andean region).

Body naked or almost naked; suctorial mouth disc present as in virtually
all loricariids; two pairs of barbels present, maxillary and nasal; adipose fin
present or absent; dorsal fin with a spine and 6 or 7 soft rays; dorsal-fin spine
lacking locking mechanism (a locking mechanism is present in the related
callichthyids and loricariids); anal fin with 4-6 rays; relatively short intestine;
34 vertebrae (17 + 17). Some members are able to live in torrential mountain
streams, up to 3500 m, and climb the faces of waterfalls. Maximum length
about 30 cm.

One genus, Astroblepus, with at least 56 species (Schaefer, 2003b; Schaefer
et al., 2011). Schaefer and Buitrago-Suarez (2002) described skin and fin-ray
odontodes and skin surface features of Andean species.

Family LORICARIIDAE (148)—suckermouth armored catfishes. Freshwater; Costa
Rica, Panama and South America.

Body with bony plates; mouth ventral, with or without noticeable barbels;
ventral lip papillose; adipose fin, when present, usually with a spine at anterior
border; relatively long intestine; 23-38 vertebrae. Members of this family may



Superorder OSTARIOPHYSI 217

be found from low elevations to swift-flowing streams up to 3,000 m. “Pleco”
or “plecostomus” is a name used in the aquarium trade for species in several
genera of this family.

This is the largest family of catfishes, with more species being described every
year. The recognition of seven subfamilies and their composition is based on
de Pinna (1998) and Reis et al. (2003), which in turn closely followed, with
modifications, the classical study of Isbriicker (1980) (and co-authors such as
Hans Nijssen). In Nelson (1994), Lithogenes was placed in the Astroblepidae.

About 106 genera and about 915 species, with one of the species incertae
sedis from that in the following list (Reis et al., 2003:318-400). Information
on the subfamilies listed below is from the individual chapters in Reis et al.
(2003:170-230) written by specialists as follows: Neoplecostominae (C. J.
Ferraris, Jr.), Hypoptopomatinae (S. A. Schaefer), Loricariinae (C. J. Ferraris,
Jr.), Ancistrinae (S. Fisch-Muller), and Hypostominae (C. Weber).

Dermal plates of loricariids occur as fossils in the Eocene or Oligocene of
Brazil, and other remains from South America are of Miocene age (Gayet and
Meunier, 2003). T Taubateia paraiba is a named fossil loricariid from the late
Oligocene or early Miocene of Brazil (Malabarba and Lundberg, 2007).

SUBFAMILY LITHOGENEINAE. Three species, Lithogenes valencia (described in
2003 and may be extinct), L. villosus and L. wahari (Provenzano et al., 2003;
Schaefer and Provenzano, 2008).

SUBFAMILY NEOPLECOSTOMINAE. Five genera and 48 species. All but Neo-
plecostomus were described after the 2006 volume. Isbrueckerichthys (5),
Neoplecostomus (14), Kronichthys (3), Pareiorhaphis (22), Pareiorhina (6), with
seven species in southeastern Brazil. (Pereira and Britto, 2012; Roxoi et al.,
2012; Azevedo-Santos and Roxo, 2015).

SUBFAMILY HYPOPTOPOMATINAE. Some 21 genera, e.g., Acestridium, Eurycheili-
chthys, Hisonotus, Hypoptopoma, Microlepidogaster, Otocinclus, Otothyris, Oxyropsis,
Parotocinclus, Pseudotocinclus, Rhinolekos and Scizolecis, with about 140 species.
Schaeffer (1991) proposed a phylogeny based on osteological characters. See
also Carvalho and Reis, 2009.

SUBFAMILY LORICARIINAE. About 34 genera, e.g., Apistoloricaria, Crossoloricaria,
Dasyloricaria, Farlowella, Harttia, Loricaria, Loricariichthys, Pseudohemiodon,
Reganella, Rineloricaria, Spatuloricaria, and Sturisoma, with 238 species.

SUBFAMILY ANCISTRINAE. About 29 genera, e.g., Ancistrus (synonym Xenocara),
Chaetostoma, Hemiancistrus, Hypancistrus, Lasiancistrus, Lithoxus, Lipopterichthys,
Megalancistrus, Panaque, Parancistrus, Pseudacanthicus, and Pseudancistrus, with
about 276 species (e.g., Armbruster, 2004; Armbruster and Provenzano, 2000;
Fisch-Muller et al., 2012).

SUBFAMILY HYPOSTOMINAE. 13 genera, e.g., Hypostomus (synonyms Cochliodon
and Plecostomus) (H. watwata lives in brackish water), Peckoltia, Pogonopoma,



218 Fishes of the World

Prerygoplichthys (includes Liposarcus and  Glyptoperichthys), Rhinelepis, and
Squaliforma, with 202 species. (Weber, 2003; Armbruster and Werneke, 2005;
Armbruster, 2004, 2008; Cardoso et al., 2012; Webber et al., 2012).

SUBFAMILY DELTURINAE. Two genera, Delturus (4) and Hemipsilichthys (3) with
7 species, removed from Hypostominae by Reis et al. (2006).

Incertae sedis: Nannoplecostomus eleonorae, Central Brazil, considered to be the
smallest loricariid catfish known (Ribeiro et al., 2012).

Suborder Siluroidei. This large group of catfishes is yet to have its relationships
satisfactorily worked out, though the evidence for its monophyly appears
strong (e.g., de Pinna, 1993; Diogo, 2004; Sullivan et al., 2006). Many
family-group taxa are recognized but, with a few exceptions, their higher-level
relationships are uncertain. The list below begins with families of uncertain
placement within the suborder. Next are listed families for which there is
preliminary evidence of membership in one of several larger clades, though
formal taxonomic recognition of those clades is premature. Following those
tentative groupings, named superfamilies containing multiple families are
listed where there is stronger evidence of relationships.
Thirty-two families, 323 genera, and 2,227 species.

THE FOLLOWING THREE FAMILIES are of uncertain placement within the suborder
Siluroidei.

Family SILURIDAE (149)—sheatfishes. Freshwater; Europe and Asia.

Dorsal fin usually with fewer than seven rays, sometimes absent, not preceded
by a spine; anal fin with axis of each ray aligned between pterygiophores
instead of opposite the following pterygiophore; paired hemitrich bases of
dorsal and anal-fin rays clasping distal radial and contacting anterior margin
of following pterygiophore; anal-fin base very long, 41-110 rays; adipose
fin absent; pelvic fins small, sometimes absent; nasal barbel absent, one or
two pairs of barbels on lower jaw, and maxillary barbels usually long (Wiley
and Johnson, 2010; Lundberg et al., 2014). Monophyly of this family was
established by Bornbusch (1995) on the basis of such characters as the
autopalatine reduced to a small nodule.

The Siluridae were in a basal polytomy in Siluroidei in the results of Sullivan
et al. (2006). De Pinna (1993) had earlier suggested a relationship to the fol-
lowing four families plus some others, while Diogo (2004) suggested a basal
position (after Cetopsidae) within Siluroidei.

The largest species of siluriform is the commercially important European
wels, Silurus glanis, which commonly reaches 3 m (maximum recorded length
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5 m and weight 330 kg). This species is native in Europe east of the Rhine, and
in some areas occurs in brackish water and in inland saline seas.

A problematic, groundwater-dwelling species, Kryptoglanis shajii, included
here tentatively in Siluridae, was recently discovered (Vincent and Thomas,
2011) and has since been studied with computed tomography (Lundberg etal.,
2014). It was described osteologically as well as made the basis of the proposed
new monotypic family Kryptoglanidae by Britz et al. (2014). Its precise relation-
ships remain in doubt, apart from assignment to Siluroidei and being perhaps
sister to or within Siluridae.

About 13 genera, Belodontichthys, Ceratoglanis, Hemisilurus, Kryptoglanis, Kryp-
topterus (glass catfish), Micronema, Ompok, Phalacronotus, Pinniwallago, Pterocryp-
tis (includes Hito), Silurichthys, Silurus (Parasilurus may be a synonym), and
Wallago, with about 107 species (Bornbusch, 1995; Rainboth, 1996; Teugels,
2003; Ng and Kottelat, 2013a,b). Only two species, both in the large genus Sil-
urus, occur in Europe. Fossils are not common until the Miocene (Gayet and
Meunier, 2003), and include {Silurus altus from the Miocene or Pliocene of
Russia.

Family AUSTROGLANIDIDAE (150)—rock catfishes. Freshwater; southern Africa.

Three pairs of barbels (nasal pair absent); strong dorsal and pectoral spines;
adipose fin small.

Formerly placed in Bagridae, but recognized as a separate family by Mo
(1991), de Pinna (1998), and Diogo (2004). Diogo and Bills (2005) studied the
osteology and myology of the head and pectoral girdle. This small family was
grouped with Ariidae and Claroteidae by Diogo (2004), but its phylogenetic
position was not evaluated by Hardman (2005) or by Sullivan et al. (2006).

One genus, Austroglanis, with three species (Teugels, 2003).

Family PANGASIIDAE (151)—shark catfishes. Freshwater; southern Asia (Pakistan to
Borneo).

Usually two pairs of barbels (maxillary and one pair of mandibular or men-
tal barbels present, nasal barbels always absent, only maxillary barbels in adult
Pangasianodon gigas); body compressed; adipose fin present, small, never con-
fluent with caudal fin; dorsal fin far forward with one or two spines and 5-7
soft rays; anal fin with 26—46 rays; vertebrae 39-52. Maximum length about 3 m
and maximum weight 300 kg, attained in the plant-eating, toothless (in adults)
Pangasianodon gigas.
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The Pangasiidae were grouped with Schilbeidae by de Pinna (1998) and
Diogo (2004), but recovered as distant from Schilbeidae and in a basal poly-
tomy of Siluroidei by Sullivan et al. (2006).

Four genera, Helicophagus (3), Pangasianodon (2, including P. gigas, the
endangered giant Mekong catfish), Pangasius (23), and Pseudolais (2), with
30 species (Rainboth, 1996; Teugels, 2003). An Eocene fossil from Indonesia
was assigned to Pangasius (as TP. indicus) by Sanders (1934) but has not
recently been restudied (Gayet and Meunier, 2003; Ferraris, 2007). The
extinct genus T Celopangasius (species TC. chaetobranchus) is based on Miocene
fossils from Thailand (Roberts and Jumnongthai, 1999).

THE NEXT THREE CATFISH FAMILIES may be related based on morphological
and/or molecular evidence, though evidence remains preliminary. The
Chacidae and Plotosidae were included (with others) in a clade by de Pinna
(1993) and a similar grouping was supported by Diogo (2004; Diogo and Peng,
2010). The fifth family, Ritidae, was formerly a subfamily of Bagridae, but the
two are not closely related on molecular evidence and there is weak support
for a relationship between Ritidae and Plotosidae (Sullivan et al., 2006).

Family CHACIDAE (152)—squarehead, angler, or frogmouth catfishes. Freshwater;
eastern India to Borneo.

Head broad, long, and depressed; body compressed posteriorly; mouth
terminal, very wide; three or four pairs of small barbels (nasals if present,
minute); eyes very small; dorsal fin with one short spine and four soft rays; anal
fin with 8-10 soft rays; pectoral fin with one serrated spine and four or five soft
rays; pelvic fins large, with six rays; adipose fin confluent with caudal fin; gill
rakers absent; branchiostegal rays 6-8; vertebrae 31-35 (14-16 abdominals).
Maximum length about 24 cm. On occasions, Chaca uses its maxillary barbels
to lure prey fish closer to its large mouth. Diogo et al. (2004c), found new
autapomorphies.

One genus, Chaca, with four species (Brown and Ferraris, 1988; Teugels,
2003; Ng and Kottelat, 2012).

Family PLOTOSIDAE (153)—eeltail catfishes. Marine, brackish, and freshwater; Indian
Ocean and western Pacific from Japan to Australia and Fiji.
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Body eel-like, tail pointed or bluntly rounded; usually four pairs of barbels;
no adipose fin; caudodorsal fin rays may extend far forward (i.e., two dorsal
fins, the second of which is confluent with the caudal), and lower procurrent
caudal rays join the long anal fin to form a continuous fin; branchiostegal rays
7-14. As with some other catfishes, some of these can inflict painful wounds.

Ten genera, Anodontiglanis (1), Cnidoglanis (1), Euristhmus (5), Neosiluroides
(1), Neosilurus (11), Oloplotosus (3), Paraplotosus (3), Plotosus (9), Porochilus (4),
and Tandanus (2), with about 40 species (Allen and Feinberg, 1998; Ng and
Sparks, 2002; Teugels, 2003). About half of the species are freshwater and
occur in Australia and New Guinea.

Family RITIDAE (154)—ritas and nanobagrids. Freshwater; South Asia and Southeast
Asia (Indochina, Borneo, and Sumatra). Ritidae are recognized here at the family level
for the first time.

Ritas have pectoral and dorsal spines enlarged; eyes dorsolateral; anal fin short
(Talwar and Jhingran, 1991). Nanobagrids are very small, less than 50 mm
adult length, with reduced supraoccipital process and reduced nuchal-plate
element; posterior cranial fontanel large and prominent (Ng, 2010).

Existence of this clade, formerly a subfamily of Bagridae (Mo, 1991), was
supported by the results of Ng (2003). Sullivan et al. (2006) found Rita to be
not a member of the Bagridae or even of their larger clade of mostly Asian
families; however, there was weak support for a relationship to Plotosidae. Note
that they did not examine DNA of Nanobagrus.

Two genera, Nanobagrus (7) and Rita (6). Fossil species of Rila are known
from the Pliocene of India (Gayet and Meunier, 2003).

THE FOLLOWING SEVEN CATFISH FAMILIES were suggested by Sullivan et al. (2006,
2008) to belong to a large, unnamed clade of mostly Asian families based on
molecular evidence. Some of these are distinct family-group taxa (e.g., sub-
families) recognized earlier on morphological grounds (e.g., Mo, 1991; Talwar
and Jhingran, 1991; Jayaram, 2005), but with suggested changes to their rela-
tionships. Within this grouping, several families (Amblycipitidae, Akysidae,
Sisoridae, Erethistidae, Aspredinidae) were grouped in Sisoroidea by de Pinna
(1996b), but Friel (1994) and more recently Sullivan et al. (2006) removed
Aspredinidae and placed them in Doradoidea, as done here.

Family AILIIDAE (155)—Asian “schilbeids”. Freshwater and brackish water; widely
distributed in continental South and Southeast Asia including India, Bangladesh, Nepal,
Burma, and Yunnan.

Dorsal fin absent; adipose fin small; anal fin very long, 58-90 rays; eyes small,
ventrolateral (Talwar and Jhingran, 1991).

This clade was formerly a subfamily within Schilbeidae (Mo, 1991; Talwar
and Jhingran, 1991). Two genera were included by some (Sullivan et al., 2006)
whereas Van der Laan (2015) included six.

Six genera: Aiulia (1), Clupisoma (9), Eutropiichthys (6), Laides (2), Proeutropi-
ichthys (3), and Silonia (2), with 23 species.
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Family HORABAGRIDAE (156)—imperial or sun catfishes. Freshwater; India and
Southeast Asia.

Characters and generic composition for this family remain to be adequately
understood, but its existence separate from Bagridae seems likely.

Horabagridae were recognized by Mo (1991) on morphological grounds
as distinct from Bagridae and Schilbeidae and containing Horabagrus,
Platytropius, and Pseudeutropius. De Pinna (1993) and Jayaram (2005) rec-
ognized Horabagrus in its own family or subfamily (respectively), while
Hardman (2005) found molecular evidence to recognize a family with the
same three genera included by Mo (1991). Sullivan et al. (2006) sampled
DNA of Horabagrus and Pseudeutropius, finding them to be a distinct clade
close to Bagridae. Betancur-R. et al. (2013a) also sampled Horabagrus and
Pseudeutropius, which they labeled as Schilbeidae where they were formerly
classified, again finding the two genera to be sister to Bagridae.

Perhaps four genera, Horabagrus (3, including Gunther’s catfish
H. brachysoma), Pachypterus (=Neotropius) (3) (included here by Van der
Laan, 2015), Platytropius (2), and Pseudeutropius (4), with about 12 species.

Family BAGRIDAE (157)—bagrid catfishes. Freshwater; Africa and Asia (to Japan and
Borneo).

Dorsal fin preceded by a spine, usually with 6 or 7 soft rays (rarely 8-20) (except
in Olyra, which lacks a spine and has seven or eight soft rays); adipose fin
present and highly variable in size between species; pectoral spine serrated,;
body naked; usually four pairs of well-developed barbels. Some species are
kept as aquarium fishes, while others are large and important as food fishes.
Maximum length about 1.5 m.

Nelson (1994) divided the family following the work of Mo (1991) into
three families, the Claroteidae (with two subfamilies, Claroteinae and
Auchenoglaninae, Africa, both now families), Austroglanididae (one genus,
Africa), and Bagridae (with the African Bagrus with the Asian genera in
separate subfamilies).

Since then, studies such as those by de Pinna (1998), Ng (2003), and
Sullivan et al. (2006) have led to further changes, e.g., the family Olyridae
(see lower figure) is now included within Bagridae, whereas a number of
other groups have been removed. For example, the former subfamily Ritinae
for Rita and Nanobagrus is now the separate family Ritidae, and the genera
Horabagrus, Neotropius (junior synonym of Pachypterus), Platytropius, and
Pseudeutropius are now in the separate family Horabagridae.
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About 19 genera, e.g., Bagrichthys (7), Bagroides (2), Bagrus (11), Batasio (17),
Chandramara (1), Coreobagrus (2), Hemileiocassis (1), Hyalobagrus (3), Hemiba-
grus (41), Leiocassis (13), Mystus (45), Olyra (6, lower figure), Pelteobagrus (4),
Pseudobagrus (31), Pseudomystus (19), Rama (1), Sperata (4), Sundolyra (1), and
Tachysurus (12), with about 221 species (Talwar and Jhingran, 1991; Teugels,
2003; Ng, 2003, 2010; Arunachalam et al., 2013). Sundolyra was named by Ng
et al. (2015). See also Yang and He (2008) for a phylogeographic study of
Hemibagrus and the effect of sea-level changes on South China biogeography.

The oldest fossil bagrids are from the Paleocene of Niger, Africa (genera
T Eomacronies and T Nigerium) (Murray, 2000; Gayet and Meunier, 2003). Eocene
fossils from Egypt include f{Fajumia and fSocnopaea; TEaglesomia is known
from Nigeria, and {Eomacronies from Niger (Murray, 2000). The Miocene
T Nkondobagrus is from Uganda (Gayet and Meunier, 2003). Bagrid fossils
are common in India beginning in the Eocene (Gayet and Meunier, 2003)
and some have been assigned to the African genera {Fajumia and tSocnopaea
(Sahni and Mishra, 1975). Eocene tGobibagrus has been reported from
Mongolia, along with Miocene fossil species of Mystus from China and of
Pseudobagrusfrom Japan (Gayet and Meunier, 2003). T Hemibagrus majoris based
on Miocene fossils from Thailand (Roberts and Jumnongthai, 1999; Ng and
Kottelat, 2013c).

Superfamily Sisoroidea. Four families: Akysidae, Amblycipitidae, Sisoridae, and
Erethistidae. This clade was proposed to be part of the unnamed “Big Asia”

clade of Sullivan et al. (2006) on molecular evidence.

Family AKYSIDAE (158)—stream catfishes. Freshwater; southeastern Asia.

Dorsal fin with a strong spine and a short base, usually four or five soft rays.

Five genera (given below) with at least 67 species. The two subfamilies were
ranked as families in Nelson (1994). The family is sister to the clade of Sisori-
dae, Erethistidae, and Aspredinidae in de Pinna (1996b, 1998), but Sullivan
et al. (2008) included Amblycipitidae rather than Aspredinidae among close
relatives.
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SUBFAMILY AKYSINAE. Body with unculiferous tubercles arranged in longitudi-
nal rows, a median middorsal row and usually four lateral rows; dorsal fin with
usually five soft rays; adipose fin present and moderate; pectoral fin with strong
spine, anterior margin with notch visible dorsally and usually serrated posteri-
orly; gill openings relatively narrow; eyes small; four pairs of barbels.

Two genera, Akysis (24) and Pseudobagarius (14) and 48 species (Ng and Kot-
telat, 1998, 2004; Ng and Freyhof, 2003; Ng and Siebert, 2004; Ng and Sabaj
Pérez, 2005; Ng and Rainboth, 2005; Page et al., 2007).

SUBFAMILY PARAKYSINAE. Dorsal fin with 4 soft rays; pectoral spine nonserrate;
anal fin with 8-13 soft rays; four pairs of barbels, mandibular barbels usually
with short accessory barbels; gill rakers absent; lateral-line pores absent;
head and body covered with rounded tubercles, arranged in longitudi-
nal rows (Acrochordonichthys and Breitensteinia) or evenly distributed and not in
rows (Parakysis); adipose fin absent (Breitensteinia and Parakysis) or present and
long (Acrochordonichthys); eyes minute; vertebrae 30-32 (abdominals 16-19).
Primarily Malay Peninsula, Sumatra, Sarawak, and western and southern
Borneo.

Three genera, Acrochordonichthys (10), Breitensteinia (3), and Parakysis (6),
with 19 species (Ng and Ng, 2001; Vidthayanon and Ng, 2003; Ng and Siebert,
1998; Ng and Kottelat, 2003).

Family AMBLYCIPITIDAE (159)—torrent catfishes. Freshwater; southern and eastern
Asia (Pakistan across northern India to Malaysia and to Korea and southern Japan).

Dorsal fin covered by thick skin; adipose fin present, confluent with caudal fin
in some species; dorsal-fin base short, spine in fin weak; anal-fin base short,
with 9-18 rays; four pairs of barbels; lateral line poorly developed or absent.
These small fish inhabit swift streams.

Sullivan et al. (2008) presented molecular evidence that Liobagrus and
Xiurenbagrus are more closely related to Akysidae than to Amblyceps. However,
they also drew attention to the apparently strong morphological support
(numerous unique and unreversed synapomorphies) for retaining them in
Amblycipitidae. This issue evidently requires additional study.

Four genera, Amblyceps (18), Liobagrus (13), Nahangbargus (1) and Xiurenba-
grus (2), with about 34 species (Chen and Lundberg, 1995; Ng and Kottelat,
2000; Ng, 2001; Ng and Wright, 2009, 2010; Wu et al., 2013).

Family SISORIDAE (Bagariidae) (160)—sisorid catfishes. Freshwater; southern Asia
(from Turkey and Syria to South China and Borneo, primarily in Oriental region).
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Body usually with small unculiferous tubercles; adipose fin present (confluent
with caudal in some genera and consisting of a small spine in the elongate
Sisor); dorsal-fin base short, fin with or without a spine; adhesive apparatus in
thoracic region present or absent; four pairs of barbels (however, the mono-
typic Sisor has one maxillary pair and five pairs on the lower jaw). Mostly small
forms occurring in mountain rapids; maximum length 2 m.

The composition of this family as recognized in Nelson (1994) was changed
by de Pinna (1996b), who removed six taxa into a new family, Erethistidae.

Seventeen genera with at least 202 species (de Pinna 1996b; Roberts and
Ferraris, 1998; Roberts, 2001; Diogo etal., 2002; Diogo, 2003a; Guo etal., 2005;
Thomson and Page, 2006; Ng, 2010).

SUBFAMILY SISORINAE. Four genera, Bagarius (4), Gagata (8), Gogangra (2), and
Sisor (6), with about 20 species. The oldest fossil, named TBagarius gigas by
Sanders (1934), is from the Eocene of Sumatra.

SUBFAMILY GLYPTOSTERNINAE. Thirteen genera, Chimarrichthys (1), Cre-
teuchiloglanis (4), Euchiloglanis (4), Exostoma (7, includes Coraglanis),
Glaridoglanis (1), Glyptosternon (4), Glyptothorax (96), Myersglanis (2), Ore-
oglanis (21), Parachiloglanis (1), Pareuchiloglanis (20), Pseudecheneis (19), and
Pseudexostoma (2), with about 182 species. (Li et al., 2007; Zhou et al., 2011).

Family ERETHISTIDAE (161)—erethistid catfishes. Freshwater; southern Asia.

Pectoral girdle with long coracoid process extending beyond base of pectoral
fin; most are small, cryptically colored fishes, with tuberculate skin; nostrils
close together; dorsal fin with strong spine and without thick covering of skin
(e.g., Thomson and Page, 2006).

The family Erethistidae was established by de Pinna (1996b) to include gen-
era previously placed in Sisoridae. Two subfamilies were recognized, Continae
for genus Conta, and Erethistinae for the other five genera. See above under
superfamily Sisoroidea. Sullivan et al. (2006, 2008) found molecular evidence
that Nangra, included here, is closer to Erethistes than to Sisoridae where it for-
merly was classified.

Eight genera, Ayarnangra (1), Caelatoglanis (1), Conta (2), Erethistes (1),
Erethistoides (10), Hara (9), Nangra (5), and Pseudolaguvia (16), with about
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45 species (de Pinna, 1996b; Diogo et al., 2003; Britz and Ferraris, 2003; Ng
and Kottelat, 2005; Thomson and Page, 2006).

THE NEXT SEVEN FAMILIES OF CATFISHES (Amphilidae, Malapteruridae, Mochoki-
dae, Schilbeidae, Auchenoglanididae, Claroteidae, and Lacantuniidae) have
been suggested by Sullivan et al. (2006) and Lundberg et al. (2007), based
largely on molecular evidence, to belong to alarge, diverse, but unnamed clade
of mostly African catfishes, dubbed “Big Africa” by Sullivan et al. (2006).

Family AMPHILIIDAE (162)—loach catfishes. Freshwater; tropical Africa.

Three pairs of barbels (nasal barbels absent); dorsal and anal-fin bases short;
dorsal and pectoral fin spine absent (weakly developed in Leptoglaninae
and Trachyglanis); adipose fin present (with a short spine, modified scute,
in Trachyglanis); pterygoid and posttemporal absent. Widespread in tropical
Africa but commonest in streams at high elevations; most of the species can
cling to rocks in fast-flowing streams. Maximum length 19 c¢m, but most
species are less than 12 cm.

Three subfamilies, 13 genera with 93 species (Diogo, 2003b; Teugels, 2003;
Roberts, 2003). There has been doubt about the content of this family as rec-
ognized, but evidence for monophyly of this family and of its three subfamilies
was given by Diogo (2003b).

SUBFAMILY AMPHILINAE. Body relatively short, appearing similar to homa-
lopterids; bony plates and nuchal shield absent; mouth subterminal.

Two genera, Amphilius (28) and Paramphilius (4) with 32 species. (Skelton,
2007).

SUBFAMILY LEPTOGLANINAE. Maxilla exceptionally elongated; proximal radials
completely fused (versus not fused as is the primitive condition found in most
siluriforms).

Five genera, Dolichamphilius (2), Leptoglanis (2), Psammphiletria (2), Tetracam-
philius (4), and Zaireichthys (18), with 28 species. (Eccles et al., 2011).

SUBFAMILY DOUMEINAE. Body elongate; bony plates often developed along
body, nuchal shield present; mouth inferior.

Six genera, Andersonia (1), Belonoglanis (2), Congoglanis (4) Doumea (9),
Phractura (13), and Trachyglanis (4), and with 33 species. (Skelton, 2007;
Ferraris et al., 2010, 2011; Ferraris and Vari, 2012).
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Family MALAPTERURIDAE (163)—electric catfishes. Freshwater; tropical Africa and
Nile.

Electrogenic organ present, derived from anterior body musculature and lining
the body cavity; dorsal fin absent; fin spines absent; adipose fin far back; cau-
dal fin rounded; three pairs of barbels (nasal pair absent); pectoral girdle
loosely attached to skull; swimbladder with an elongate posterior chamber, two
chambers in Malapterurus and three in Paradoxoglanis. Produce strong stun-
ning electrical current; some other catfishes have electroreceptive systems, but
only malapterurids have a well-developed electrogenic organ. Maximum length
about 1.0 m SL (all species of Paradoxoglanis are much smaller).

Two genera, Malapterurus (18) and Paradoxoglanis (3), with 21 species (Nor-
ris, 2002) (this family has had a large increase in species recognized since
Nelson, 1994, with 14 new species described in Norris, 2002).

Family MOCHOKIDAE (164)—squeakers or upside-down catfishes. Freshwater;
Africa.

Adipose fin usually very large; anal fin with fewer than 10 rays; dorsal and
pectoral-fin spines usually strong and with a locking mechanism; three pairs
of barbels, nasal barbels absent and mandibular barbels may have numerous
branches; some with lips and part of barbels modified into an oral sucker
(Atopochilus, Chiloglanis, and Fuchilichthys); the two species of Mochokus of the
Nile system have a rayed adipose fin. Maximum length 72 cm. Monophyly was
addressed by Mo (1991) and Day et al. (2013).

Ten genera, e.g., Atopochilus (7), Atopodontus (1), Chiloglanis (49),
Euchilichthys (5), Microsynodontis (12), Mochokus (4) (synonym Acanthoclei-
thron), and Synodontis (131), with 209 species (e.g., Teugels, 2003; Ng, 2004;
Friel and Vigliotta, 2008, 2011; Day et al., 2013). The genus Synodontis occurs
as fossils from Africa beginning in the Oligocene.
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Family SCHILBEIDAE (SCHILBIDAE) (165)—schilbeid or butter catfishes. Freshwater;

fica, p
~ /‘r

Dorsal fin usually present (with short base and a spine, absent in Parailia);
adipose fin usually present; anal-fin base very long, not confluent with caudal,
24-90 rays; usually four pairs of barbels. The pelvic fin is occasionally absent in
species of several genera. Members of this family tend to swim in open water.

As with some other family names, there is disagreement on the correct
spelling. The spellings Schilbeidae and Schilbidae are both used, including
previous editions of this book (Schilbidae in Nelson, 1984, and Schilbeidae
in Nelson, 1976, 1994, and 2006). We continue to use Schilbeidae as recom-
mended by Eschmeyer (1998), and Van Der Laan et al. (2014), although
Ferraris and de Pinna (1999) and Ferraris (2007), following Steyskal (1980),
favored the spelling Schilbidae.

A close relationship between Schilbeidae and Pangasiidae was sug-
gested by Pinna (1993) and Diogo et al. (2004d), yet Sullivan et al. (2006)
placed Schilbeidae in their African clade sister to Claroteidae and close to
Auchenoglanidae. The Schilbeidae may be monophyletic after removal of
Asian genera which, on molecular evidence (Sullivan et al., 2006; Betancur-R.
etal. 2013a), have been suggested to belong with other Asian families, includ-
ing Pseudeutropius and Horabagrus (both in Horabagridae close to Bagridae),
as well as Ailia, Ailiichthys and Laides among others (in Ailiidae in an Asian
group with Akysidae, Amblycipitidae, Bagridae, Erethestiidae, Horabagridae,
Ritidae, and Sisoridae). Note, however, that Betancur-R. et al. (2013a) used
Pseudeutropius for their DNA sample of Schilbeidae; Pseudeutropius is now in
Horabagridae (see above), and thus they did not have a true schilbeid in their
analysis.

About 5 genera, Irvineia (2), Parailia (5), Pareutropius (4), Schilbe (21), and
Siluranodon (1), with 33 species (e.g., Talwar and Jhingran 1991). Fossils in
Schilbe are known from the Miocene of Kenya (Stewart, 1995).

7

Family AUCHENOGLANIDIDAE (166)—auchenoglanidids. Freshwater; Africa.

Anterior nostrils on anteroventral side of upper lip; caudal fin rounded.
Earlier placed in the Bagridae (as in Nelson, 1994), this group was consid-
ered a subfamily of Claroteidae by Mo (1991) as followed by Teugels (2003),
but recognized by de Pinna (1998), supported by molecular data (Sullivan
etal., 2006) as a distinct family.
Six genera, Anaspidoglanis (4), Auchenoglanis (37), Liauchenoglanis (1, may
be a synonym of Notoglanidiuwm), Notoglanidium (9), Parauchenoglanis (18), and
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Platyglanis (1, endemic to Cameroon and the type locality of the Sanaga River
Basin), with about 70 species (Teugels, 2003; Geerinckx et al., 2004). Fossils
of Auchenoglanis are known from the Miocene of Africa (Gayet and Meunier,
2003; Geerinckx et al., 2013).

Family CLAROTEIDAE (167)—claroteids. Freshwater; Africa.

Dentary with ventral process at symphysis; body moderately elongate; four pairs
of barbels; dorsal and pectoral fins with strong spines; adipose fin present.
Formerly placed in Bagridae, but recognized in a separate family by Mo (1991).
The Auchenoglanididae, formerly a subfamily of Claroteidae, are now consid-
ered to be a closely related separate family.

Eight genera, Amarginops (1), Bathybagrus (6), Chrysichthys (42), Clarotes (2),
Gephyroglanis (3), Lophiobagrus (4), Paradiglanis (1) (the Somalian giant catfish,
considered a junior synonym of Clarotes by some workers) and Phyllonemus (3),
with as many as 62 species (Teugels, 2003, based on Mo, 1991).

Fossil claroteids include two species of Chrysichthys from Africa): the
Eocene 7C. mahengeensis Murray and Budney, 2003, from Tanzania and the
Pliocene § C. macrotis Van Neer, 1994, from Uganda, along with the monotypic
genus TEaglesomia, containing TE. eaglesomei from Nigeria (White, 1934; Gayet
and Meunier, 2003).

Family LACANTUNIIDAE (168)—Chiapas catfishes. Freshwater; southern Mexico.

Palatine bone highly modified; palatine cartilage hypertrophied; fifth infraor-
bital large, anteriorly convex, and remote from sphenotic process; lateral
margins of frontal, lateral ethmoid, and sphenotic bones thick at origins
of enlarged adductor mandibulae and levator arcus palatini muscles; skull
roof constricted and flat; coneshaped “pseudo-pharyngobranchial” bones;
enlarged axe-shaped uncinate process dorsally from third epibranchial; swim-
bladder with paired, spherical unencapsulated diverticulae from anterodorsal
wall (Rodiles-Hernandez et al. 2005).

This family was erected by Rodiles-Hernandez et al. (2005) for a single, newly
discovered species found in the Rio Lacantiin, tributary to the Rio Usumacinta,
Chiapas, southern Mexico. Although it has many unique, autapomorphic char-
acters, their morphological analysis could not place it precisely except to put
it within the suborder Siluroidei. Using molecular analysis, Lundberg et al.
(2007) suggested that the family’s closest relatives were Claroteidae and other
members of an unnamed clade of families with African origins, and that its
lineage originated in the Late Cretaceous. Scenarios involving vicariance or
dispersal to account for its present occurrence in the Americas are an interest-
ing problem without an easy solution.

One monotypic genus, Lacantunia enigmatica.

THE REMAINING SILUROID FAMILIES are grouped in five superfamilies for which
there is stronger morphological and molecular evidence: Clarioidea, Arioidea,
Doradoidea, Ictaluroidea, and Pimelodoidea (e.g., Sullivan et al., 2006).
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Superfamily Clarioidea. Mo (1991) and Teugels and Adriaens (2003),
and Sullivan et al. (2006) suggested a close relationship between Clariidae
and Heteropneustidae, and Sullivan et al. (2006) recognized the superfamily
Clarioidea for the same two families based on molecular evidence. Both fami-
lies possess air-breathing organs (Graham, 1977), the Clariidae with a unique
respiratory organ developed from branchial arches, although sometimes
greatly reduced (Teugels and Adriaens, 2003), and the Heteropneustidae with
a lung-like outgrowth from the pharynx (Sullivan et al., 2006). Two families,
16 genera, and about 120 species.

Family CLARIIDAE (169)—airbreathing catfishes. Freshwater; Africa, Syria, and south-
ern and western Asia (Philippines to Java).

Dorsal fin base very long, usually with more than 30 rays, not preceded by
a spine, separate or continuous with caudal fin; pectoral and pelvic fins
variously absent in some species; caudal fin rounded; gill openings wide;
usually four pairs of barbels; air-breathing labyrinthic organ arising from gill
arches.

Some members of this family can move short distances over land. One
species of walking catfish, the widespread Clarias batrachus has been intro-
duced into southern Florida waters, where it thrives. Members of three
African genera (Gymnallabes, Channallabes, and Dolichallabes) have a marked
burrowing habit, have small eyes, and reduced or absent pectoral and pelvic
fins. Uegitglanis (sometimes placed in Uegitglanididae) of Somali Republic,
Horaglanis of India, and one species of Clariasin southwestern Africa are blind
(Proudlove, 2005). Clariidae and Heteropneustidae are sister taxa (e.g., Mo,
1991; Teugels and Adriaens, 2003) and could be recognized as subfamilies,
but we retain them as separate families. See Agnese and Teugles (2005) and
Jansen et al. (2006) for insight into possible familial interrelationships.

About 15 genera, Bathyclarias (8, Africa), Channallabes (6, Africa), Clariallabes
(16, Africa), Clarias (60, Africa and Asia), Dinotopterus (1, Africa), Dolichallabes
(1, Africa), Encheloclarias (7, SE Asia), Gymnallabes (2, Africa), Heterobranchus
(4, Africa), Horaglanis (3, India), Platyallabes (1, Africa), Platyclarias (1, Africa),
Tanganikallabes (3, Africa), Uegitglanis (1, Africa), and Xenoclarias (1, Africa;
X. eupogon is an endemic to Lake Victoria and is on the verge of extinction
due to predation by Nile perch and climate change) with about 115 species
(Teugels and Adriaens, 2003). The greatest diversity occurs in Africa. Clariid
fossils (mostly from Africa in the genus Clarias and Heterobranchus) appear first
in the Eocene. In Asia they are known from the Miocene and Pliocene (Gayet
and Meunier, 2003).
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Family HETEROPNEUSTIDAE (Saccobranchidae) (170)—airsac catfishes. Freshwater;
Pakistan to Thailand (primarily India, Ceylon, and Myanmar).
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Body elongate, compressed; head greatly depressed, strongly resembling that
of clariids; four pairs of barbels; long air sac, serving as a lung, extends posteri-
orly from the gill chamber; dorsal fin short, without a spine; adipose fin absent
or represented as a low ridge.

The pectoral spines have an associated venom gland, and the fish is consid-
ered dangerous to persons wading in its territory.

One genus, Heteropneustes, and five species (Menon, 1999; Rema Devi and
Raghunathan, 1999; Hossain et al., 2013).

Superfamily Arioidea. The Anchariidae and Ariidae may be each other’s closest
relatives (de Pinna, 1993; Diogo, 2005; Sullivan et al., 2006).

Family ANCHARIIDAE (171)—Malagasy catfishes. Freshwater, endemic to
Madagascar.

Fringed barbels; reduced anterior nuchal plate (Ng and Sparks, 2005).

This family was revised by Ng and Sparks (2005), who described a second
species of Ancharius and erected the new genus Gogo for G. brevibarbis (formerly
in Ancharius) along with three new species. Ancharius was said to be related to
Ariidae by de Pinna (1993) and Diogo (2005). According to Sullivan et al.
(2006), Gogo also is related to Ariidae, but Ancharius was not included in the
latter study.

Two genera, Ancharius (2) and Gogo (4), with six species.

Family ARIIDAE (Tachysuridae) (172)—sea catfishes. Mainly marine (to 100 m depth),
many fresh or brackish water; worldwide, tropical to warm temperate.
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Caudal fin deeply forked; adipose fin present; usually three pairs of barbels,
rarely two (no nasal barbels); some bony plates on head and near dorsal fin
origin; pectoral and dorsal fins with a spine; anal fin with 14-40 soft rays; in
most, if not all species, the male carries the relatively large eggs in its mouth
until hatching.

Many species of the sea catfishes enter fresh water and some only occur in
fresh water. For example, in the United States, Mexico, and Central and South
America about 43 species of the genera Ariopsis (A. felis), Arius, Aspistor, Bagre,
Cathorops, Galeichthys, Genidens, Hexanematichthys, Notarius, and Potamarius
occur in fresh water (some exclusively) or at least extend into brackish river
mouths from the ocean (Marceniuk and Ferraris, 2003, using a classification
that is based on the 2003 doctoral dissertation of the senior author; Nelson
et al.,, 2004). The divergent Douichthys from freshwater in New Guinea has
sometimes been placed in its own family, Doiichthyidae.

Marceniuk and Menezes (2007) reviewed the family and redefined its
genera. Ariidae were placed in Doradoidea in de Pinna (1998), but moved
to the Bagroidea as sister to Claroteidae in Nelson (2006). Here they are
not included with either of those groups and are treated (with Anchari-
idae) as unplaced within Siluroidei as suggested by Sullivan et al. (2006).
Betancur-R. (2009) sampled broadly from the genera to produce a molecular
phylogeny that suggested that New World ariines are paraphyletic while
Old World ariines are monophyletic with subgroups distributed in different
regions. Species within Ariidae are often divided among three subfamilies,
Bagreinae containing only Bagre, Galeichthyinae containing only Galeichthys,
and Ariinae containing the rest. Subfamily designations are not however
used here.

About 30 genera, e.g., Amissidens, Amphiarius, Ariopsis, Arius (synonym
Tachysurus), Aspistor, Bagre, Batrachocephalus, Brustiarius, Carlarius, Cathorops,
Cephalocassis, Cinetodus, Cochlefelis, Cryptarius, Doiichthys, Galeichthys, Genidens,
Hemiarus, Hexanematichthys, Ketengus, Nedystoma, Nemapteryx, Netuma, Notarius
(synonym Sciadeops), Occidentarius, Osteogeneiosus, Plicofollis, Potamarius, Pota-
mosilurus, and Sciades with about 150 species (Marceniuk and Ferraris, 2003;
Teugels, 2003; Aceroa and Betancur-R., 2006, 2007; Marceniuk and Menezes,
2007; Betancur-R. et al., 2007, 2008; Marceniuk et al. 2012).

Many fossils of Ariidae are recognized by their fin spines. Fossils of ariids are
first recognized in the Late Cretaceous of South America, and are common on
most continents by the Eocene (e.g., fossils of the extant genus Ariopsis from
Africa: Murray, 2000; Gayet and Meunier, 2003).

Superfamily Doradoidea. A grouping of Aspredinidae, Auchenipteridae, and
Doradidae is suggested by molecular results of Sullivan et al. (2006). Diogo
et al. (2004b) and Hardman (2005) also supported the hypothesis that Dora-
didae and Auchenipteridae are closely related.

Three families, 61 genera, and 345 species.

Family ASPREDINIDAE (173)—banjo catfishes. Freshwater (some brackish); tropical
South America.
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Body naked except for large tubercles arranged in longitudinal rows; no
adipose fin; body depressed anteriorly; opercular aperture reduced to a slit;
dorsal spine-locking mechanism absent in most species; 10 or fewer caudal-fin
rays. Maximum length about 38 cm SL, attained in Aspredo aspredo; most
species less than 15 cm.

Thirteen genera with 39 species (de Pinna, 1998; Diogo et al., 2001; Friel
and Lundberg, 1996; Friel, 2003). Much information from these studies
was based on the 1994 Ph.D. dissertation of John Friel of Duke University.
Micromyzon akamai (Friel and Lundberg, 1996) lacks eyes. Acanthobunocephalus
may be sister to the remaining taxa (and hence would not belong in the
subfamily Bunocephalinae).

SUBFAMILY BUNOCEPHALINAE. = Six genera, Acanthobunocephalus (1), Amaralia (1),
and Bunocephalus (10), Micromyzon (1), Pseudobunocephalus (6) Pterobunocephalus
(2) with 21 species.

SUBFAMILY ASPREDININAE. Three genera, Aspredinichthys (2), Aspredo (1), and
Platystacus (1), with four species.

SUBFAMILY HOPLOMYZONTINAE. Four genera, Dupowyichthys (1), Ernstichthys (3),
Hoplomyzon (3), and Xyliphius (7), with 14 species.

Family DORADIDAE (174)—thorny catfishes. Freshwater; South America (primarily in
Brazil, Peru, and the Guianas).
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Body with row of lateral bony plates, most with spines (Liosomadoras morrowi
lacks lateral bony plates and Doraops zuloagai has them only on the posterior
portion of the body). Three pairs of barbels (no nasals), mandibular barbels
with branches in some; dorsal fin with spine and 4-6 soft rays; adipose fin usu-
ally present. Doradids are also called “talking catfishes” because of their sound
production, made either by movements of the pectoral spine or by vibrating
the swimbladder. Maximum length about 120 cm FL.
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A molecular phylogeny of doradids was produced by Arce et al. (2013).

About 32 genera, Acanthodoras (3), Agamyxis (2), Anduzedoras (1), Ambly-
doras (5), Anadoras (4), Astrodoras (1), Centrochir (1), Centrodoras (2), Doraops
(1), Doras (5), Franciscodoras (1), Hassar (5), Hemidoras (2), Hypodoras (1),
Kalyptodoras (1), Leptodoras (12), Lithodoras (1), Megalodoras (2), Merodoras
(1), Nemadoras (5), Opsodoras (4), Orinocodoras (1), Ossancora (4), Oxydoras
(3, includes Pseudodoras), Physopyxis (3), Platydoras (4), Pterodoras (2),
Rhinodoras (5), Rhynchodoras (3), Scorpiodoras (2), Tachydoras (5), and
Wertheimeria (1), with about 93 species (Sabaj and Ferraris, 2003; Birindelli
etal., 2007; Higuchi et al., 2007; Sousa and Birindelli, 2011).

The oldest undoubted doradid fossils are partial skulls of Oxydoras from the
Miocene of Venezuela, Peru, and Argentina (Lundberg, 1998).

Family AUCHENIPTERIDAE (175)—driftwood catfishes. Freshwater (one species in
brackish water); Panama and tropical South America (to Argentina).

Body naked (dorsal region of body between head and dorsal fin with sutured
bony plates beneath the skin); usually three pairs of barbels (nasal barbels
absent), maxillary pair longest; strong spine in pectoral and dorsal fins; adi-
pose fin present but small, rarely absent. Internal insemination probably in all
species.

This family now includes the previously recognized family Ageneiosidae (the
bottlenose or barbelless catfishes with Ageneiosusand Tetranematichthys; Ferraris,
2003b). Fossils include Miocene remains from Argentina (Arratia and Cione,
1996). Two subfamilies with 21 genera and about 115 species (Ferraris, 2003b).

SUBFAMILY AUCHENIPTERINAE. About 17 genera, e.g., Agenciosus (upper figure),
Asterophysus, Auchenipterus (lower figure), Epapterus, Entomocorus, Liosomadoras
(removed from Doradidae) Pseudauchenipterus, Spinipterus, Tetranematichthys,
Trachelyichthys, Trachelyopterus, and Trachycorystes, with 73 species (Ferraris,
2003b; Reis and Borges, 2006; Akama and Ferraris, 2011).
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SUBFAMILY CENTROMOCHLINAE. Soares-Porto (1998) gave details on the
synapomorphies in showing monophyly and relationships of this group. Four
genera, Centromochlus (13), Gelanoglanis (4), Glanidium (8), and Tatia (17),
with 42 species (Ferraris, 2003b; Vari and Ferraris, 2013).

Superfamily Ictaluroidea. A close relationship between Cranoglanididae and
Ictaluridae was suggested by Diogo (2004), Hardman (2005), and Sullivan
et al. (2006).

Family CRANOGLANIDIDAE (176)—armorhead catfishes. Freshwater; Asia, China
and Vietnam (mainly large rivers).

Dorsal fin short, six (rarely five) branched rays and one spine; anal fin with

35-41 rays; pectoral with a spine; each pelvic fin with 12-14 rays; caudal fin

deeply forked; eyes large; body compressed and naked; rough bony plates on

top of head; vomer without teeth; four pairs of barbels. Similar to Pseudobagrus.
One genus, Cranoglanis, and five species (Teugels 2003).

Family ICTALURIDAE (Ameiuridae) (177)—North American catfishes. Freshwater;
North America (southern Canada to Guatemala).

Four pairs of barbels on head; skin naked; dorsal (except in Prietella) and
pectoral fins with a spine; dorsal fin usually with six soft rays; pelvic fin with
7-10 rays; palate toothless except in fossil Astephus. Four species of blind
(eyeless) catfishes are known; two (Satan and Trogloglanis) from deep artesian
wells and associated ditches near San Antonio, Texas, and two (Prietella) from
northeastern Mexico. Monophyly and phylogenetic relations of the genera
were shown by Lundberg (1992) and relationships among species of Ameiurus
discussed in (Hardman and Page, 2003). Maximum length about 1.6 m,
attained in Ictalurus furcatus and Pylodictis olivaris.

Seven genera, Ameiurus (7, bullheads), Ictalurus (10, five of which occur
only in Mexico and Guatemala, channel catfishes), Noturus (29, including one
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recently extinct, stonecat, and madtoms, which have a poison gland at base
of pectoral spine), Prietella (2), Pylodictis (1, Flathead Catfish), Satan (1), and
Trogloglanis (1), with a total of about 51 species (including one recently extinct)
(Nelson et al., 2004; Hardman, 2004).

Grande and Lundberg (1988) reviewed the Eocene fossils from North
America in the genus TAstephus, concluding that T Astephus is sister to all other
ictalurids. Ictalurus occurs as fossils of Oligocene age from Saskatchewan,
while Oligocene fossils of Ameiurus occur in Colorado. Gilbert (1998) gave a
type catalogue of recent and fossil taxa.

Superfamily Pimelodoidea. Although not recovered by de Pinna (1993) and
not recognized by Nelson (2006), a monophyletic assemblage of three subfam-
ilies (Heptapterinae, Pimelodinae, and Pseudopimelodinae) was suggested
by Diogo et al. (2004a). A similar group with three members, now ranked
as families, was recovered in the molecular studies of Hardman (2005) and
Sullivan et al. (2006), the latter study adding also the problematic Brazilian
genus Conorhynchos close to or within Heptapteridae. Lundberg et al. (2011)
and Sullivan et al. (2013) also recognized the Pimelodoidea as monophyletic.
The incertae sedis genus Phreatobius, with three species, is also included here
but its family placement is uncertain (Sullivan et al., 2013).

Family HEPTAPTERIDAE (178)—heptapterids. Freshwater; Mexico to South America.

Skin usually naked; three pairs of barbels; adipose fin large; caudal fin deeply
forked. Unfortunately for field identification, members of this family cannot
always be separated from members of the former Pimelodidae by external fea-
tures (the above features are not unique to this family; synapomorphies are
given in Lundberg et al., 1991a; de Pinna, 1998; Bockmann and Guazzelli,
2003; Shibatta, 2003a).

This family is equivalent to the previously recognized Rhamdiinae (placed
in Pimelodidae, with the nominal genera listed in Lundberg et al., 1991a) plus
the Heptapterinae of de Pinna (1998). The diversity of this group is still poorly
known (Bockmann and Guazzelli, 2003).

About 25 genera, e.g., Acentronichthys, Brachyglanis, Brachyrhamdia, Cetop-
sorhambia, Chasmocranus, Conorhynchos (formerly unplaced but included here
after Sullivan et al., 2006, 2013), Gladioglanis, Goeldiella, Heptapterus, Imparfinis,
Leptorhamdia, Mastiglanis, Myoglanis, Nemuroglanis, Pimelodella (synonyms
Caecorhamdella and Typhlobagrus), Rhamdella, Rhamdia, and Taunayia, with
roughly 209 species (Shibatta, 2003a; Bockmann and Guazzelli, 2003;
Weber et al., 2003; Trajano et al., 2004; Bockmann and Miguelarena, 2008;
Ribeiro et al., 2011).

Family PIMELODIDAE (179)—long-whiskered catfishes. Freshwater; Panama and
South America (north to southernmost Mexico).
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Body naked; adipose fin present; three pairs of barbels (no nasal barbels);
pectoral and dorsal-fin spines present or absent; adipose fin well developed.
Maximum length about 2.8 m FL, attained in Brachyplatystoma filamentosum.

This family now includes the previously recognized family Hypophthalmidae
(lookdown catfishes or loweye catfishes with four species of Hypophthalmus
(middle figure), thought to be most closely related to Parapimelodus, part of
the Pimelodus group) (de Pinna, 1998; Lundberg and Littmann, 2003).

In Nelson (1994), three subfamilies were recognized, Rhamdiinae, Pimelodi-
nae, and Pseudopimelodinae, with members of the first and last now placed
elsewhere. Lundberg et al. (2011) studied the intra- and inter-relationships of
the Pimelodidae. See above under superfamily Pseudopimelodoidea for fur-
ther discussion.

About 32 genera, e.g., Bergiaria, Brachyplatystoma, Calophysus, Goslinia,
Hypophthalmus (middle figure), Luciopimelodus, Leiarius, Megalonema, Para-
pimelodus, Phractocephalus, Pimelodina, Pimelodus (upper figure), Sorubim (lower
figure), Sorubimichthys, and Zungaro (synonym Paulicea), and atleast 112 species
(de Pinna, 1998; Lundberg and Littmann, 2003; Lundberg et al., 2011).
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The listed works discuss various lineages of this family. tSteindachneridion
theringi is an extinct species in an extant genus from the Oligocene or
Miocene of Brazil. Other fossil pimelodids are common beginning in the
Miocene in South America (Gayet and Meunier, 2003).

Family PSEUDOPIMELODIDAE (180)—bumblebee catfishes. Freshwater; South
America.

Wide mouth; small eyes; barbels short. Some are popular aquarium fishes,
noted for their body coloration of dark brown blotches. Formerly part of
Pimelodidae.

Six genera, Batrochoglanis (5), Cephalosilurus (4), Cruciglanis (1), Lophiosilurus
(1), Microglanis (23), Pseudopimelodus (5), with 39 species (Shibatta 2003a,b).

Order GYMNOTIFORMES (35)—Neotropical knifefishes. Body eellike (com-
pressed or cylindrical); pelvic girdle and fins absent; dorsal fin absent (but
see family Apteronotidae); adipose fin absent; anal fin extremely long (more
than 100 rays and extending from near pectoral-fin origin to near posterior
tip of body) and employed in forward and backward movements; caudal fin
absent or greatly reduced (present only in the apteronotids); restricted gill
openings; anal opening under head or pectorals; basal pterygiophores to anal
fin with only one section (radial) and a hemispherical cartilaginous head that
articulates the fin rays (allowing them to move in a circular motion); electric
organs present; suboperculum absent; ectopterygoid absent; autopalatine not
ossified; maxilla rudimentary (except Electrophorus), maxillary teeth absent;
endopterygoid teeth few or none; claustrum of Weberian complex absent;
alarm substance (Schrekstoff) absent.

The electric organs are derived from muscle cells in most groups
(myogenic), or from nerve cells in adult apteronotids (neurogenic).
Like catfishes, gymnotiforms are nocturnal. They probably arose in the
Neotropical region. They are thought, on the basis of a cladistic study by Fink
and Fink (1981, 1996), to be the sister group to the siluriforms (see above
under Otophysi), a position that is supported by numerous morphological
synapomorphies (see discussion above under series Otophysi).

Five families, 33 genera, and at least 208 species (Albert and Crampton,
2005). The classification follows Albert and Campos-da-Paz (1998), Albert
(2001), and Albert and Crampton (2005). See the family Sternopygidae below

for the only known fossil species.

Suborder Gymnotoidei. One family, two genera, Gymnotus (38) and the mono-
typic Electrophorus electricus equaling 39 species (Albert and Crampton, 2005).

Family GYMNOTIDAE (181)—nakedback knifefishes. Freshwater; North (southern
Mexico only), Central, and South America.

Body rounded or partially so (adult body depth greater than half the body
width at the anal-fin origin); body cavity very long with 31-51 (more than 100 in
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Electrophorus) precaudal vertebrae. Maximum length about 2.2 m TL, attained
in Electrophorus electricus; species of Gymnotus reach up to 100 cm. The common
name in English for the family is appropriate for the order butis retained here.

Gymnotus (banded knifefishes). Small scales present; mouth superior; anal fin
terminating at a point near the tip of the tail; body subcylindrical; weak electri-
cal discharge. The genus Gymnotus, currently with 38 species (Campos-da-Paz,
2003; Crampton and Albert, 2004; Albert and Crampton, 2003a, 2005; Fer-
nandes et al., 2005; Cognato et al., 2007; Maxime et al., 2011) is substantially
more diverse than previously recognized (e.g., Nelson, 1994, recognized only
three species). This is the most widespread genus of the order, extending from
southern Mexico (G. maculosus) to Argentina (G. inaequilabeatus) and also to
Trinidad (G. carapo). Albert et al. (2005) reconstructed the phylogeny and bio-
geography of the many species of Gymnotus, and commented on the evolution
and function of the patterns of the pigment bands, which characterize lin-
eages. The ancestors of the species in Middle America and South America were
the earliest divergence.

o E—

Electrophorus electricus (electric eel). The single species of Electrophorus was
formerly recognized in the family Electrophoridae (electric knifefish), but
was placed with the gymnotids in its own suborder; placement here in the
same family with Gymnotus is based on studies demonstrating their close
relationship (Albert and Campos-da-Paz, 1998, Albert, 2001). Electrophorus is
unique among gymnotiforms in having large electric organs producing lethal
discharges (up to 600 volts) for stunning prey (high voltage, low amperage),
vascularized oral respiratory organ (they can breathe air), and continuous
addition of vertebrae throughout life. In addition: scales absent; mouth
terminal; anal fin continuing to the tip of the tail; body rounded. Northern
South America (primarily Orinoco and Amazon River basins).

Suborder Sternopygoidei. Body compressed (rarely cylindrical); precaudal
vertebrae 12-26 (except Sternopygus, which can have as many as 30). Two
superfamilies, four families, 31 genera, and 169 species.

Superfamily Rhamphichthyoidea. Two families.

Family RHAMPHICHTHYIDAE (182)—sand knifefishes. Freshwater; South America.
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Teeth absent on oral jaws; snout elongate; nostrils relatively close together. The
common name tubesnout knifefishes may also be used for this group.

Three genera, Gymnorhamphichthys (6), Iracema (1), and Rhamphichthys (9),
with 16 species (Ferraris, 2003c; Albert and Crampton, 2005; Carvalho et al.,
2011).

Family HYPOPOMIDAE (183)—bluntnose knifefishes. Freshwater; Panama and South
America.

Teeth absent on oral jaws; snout relatively short, not tubular; nostrils well sepa-
rated; anal-fin origin below or posterior to pectoral-fin base. Maximum length
only 35 c¢m, attained in Brachyhypopomus brevirostris; the smallest gymnotiform
is Hypopygus lepturus, reaching only 9 cm TL. The common names grass and
leaf knifefishes may also be used for this group.

Eight genera, Akawaio (1), Brachyhypopomus (13), Hypopomus (1, synonym
Parupygus), Hypopygus (8), Microsternarchus (1), Procerusternarchus (1), Racenisia
(1), Steatogenys (3), and Stegostenopos (1), with 30 species (Albert and Cramp-
ton, 2003b, 2005; Giora and Malabarba, 2009; Maldonado-Ocampo etal., 2013;
Cox et al., 2014).

Superfamily Apteronotoidea (Sinusoidea). Two families.

Family STERNOPYGIDAE (184)—glass knifefishes. Freshwater; Panama and South
America.

Villiform teeth present on the upper and lower jaws; infraorbital bone series
complete, bones enlarged, partial cylinders with slender osseous arches, and
with an enlarged sensory canal; snout relatively short; eye relatively large
(diameter equal to or greater than distance between nares); anal-fin origin at
isthmus. Eigenmannia vicentespelaea of Brazil is the only cave-inhabiting gym-
notiform (Proudlove, 2005). Maximum length 140 cm, attained in Sternopygus
Macrurus.

Alves-Gomez et al. (1995) gave preliminary molecular evidence, supported
by phenotypic data, that the Sternopygidae might be di-phyletic, with Sternopy-
gus (Sternopygidae s.s.) being a much more primitive lineage not closely
related to some of the other genera in the group. For the remaining genera
they proposed the family name Eigenmanniidae. That suggestion has not
been widely adopted. The broad-scale molecular study of Betancur-R. et al.
(2013a) did not help resolve the issue because of limited taxon sampling and
weak nodal support.

The only known gymnotiform fossil, the late Miocene THumboldtichthys
(formerly fElisella) kirschbaum: from Bolivia, belongs to this family; as with
living gymnotiforms, it could regenerate its caudal skeleton (Gayet and
Meunier, 2000; Albert and Crampton, 2005). Species of sternopygids are also
known as rattail knifefishes.
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Six genera, Archolaemus (6), Distocyclus (2), Eigenmannia (8), Japigny (1),
Rhabdolichops (10), and Sternopygus (9), with about 36 species (Albert, 2003a;
Albert and Crampton, 2005; Correa et al., 2006; Meunier et al., 2011).

Family APTERONOTIDAE (185)—ghost knifefishes. Freshwater; Panama and South

America.
gl i

Small caudal fin (with fin rays) present that is not united to the anal fin; fleshy
dorsal organ (a longitudinal strip attached to posterodorsal midline, resem-
bling an adipose fin); neurogenic electric organ in adults. Maximum length
1.3 m, attained in Apteronotus magdalenesis.

Fourteen genera, Adontosternarchus (6), Apteronotus (23, synonyms Tembeassu
and Ubidia), Compsaraia (2), Magosternarchus (2), Megadontognathus (2),
Orthosternarchus (1), Pariosternarchus (1), Parapteronotus (1), Platyurosternarchus
(2), Porotergus (3), Sternarchella (6), Sternarchogiton (5), Sternarchorhamphus (1),
and Sternarchorhynchus (32), with about 87 species (Albert, 2001, 2003b; Albert
and Crampton, 2005, 2006; de Santana and Crampton, 2006; de Santana
etal., 2007; Triques, 2011; de Santana and Vari, 2012).

Cohort EUTELEOSTEI

This cohort contains all the remaining teleost fishes. As noted by Johnson and
Patterson (1996) and Wiley and Johnson (2010), the monophyly of this group
is supported by the pattern of supraneural development, presence of a stegural
with an anterodorsal membrane outgrowth, and presence of caudal median
cartilages. Strong support for Euteleostei is also seen in molecular-sequence
studies including those of Zaraguieta-Bagils et al. (2002), Ishiguro et al. (2003),
Osinov and Lebedev (2004), Li et al. (2010), Burridge et al. (2012), Near et al.
(2012a), Betancur-R. et al. (2013a), and Campbell et al. (2013).

The monotypic genus Lepidogalaxias of Western Australia, formerly clas-
sified among Galaxioidei (which were usually then in Osmeriformes), is
now regarded as the sister group of all other extant members of the cohort
Euteleostei (see discussion below). Among those other extant Euteleostei, the
Superorder Protacanthopterygii (Salmoniformes plus Esociformes) is sister
to all other euteleosts, which are an unranked taxon called the Zoroteleostei.
The latter group in our treatment includes the superorder Osmeromorphi
plus all higher teleosts in the unranked taxon Neoteleostei.

Stem-group fossil euteleosts include the Late Jurassic T Leplolepides (Arratia,
1996, 1997) from Germany, along with the late Early Cretaceous fErichalcis
(Hermus et al., 2004; Arratia, 2008) from Canada, and the Late Cretaceous
TAvitosmerus (Fielitz, 2002; Murray and Cumbaa, 2015) also from Canada.

Fifty orders, 351 families, 3,160 genera, and 19,799 species.
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Possible relationships among the more primitive groups of the Cohort Euteleostei.

Order LEPIDOGALAXIIFORMES (36)—salamanderfishes. One monotypic family.
For characters see the family Lepidogalaxiidae.

The phylogenetic position of Lepidogalaxias has been subject to much
debate. Williams (1997) regarded Lepidogalaxias as the sister group to
Galaxiidae + Aplochitonidae. Waters et al. (2000) argued that it is not a
galaxiid, and that an esocoid relationship might be possible (at least they
could not reject such a hypothesis), a view previously suggested by Rosen
(1974). Johnson and Patterson (1996) presented evidence that Lepidogalaxias
and the other galaxiids form a monophyletic group (however, a number of
characters in Lepidogalaxias were interpreted as reversals). Nelson (2006)
adopted most conclusions of Johnson and Patterson (1996) and placed
Lepidogalaxiidae and Galaxiidae into synonomy. Wilson and Williams (2010)
then suggested that Lepidogalaxias might be sister to all osmeriforms (then
including argentinoids and galaxioids).

However, recent molecular work (Li et al., 2010; Burridge et al., 2012; Near
et al. 2012a; Betancur-R. et al., 2013a) now strongly supports the idea that
Lepidogalaxiasis the sister to all other euteleosts. Although it shares some osteo-
logical and myological characters with galaxiids, its preopercular sensory canal
is in a bony tube opening by a pore (Wilson and Williams, 2010), a primitive
state more consistent with it not being a member of the Zoroteleostei (see
below). Rosen (1974) and Fink (1984) were correct to remove Lepidogalaxias
from the galaxioids, although their suggested alternative placements are not
currently favored. Herein we accept the strong molecular evidence for a basal
position of Lepidogalaxias within Euteleostei.

Family LEPIDOGALAXIIDAE (186)—salamanderfishes. Freshwater; southwestern
Australia.

Body elongate and slender; dorsal fin posterior to pelvic fin, above anal fin; no
adipose fin; dorsal-fin rays 5-7; anal-fin rays 11 or 12; scales very thin; males
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with modified anal-fin rays and a sheath of scales over anal fin base, facilitating
direct transfer of sperm to female for internal fertilization; gill rakers 4-7; eyes
lacking eye muscles (in compensation for the inability to rotate the eye in its
socket, the fish has an unusual ability to bend its neck downwards and side-
ways); vertebrae 44-47.

This ancient lineage from the early radiation of Euteleostei survives drought
periods by burrowing into damp sand. Maximum SL about 6.7 cm.

One species, Lepidogalaxias salamandroides (Salamanderfish) (Berra, 1997;
Berra and Pusey, 1997).

Superorder PROTACANTHOPTERYGII

Originally a much larger assemblage of fishes when proposed in the landmark
volume on teleostean relationships by Greenwood et al. (1966), the Protacan-
thopterygii have been greatly reduced in scope over the following decades,
beginning with the work of Rosen (1973a, 1985). Nelson (1984) recognized
Protacanthopterygii with one order, Salmoniformes, containing four subor-
ders. In Nelson (1994) the same content was recognized, but with a different
arrangement classified in three orders. Much of the work immediately prior to
Johnson and Patterson (1996), and employed in Nelson (1994), was by Fink
(1984), Rosen (1985), and Sanford (1990). In Nelson (2006), the overall com-
position of Protacanthopterygii followed Nelson (1994), but the recognized
orders and sequence changed again. Esociformes were retained in Protacan-
thopterygii even though Johnson and Patterson (1996) had advocated that
they be positioned as sister to the Neoteleostei.

A very restricted membership for Protacanthopterygii, with only salmoni-
forms and esociforms as sister groups, was also supported by the morphological
work of Williams (1987) and by Wilson and Williams (2010). Morphological
characters supporting the Protacanthopterygii include: unique anteroventral
process on hyomandibular bone in primitive members (lost in some more
derived genera of salmoniforms), and loss of a ligamentous connection
between the maxilla-mandibular ligament and the adductor mandibulae
muscle (possibly reversed in Prosopium; Wilson and Williams, 2010).

The sister-group relationship between salmoniforms and esociforms, albeit
joined in Protacanthopterygiiin one study or another by various other taxa such
as argentinoids, galaxioids, osmeroids, and/or stomiiforms, has also been sup-
ported by several molecular studies (Zaragueta-Bagils et al., 2002; Broughton,
2010:fig. 1; Near et al., 2012a; Betancur-R., et al. 2013a). However, there is no
general agreementamong such studies as to which of the additional taxa should
be included in Protacanthopterygii. The more restricted membership for Pro-
tacanthopterygii, consisting of only of salmoniforms and esociforms as sisters,
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has also been supported by some molecular studies, many of them with diverse
taxon sampling and relatively strong nodal support (e.g. Ishiguro et al., 2003;
Lopezetal., 2004; Broughton, 2010:fig. 2; Burridge etal., 2012; Campbell etal.,
2013). Here we have adopted the more restricted membership of two orders,
because it has significant molecular and morphological support.

Two orders with 3 families, 15 genera, and about 335 species.

Order SALMONIFORMES (37)—trout, salmon, and whitefish. This order contains
only the family Salmonidae. Cretaceous fossils that may be related to salmoni-

forms include f§Kermichthys and TParavinciguerria, studied by L. Taverne in
the 1990s.

Family SALMONIDAE (187)—trout, salmon, and whitefish. Freshwater and
anadromous; Northern Hemisphere.

Deep posterior myodome with eye musculature passing through and attaching
to trunk muscles; adipose fin present; mesocoracoid present; gill membranes
extending far forward, free from isthmus; basihyal teeth present; pelvic axillary
process present; vertebral centra pitted; last three vertebrae turned up; 11-210
pyloric caeca; 7-20 branchiostegal rays; vertebrae 50-75; tetraploid karyotype;
parr marks in young of most species. Maximum length up to 1.5 m. This family
has high value in sport and commercial fisheries.

Many biological species exist that are not named (e.g., of whitefishes and
char). However, there is a serious problem of how many nominal species to rec-
ognize as valid (according to various species definitions). Some workers might
combine various species (for an example, see Nelson et al., 2004:208-209),
which others might split. The basic classification of this group is similar to that
in Nelson (1994), which was largely consistent with the morphological works
of Norden (1961), Kendall and Behnke (1984), Sanford (1990), Stearley and
Smith (1993), and Wilson and Li (1999). These morphological studies and the
supertree review by Wilson and Williams (2010), along with some molecular
work (e.g., Osino and Lebedeyv, 2004) agreed that the sequenced cladistic rela-
tionships are Coregoninae, Thymallinae, and Salmoninae, with the latter two
being sister groups. However, several molecular studies have placed Thymalli-
nae closer to Coregoninae than to Salmoninae, although usually with a short
branch length (e.g., Betancur-R. et al., 2013a; Campbell et al., 2013). Herein
we are continuing to list the three subfamilies as before, while acknowledging
that the placement of Thymallinae remains controversial.

Some authors prefer to recognize two of the subfamilies at the family level,
e.g., Coregonidae and Salmonidae (containing the subfamilies Thymallinae
and Salmoninae) (e.g., Johnson and Patterson, 1996; Sanford, 2000), or all
three at the family level (e.g., Reshetnikov et al., 1997). We here recognize
subfamilies within a single family, and given the controversy about the rela-
tionships of Thymallus, we continue to recognize three subfamilies. A listing
of species by broad geographic areas is found in Kottelat (1997), Reshetnikov
etal. (1997), and Nelson et al. (2004).

Three subfamilies with 10 genera and up to 223 species.
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SUBFAMILY COREGONINAE (WHITEFISHES AND CISCOES). Fewer than 16 dorsal-fin
rays; scales large, fewer than 110 along lateral line; no teeth on maxilla; vomer
usually small and without teeth; orbitosphenoid present; suprapreopercular
absent. Three genera and as many as 88 species.

Prosopium (round whitefishes). Small mouth with weak or no teeth; single
flap between nostrils; basibranchial plate present; young with parr marks.
Freshwater; northern Northern Hemisphere; six species. One species occurs
in both northern North America and Siberia; three are endemic to Bear Lake,
Utah-Idaho, one of which is cisco-like.

Coregonus (lake whitefishes and ciscoes)—Small mouth with weak or no teeth;
two flaps between nostrils; no basibranchial plate; young without parr marks.
Freshwater (occasionally anadromous along Arctic coastline), northern North-
ern Hemisphere; up to 80 species.

Formerly, subgenera Coregonus (lake whitefishes) and Leuciscus (ciscoes)
were recognized, but recent studies (e.g., Politov et al., 2004) suggest that
cisco-like characters have been acquired independently. Whitefishes usually
have subterminal mouth, maxillae usually not extending beyond front margin
of eye, and are bottom and plankton feeders, whereas ciscoes usually have
a superior or terminal mouth, maxillae normally extending beyond front
margin of eye, and are usually plankton feeders. In North America there
is good separation between the two groups in gill-raker number; the lake
whitefishes almost always have 35 or fewer gill rakers, the ciscoes 36 or more.
In Eurasia, however, one lake whitefish (C. muksun) usually has 51-56 gill
rakers, whereas one cisco (C. tugun) has 25-39.

Circumpolar, but most species in northwestern Eurasia. Large lakes often
contain endemic radiations in the form of species complexes, such as the
C. lavaretus complex in Eurasia and the C. clupeaformis complex in North
America.

Stenodus. 'Two species are recognized, Stenodus leucichthys (Inconnu) and
S. nelma. Large mouth with many small teeth on jaws, vomer, and palatine;
two flaps between nostrils. Anadromous; Arctic Asia and North America.

SUBFAMILY THYMALLINAE (GRAYLINGS). More than 17 dorsal-fin rays; teeth on
maxilla; orbitosphenoid absent; suprapreopercular absent.

One genus, Thymallus (graylings), freshwater; Northern Hemisphere; up to
14 species, mostly in Eurasia, but only one in North America (7T arcticus).
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Affinities between North American and Eurasian grayling were covered by
Stamford and Taylor (2004). A molecular study of the genus Thymallus was
completed by Froufe et al. (2005).

SUBFAMILY SALMONINAE (TROUT AND SALMON). Fewer than 16 dorsal-fin rays;
scales small, more than 110 along lateral line; teeth on maxilla; orbitosphe-
noid present (sometimes absent in Salvethymus svetovidovi); suprapreopercular
present. Six genera and perhaps 121 species.

Relationships within Salmoninae have been examined with both morphologi-
cal and molecular data (see references for Salmonidae, above).

Certain species, such as Salvelinus fontinalis, Salmo trutta, and Oncorhynchus
mykiss (synonym Salmo gairdneri), have been introduced virtually throughout
the world. Species of Salmoninae that are called “trouts” are mostly those that
spend most of their lives in fresh water and usually do not die after spawning.
Some so-called trouts belong to distinct genera such as Brachymystax and Hucho
(see below). Some others are really chars (genus Salvelinus), and still others are
isolated, usually landlocked populations, some of them recognized as distinct
species, of Atlantic trout/salmon (genus Salmo) or of Pacific salmon (genus
Oncorhynchus).

Genera of Salmoninae are:

Brachymystax. Perhaps three species including B. lenok (lenok). Freshwater;
northern Asia to Korea (Holcik et al., 1988).

Hucho (huchen or taimen). Freshwater and anadromous; northern Asia to
Japan, Danube basin of Europe; perhaps four species (Holcik et al., 1988).

Salvelinus (chars or charrs). Biological information on the species of this genus
and some problems of char taxonomy are presented by Behnke (2002).
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Subgenus Salvethymus. One species, S. svetovidovi (Longfin Char), described
by I. A. Chereshnev and M. B. Skopets in 1990, known only from Lake
El'gygytgyn, a cold, clear, ultraoligotrophic lake formed in a meteorite crater
about 3.5 million years ago and having been a refugium during the Pleis-
tocene glaciation. This planktivore is unique among salmonines in several
features; for example, it has an unusually high number of gill rakers and very
reduced orbitosphenoid (sometimes absent) and basisphenoid. Reasons for
not recognizing Salvethymus at the generic level, as proposed by Chereshnev
and Skopets (they also recognized Baioneand Cristivomer as genera), are given
in Nelson (1994), based on Behnke (1989).

Subgenus Baione. Two species, Salvelinus fontinalis, Brook Trout (freshwater
and anadromous, eastern North America), and S. namaycush, Lake Trout
(freshwater, northern North America, recognized by some in the subgenus or
genus Cristivomer).

Subgenus Salvelinus. Freshwater and anadromous; Northern Hemisphere.
About eight species (e.g., Arctic Char, Dolly Varden, and Bull Trout). Perhaps
the northernmost record for any freshwater fish is that for anadromous and
freshwater Arctic Char in Lake Hazen, Ellesmere Island, Canada. The work
of Stearley and Smith (1993) suggested that several species recognized here
belong in the Baionelineage; for example, in their cladogram, Bull Trout and
Lake Trout are sister species. E. B. Taylor and colleagues have done many stud-
ies on hybridization and its significance in char species (e.g., Taylor, 2004). Up
to 52 species.

Parahucho. Erected as a monotypic subgenus by Vladykov in 1963, this is a
separate lineage according to the 1995 molecular study by R. B. Phillips and
colleagues and by some of the results of Crespi and Fulton (2004). Wilson
and Williams (2010) in a supertree analysis suggested that it was sister to Salmo
and Oncorynchus.

Salmo. Freshwater and anadromous; North Atlantic basin (northeastern
North America and Europe) and European Arctic. Fall spawning. Commer-
cially important species include the Atlantic Salmon (S. salar) and Brown
Trout (S. trutta), both with numerous anadromous and freshwater popula-
tions that have been named as separate species (e.g., Kottelat and Freyhof,
2007; Susnik et al., 2007; Turan et al., 2011, 2012). Nominal subgenera that
are probably derived, landlocked populations of the genus Salmo include
Acantholingua (A. ohridanus), Salmothymus (S. obtusirostris), and Platysalmo
(P. platycephalus) (see also Wilson and Williams, 2010). Up to 41 species.

Oncorhynchus (Pacific trouts and Pacific salmon). About 17 species.

Stearley and Smith (1993) provided evidence that the subgenus Rhabdofario,
previously used for several Pacific trout species, is paraphyletic, with the four
extant species forming separate branches on a comb-like cladogram.
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Pacific salmon comprise an important fishery, and a great deal is known of
their biology. They are a rich source of material for studies in diversity. They
have a strong homing ability, usually returning to their natal streams for spawn-
ing. Oncorhynchus masou (Masu Salmon or Cherry Salmon) and O. rhodurus
(Amago) are the most “trout-like”; the latter nominal species is probably con-
specific with O. masou—Dboth occur only in far eastern Asia. Oncorhynchus kisutch
(Coho Salmon) and O. tshawytscha (Chinook Salmon) are somewhat interme-
diate between the Japanese endemics and the next three species. Oncorhynchus
keta (Chum Salmon) and O. gorbuscha (Pink Salmon) usually spawn in the lower
reaches of rivers and are the most “marine-like.” Individuals of O. gorbuscha
have a rigid two-year life span, with one or the other or both of the even-
and odd-year stocks existing allochronously in the same stream. Individuals
of other species have variable lifespans: those of O. nerka (Sockeye Salmon)
live as long as eight years in their northern range (Alaska). In this species the
anadromous form (sockeye) has, throughout most of its range, given rise to
freshwater populations (kokanee), which occur in sympatry or allopatry (usu-
ally in so-called “landlocked” lakes, though connected to the sea by rivers) with
the parental anadromous form. All individuals of the last five species and all
anadromous individuals die after spawning; some non-anadromous O. masou
may repeat spawn. Wilson etal. (2009) reconstructed the history of inland pop-
ulations of O. clarki using mtDNA, recognizing six subspecies in western USA
and Mexico.

Fossils include i) the Eocene T Eosalmo, the oldest salmonid and the primitive
sister group to all other salmonines, combining characters of Thymallinae
and Salmoninae (Wilson and Williams, 1992, 2010; Stearley and Smith, 1993),
with two species, TE. driftwoodensis from North America (Wilson 1977, Wilson
and Li, 1999, Wilson and Williams, 2010) and {E. kamchikensis from eastern
Siberia (Sytchevskaya, 1986); ii) TBrachymystax bikinensis of Oligocene age
(Sytchevskaya, 1986); iii) the giant Miocene TOncorhynchus rastrosus from
Oregon and California, a very large-bodied filter feeder that had over 100 gill
rakers; iv) TOncorhynchus ketopsis, also Miocene, from Oregon (Eiting and
Smith, 2007); and v) the southernmost known salmonid, TOncorhynchus
australis, from the Pliocene of Mexico (Stearley and Smith, 1993). These and
related fossils demonstrate that Salmoninae are at least as old as early Eocene,
and that Oncorhynchus arose at least six million years ago.

Order ESOCIFORMES (Haplomi, Esocae) (38)—pikes and mudminnows. Maxilla
toothless but in gape of mouth; no adipose fin; dorsal and anal fins located
posteriorly; no breeding tubercules; no pyloric caeca; no mesocoracoid; cheek
and operculum scaled; one postcleithrum; basibranchial tooth plate in two
parts; ossification of middle radials on only central pterygiphores of dorsal
and anal fins (Esox and Umbra), or not ossified at all (Dallia and Novumbra);
paired elongate proethmoids (Rosen, 1974; Johnson and Patterson, 2010).

Two families, four genera, and at least 12 species. There is one fossil-only
family recognized.
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The crown-group Esociformes consist of two families, Esocidae (Esox,
Novumbra and Dallia) and Umbridae (Umbra). The Umbridae formerly
(Wilson and Veilleux, 1982; Nelson, 2006) included also Novumbra and Dallia,
but based on molecular results, Lépez et al. (2000, 2004) found Dallia and
Novumbra to be more closely related to Esox than to Umbra, with Novumbra
being the living sister group to Esox. This new arrangement is accepted here.

FFamily PALAEOESOCIDAE. This extinct family contains the Eocene-Miocene genus
tPalaeoesox and possibly the Paleocene-Eocene genus tBoltyshia, both from Europe
(Sytchevskaya 1976; Gaudant 2012).

Family ESOCIDAE (188)—pikes. Freshwater; Northern Hemisphere.

Opercle truncated dorsally; one small supramaxilla; subopercle sickle-shaped;
vomer and palatines strongly toothed; scales with few strong, anterior radii.

The oldest members of the family are fossil species of the Late Cretaceous
TEstesox and T Oldmanesox (Wilson et al., 1982). The oldest known fossil species
of the genus Esox, TE. tiemant, is from Paleocene formations of about 62 million
years ago in Alberta (Wilson, 1984); it is relatively similar in appearance to
E. lucius, more so than some Cenozoic species of Esox from Eurasia. The oldest
pike found outside North America is from the early Eocene of China (Chang
and Zhou, 2002). L. Grande (1999) described an early Eocene fossil from
North America, TE. kronneri, that appears to belong to the subgenus Kenoza,
the first appearance of that subgenus in the fossil record, and briefly reviewed
both fossil and extant species of Esox. {Esox kronneri lived during one of the
warmest periods of reconstucted Cenozoic climates, the Early Eocene Ther-
mal Maximum, although other fossil esocids seem to have responded to warm
climates by living farther north (Newbrey et al., 2008).

Three genera with about nine species.

Novumbra. Caudal fin truncate; two mandibular canal pores present; three
temporal canal pores; one epural in caudal fin skeleton; pectoral-fin rays
18-23; pelvic-fin rays six or seven; dorsal-fin rays 12-15; anal-fin rays 11-13;
lateral-scales 52-58; vertebrae 37—40.

One species, Novumbra hubbsi (Olympic Mudminnow), confined to the
Olympic Peninsula in western Washington, occurring primarily in the Chehalis
system. There is one fossil species, T Novumbra oregonensis, from the Oligocene
of Oregon (Cavender, 1969).

Dallia. Rounded caudal fin; pectoral-fin rays 29-38; pelvic-fin rays usually
two or three (rarely none or one); dorsal-fin rays 10-16; anal-fin rays 11-16;
lateral-line scales 76-100; vertebrae 40-42; Baudelot’s ligament ossified (the
only esociform with it ossified); intercalar and postcleithrum absent; much
of pectoral skeleton unossified (all based on Dallia pectoralis, in the strict
sense).
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One to three species, D. pectoralis (Alaska Blackfish), in northeastern-most
Siberia and Alaska (see the population study based on mtDNA by Campbell
and Lopez, 2014) and two nominal species D. admirabilis and D. delicatissima
from northeastern Siberia (pelvic-fin rays absent in some specimens of the lat-
ter). Mecklenburg et al. (2002) recognized all nominal species as synonyms
of D. pectoralis but noted other workers who recognize three species. Caven-
der (1969) noted but did not formally name a fossil Dallia from the Miocene
of Alaska.

Esox. Posttemporal canal present; anterior part of palatine articulating
with premaxilla to form a toothed biting surface of the upper jaw; maxillary
articulation process present; depressible teeth on dentary, vomer and palatine;
toothplates on basibranchial one and two; anterior supraneural expanded;
lateral line complete; presence of notched or cardioid scales along lateral
line; caudal fin forked, with 40-50 rays (17 branched, rarely 16); infraorbital
canal with eight or more pores; 6 preopercular canal pores; branchiostegal
rays 10-20; vertebrae 46-68 (T. Grande et al., 2004). Maximum length 1.4 m,
obtained in Esox masquinongy.

Seven recognized species divided between two subgenera.

Subgenus Esox (i.e., pikes). Esox lucius (the Northern Pike), with a circumpo-
lar distribution, E. reicherti (the Amur Pike), from Siberia, E. masquinongy (the
Muskellunge) from North America, and E. cisalpinus (= E. flaviae, the Southern
Pike of Europe) native to Italy. Infraorbital canal complete; posttemporal fossa
covered by parietals; vomer greater than 50% of parasphenoid length; abdom-
inal vertebrae 39-48; caudal vertebrae 17-21; three epurals present in caudal
fin skeleton; 5-9 mandibular canal pores; pelvic-fin rays 10-13; lateral-line
scales, 36-59.

Subgenus Kenoza (i.e., pickerels). E. niger (Chain Pickerel), and
E. americanus, which has two subspecies (Redfin Pickerel and Grass Pickerel)
all endemic to North America (L. Grande, 1999; T. Grande et al., 2004).
Abdominal vertebrae 32-39; caudal vertebrae 13-18; two epurals present in
the caudal fin skeleton; four mandibular canal pores present; infraorbital
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canal discontinuous; total vertebrae 46-55; expansion of second neural arch
in the transverse plane and rostrocaudally; notched scales present between
pelvic fins; dorsal-fin rays 13-21; anal-fin rays 11-18; pelvic-fin rays 8-11;
lateral-line scales, 78-140. Grande et al. (2004) and Lopez et al. (2004) found
strong support for the monophyly of the genus, and for the monophyly of the
subgenera Esox (pikes) and Kenoza (pickerels).

Family UMBRIDAE (189)—mudminnows. Freshwater; parts of Northern Hemisphere.

Pectoral-fin rays 11-16; pelvic-fin rays 5-7; dorsal-fin rays 13-17; anal-fin
rays 7-10; lateral-scales 30-36; vertebrae 32-37; mandibular canal absent in
Umbra limi and U. pygmaea, present in U. krameri; 2 mandibular canal pores;
extrascapular and pottemporal canals absent. Can breath atmospheric air
using a modified swimbladder.

Until recently, the Umbridae included also the genera Dallia and Novumbra
(e.g., Wilson and Veilleux, 1982, who studied the osteology of all three genera),
but Dallia and Novumbra are now in Esocidae (e.g., Lopez et al., 2000, 2004).
One genus, Umbra, with three species: U. limi in east-central North America,
U. pygmaeain the eastern United States, and U. krameriin southeastern Europe.

ZOROTELEOSTEI (ZOROTELEOSTS). All of the remaining taxa of Euteleostei were
named the Zoroteleostei by Wilson and Williams (2010) in recognition of the
possession, in most primitive members of included clades, of a completely
open or ventrally open preopercular sensory canal. The name means “pure
teleosts.” When it was named, some of its members were thought to be
related in ways different from those adopted here, but with one exception
the membership has not changed. The exception is Lepidogalaxias, earlier
thought to be a galaxioid, but now regarded as being sister to all other
crown-group Euteleostei and here separated from Zoroteleostei and from
Protacanthopterygii (see above) in the Order Lepidogalaxiiformes. The new
position for Lepidogalaxias solves a problem, because in Lepidogalaxias the
preopercular sensory canal, though greatly reduced, is enclosed in a bony
tube with at least one pore opening (Wilson and Williams, 2010). Thus it is
no longer necessary to postulate a reversal in this character for Lepidogalaxias.
Rosen (1985) had earlier proposed a somewhat similar group (also without
Lepidogalaxias, which he had argued was related to salmoniforms; Rosen 1974),
with the following additional zoroteleostean characters: acellular endoskeletal
bone; toothed alveolar process on premaxilla lying under the maxilla; neural
spine of caudal skeletal centrum PU2 shorter than that of PU3.
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Superorder OSMEROMORPHA

A clade that includes Argentiniformes, Galaxiiformes, Osmeriformes,
and Stomiiformes was recovered by Burridge et al. (2012), sister to all
higher teleosts. Some members of this putative clade have been classified
either as separate lineages (e.g., Galaxiiformes in the phylogeny of Near
et al., 2012a) or as closer to the salmoniforms and esociforms—i.e., within
Protacanthopterygii—(e.g., Argentiniformes by Near et al. 2012a; Argentini-
formes and Galaxiiformes by Betancur-R. et al. 2013a). We recognize here that
there is a clade, within Zoroteleostei and sister to Neoteleostei, that includes
Osmeriformes and probably others. Betancur-R. et al. (2013a) recognized
a clade that they called Stomiatii containing only Osmeriformes and Stomi-
iformes, but in their tree it is not sister to Neoteleostei and it does not include
either Argentiniformes or Galaxiiformes. Therefore, we here designate the
new superordinal taxon Osmeromorpha, containing four orders.

Order ARGENTINIFORMES (39)—marine smelts. Adipose fin usually present;
caudal fin forked; dorsal fin near body center; maxillae and premaxillae (when
present) toothless; supramaxilla absent; mouth usually small; endopterygoid
teeth absent; metapterygoid reduced; basibranchials 1-3 toothless; pharyn-
gobranchials 2 and 3 toothless; accessory neural arch absent; uroneural one
without membranous anterodorsal outgrowth; branchiostegal rays 2-7; lateral
line scales 40-70; swimbladder, when present, physoclistous; mesocoracoid
present or absent. The following three characters were previously thought
to indicate relationship to alepocephaloids. In the present arrangement they
are considered convergent: complex posterior branchial structure (“epi-
branchial” organ), termed the “crumenal organ;” distal parts of anterior 1-4
epineurals descended; caudal medial cartilages supporting lowermost ray of
upper caudal lobe (Johnson and Patterson, 1996; Wiley and Johnson, 2010).

Many are bathypelagic. Color usually silvery. They hatch from small eggs
(about 1-3 mm diameter) with gradual larval development, then transform to
demersal juvenile.

Studies on this taxon include those by Kobyliansky (1990, 1998), Johnson
and Patterson (1996) and Patterson and Johnson (1997a, b), Mecklenburg
et al. (2002), Carter and Hartel (2003), Wiley and Johnson (2010). Nelson
(2006), following Johnson and Patterson (1996), recognized the two subor-
ders of argentiniforms: Argentinoidei and Alepocephaloidei (slickheads). This
classification was followed by Wiley and Johnson (2010). However, there is now
strong evidence that the alepocephaloids do not belong here; see the above
treatment of Otocephala for a discussion of the new phylogenetic placement
of alepocephaloids.

Taverne (1982) assigned the Early Cretaceous genera {Nybelinoides and
TPattersonelle to the Argentinidae. Younger records include species of
Oligocene-Miocene age from marine deposits in the Caucasus (Prokofiey,
2005).

Three families, 21 genera, and about 87 species.
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Family ARGENTINIDAE (190)—argentines or herring smelts. Marine; Atlantic, Indian,
and Pacific.

Eyes not tubular; adipose fin over anal fin base; postcleithra and mesocora-
coid present; dorsal-fin origin in front of pelvics; pectoral-fin base on ven-
trolateral surface; dorsal-fin rays 10-14; anal-fin rays 10-17; pectoral-fin rays
11-25; pelvic-fin rays 10-15; branchiostegal rays 4-6; vertebrae 43-70 (most
with 46-55).

Two genera, Argentina and Glossanodon, with about 27 species.

Family OPISTHOPROCTIDAE (191)—barreleyes or spookfishes. Marine; tropical to
temperate, Atlantic, Indian, and Pacific.

Eyes usually tubular; pectoral-fin base on side; pelvic-fin base on side in
some; adipose fin in some; photophores in some; most lack swimbladder;
frontals fused; parietals not meeting on midline (true also for bathylagids);
branchiostegal rays 2—4.

Eight genera, Bathylychnops, Dolichopteroides, —Dolichopteryx, — Ioichihys,
Macropinna, Opisthoproctus, Rhynchohyalus, and Winteria, with about 19
species.

Family MICROSTOMATIDAE (192)—pencilsmelts. Marine; tropical to temperate seas,
Atlantic, Indian, and Pacific (extending from the subarctic to the Antarctic).

Lateral line and lateral-line-scales extending onto tail; postcleithra present;
mesocoracoid absent; pectoral-fin base on side; dorsal-fin rays 9-12; anal-fin
rays 7-10; pectoral-fin rays 7-14; pelvic-fin rays 8-12; branchiostegal rays 3 or 4;
vertebrae 41-50.

Three genera with about 20 species.

Nansenia. Adipose fin present; dorsal fin in front of pelvics. Seventeen
species found from the subarctic to the subantarctic.
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Microstoma—No adipose fin; dorsal fin behind pelvics.

One or two species.

Xenophthalmichthys—No adipose fin; dorsal-fin origin behind pelvic-fin inser-
tion; eyes tubular (protruding anteriorly); pectoral-fin base well up on side, fin
with 7 rays; pelvic fin with 7 or 8 rays.

= —

(B —

One or two species.
Family BATHYLAGIDAE (193)—deepsea smelts. Subarctic to Antarctic.

Adipose fin present or absent; postcleithra and mesocoracoid absent; pectoral-
fin base near ventral surface; dorsal-fin rays 6-13; analfin rays 10-28;
pectoral-fin rays 7-16; pelvic fin-rays 6-11; branchiostegal rays 2; vertebrae
38-55.

Eight genera, Bathylagichthys (5), Bathylagoides (3), Bathylagus (7), Dolicholagus
(1), Leuroglossus (3), Lipolagus (1), Melanolagus (1), and Pseudobathylagus (1),
with about 22 species.

Order GALAXIIFORMES (40)—galaxiiforms. Usually no pyloric caeca; no meso-
coracoid; no supramaxillae; 18 or fewer principal caudal-fin rays; no upturned
vertebrae. These cold-water fishes form the dominant element in the freshwa-
ter fish fauna of the Southern Hemisphere. One family.

Previously, retropinnids were thought to be closely related. However, Waters
et al. (2002), in a mitochondrial DNA analysis, concluded that retropinnids
and osmerids are sister taxa, a conclusion supported by several later molecular
studies.

Family GALAXIIDAE (194)—galaxiids. Freshwater and diadromous; Australia, New
Zealand, New Caledonia, southernmost Africa, and southern South America.

Principal caudal-fin rays 16 or fewer; caudal fin with 12-14 branched rays;
scales absent, but lateral line present; no horny keel along abdomen; maxillary,
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vomerine, palatine, and basibranchial teeth absent; hypurals 5; gonads paired;
cucumber odor absent. Freshwater and diadromous; Australia, New Zealand,
New Caledonia, southernmost Africa, and southern South America.

Anderson (1998) described a possible fossil galaxiid, {Stompooria, from the
Late Cretaceous in South Africa; he also noted other papers on fossil Galaxias
from New Zealand. Lee et al. (2007) reviewed the galaxiid fossil record and
described the Miocene T Galaxias effusus also from New Zealand.

Seven genera and 50 species. We here recognize three subfamilies, with
Galaxiinae sister to Aplochitoninae and Lovettiinae, following the phylogeny
of Burridge et al. (2012).

SUBFAMILY GALAXIINAE. No adipose fin; dorsal fin posteriorly placed near
tail (originating above pelvics in Paragalaxias); caudal fin usually truncate
to emarginate (forked or rounded in some); pelvic fins absent in most
Neochanna; branchiostegal rays 5-9; pyloric caeca 0-6 (usually 2); vertebrae
37-66. Maximum length 58 cm, attained in Galaxias argenteus of New Zealand;
most species are less than 20 cm.

Most members are confined to fresh water, although some species are partially
anadromous, having larvae that descend streams after hatching, and spend
some time in the ocean. The 16-cm Galaxias maculatusis peculiar among galaxi-
ids in New Zealand in that ripe adults usually migrate down streams and spawn
in estuarine grasses in upper tidal flats during spring tides. The eggs usually
hatch after two weeks in subsequent high tides when they are reimmersed
in water, and the larvae are washed out to sea (they have been found as far
as 700 km from shore). The species is marginally catadromous (with a lunar
rhythm), although landlocked populations are known. The juveniles of several
species of Galaxias can move up damp rock faces or dams and G. brevipinnis of
New Zealand is particularly good at moving upstream in rapid waters. Species
of Neochanna (mudfishes) can live in swamps and are able to aestivate during
dry periods. The term whitebait is applied to the transparent immature fry of
fish that move from the sea into rivers at approximately six months of age. In
New Zealand, several species of Galaxias constitute the whitebait commercial
and recreational fishery.

Species abundance is greatest in Australia, especially in Tasmania and south-
eastern Australia, and in New Zealand. The variable Galaxias zebratus occurs
in South Africa (two or more species may be represented, McDowell, 2001),
and the only species of Nesogalaxias occurs in the uplands of New Caledonia.
The most widespread species, G. maculatus, occurs in Australia, Tasmania, Lord
Howe Island, New Zealand, Chatham Islands, and southern South America
(Chile, Patagonia, Tierra del Fuego, and Falkland [Malvinas] Islands). Berra
(2001) and Wallis and Waters (2003) gave details on the distribution of galaxiid
fishes.
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Five genera, Brachygalaxias, Galaxias (synonym Nesogalaxias), Galaxiella,
Neochanna, and Paragalaxias, with about 47 species (e.g., McDowall, 1990,
1997, 2003; McDowall and Wallis, 1996; McDowall and Chadderton, 1999;
Waters et al., 2000; Ling and Gleeson, 2001; Wallis et al., 2001; McDowall
and Waters, 2002).

SUBFAMILY LOVETTIINAE. Adipose fin reduced but present; dorsal fin anteriorly
placed, above pelvic fin, with 7-9 rays; caudal fin forked; branchiostegal rays
usually 5 or 6; pyloric caeca absent; maxilla excluded from gape; postcleithrum
present; vertebrae 52-58. Maximum length about 7.7 cm.

One species, Lovellia sealii, anadromous, known only from Tasmania
(McDowall, 1990). Lovettia and a few Galaxias constitute the Tasmanian
whitebait fishery.

SUBFAMILY APLOCHITONINAE. Adipose fin present; dorsal fin anteriorly placed,
above pelvic fin, with 11-14 rays; caudal fin forked; branchiostegal rays 3 or
4; pyloric caeca long, 1 or 2; maxilla almost excluded from gape; postclei-
thrum absent; vertebrae 64—73. Maximum length 38 cm, attained in Aplochiton
taeniatus.

One genus, Aplochiton, with two species, freshwater and diadromous, from
southern Chile, parts of western Argentina in the Andes, Tierra del Fuego, and
the Falkland (Malvinas) Islands (McDowall, 1990).

Order OSMERIFORMES (41)—freshwater smelts. Posterior shaft of vomer short;
mesopterygoid teeth reduced; articular absent or reduced; pterosphenoid
usually with ventral flange; maxilla included in gape of mouth; adipose
fin present or absent; radii absent on scales; loss of basisphenoid and
orbitosphenoid bones.

Osmeriforms spawn in fresh water except for Osmerus eperlanus, and perhaps
one or two salangines; only some salangines and Nesogalaxias occur in tropical
regions.

Lopez et al. (2004) gave molecular evidence supporting a close relation-
ship of this order with Stomiiformes (see below). The phylogeny of Burridge
et al. (2012) contained two clades here classified as suborders, Osmeroidei
(Osmeridae, Plecoglossidae, and Salangidae) and Retropinnoidei (Prototroc-
tidae and Retropinnidae).

Possible fossils include the piscivorous marine Late Cretaceous TSpaniodon
(Taverne and Filleul, 2003).

Recognized with two suborders, 5 families, 20 genera, and about 47 species.
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Suborder Osmeroidei. Egg surrounded by an adhesive anchor membrane. The
Sundasalangidae, previously placed here, are now placed in the Clupeidae.

Family OSMERIDAE (195)—Northern Hemisphere smelts. Marine, anadromous, and
coastal freshwater; Northern Hemisphere in Arctic, Atlantic, and Pacific.

Palatine bone dumbbell shaped; notch in dorsal margin of opercle; pelvic
axillary process absent; adipose fin present; lateral line present, but usually
incomplete; dorsal-fin rays 7-14; anal-fin rays usually 11-17, but up to 23 in
Mallotus; pelvic-fin rays eight (one additional short ray in Mallotus); principal
caudal rays 19 (17 branched), caudal fin forked; branchiostegal rays 5-10;
teeth on premaxilla, maxilla, dentary, and inner mouth bones in extant
species; mesocoracoid present; pyloric caeca 0-11; vertebrae 51-78. Color
silvery. Maximum length about 40 cm; most species less than 20 cm. Mallotus
villosus is circumpolar, occurring almost throughout the range of the family.

Key older fossil osmerids are the FEuropean f{Enoplophthalmus of
Oligocene-Miocene age (Gaudant and Reichenbacher, 1998), and the
Miocene fAustromallotus from the Caucasus (Prokofiev, 2005). 1Speirsaenigma
(see below), originally described in Osmeridae close to Plecoglossus, is now in
Plecoglossidae (Wilson and Williams, 2010).

Six genera with 15 species. Genera, listed in approximate phylogenetic
sequence, are Hypomesus (5), Mallotus (Capelin) (1), Osmerus (4), Thaleichthys
(Eulachon) (1), Allosmerus (1), and Spirinchus (3). Saruwatari et al. (1997)
reviewed the genus Mallotus.

Family PLECOGLOSSIDAE (196)—Ayu or sweetfish. Freshwater and anadromous from
Japan, Korea, Taiwan, and China.

The single species Plecoglossus altivelis (Ayu) differs from other osmeroids in
having more than 300 pyloric caeca, preopercular canal partly closed; laterally
projecting dorsal flange on maxilla; lateral shelf on ectopterygoid (Wilson and
Williams, 2010). The mouth changes developmentally from one with normal
teeth in juveniles to one with many, fine, comb-like teeth on the outer margins
of its jaws in adults, during a switch from zooplanktivory to algal grazing or
filtering (Howes and Sanford, 1987). Most Ayu live only one year, dying after
spawning. Anadromous individuals spawn in the lower reaches of rivers with
the newly hatched fish drifting into the ocean. This is a commercially impor-
tant fish, as are some other smelt, and it is also produced in aquaculture.
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One monotypic genus, Plecoglossus. The oldest fossil is the Paleocene-age
freshwater fish {Speirsaenigma lindoei from Alberta, Canada, which retained
strong jaw teeth in adults (Wilson and Williams, 1991, 2010).

Family SALANGIDAE (197)—icefishes or noodlefishes. Anadromous and freshwater,
Sakhalin, Japan, Korea, China, to northern Vietnam.

Scales absent, body translucent or transparent, extremely slender and small,
skeleton mostly cartilaginous, retaining larval features as adults.

Seven genera, Hemisalanx, Leucosoma, Neosalangichthys, Neosalanx, Protosalanx,
Salangichthys, and Salanx (shown in figure), with about 20 species.

Suborder Retropinnoidei. Freshwater and brackish water (some partially
marine); New Zealand, Chatham Islands, southeastern Australia, and
Tasmania.

Adipose fin present; caudal fin forked, with 16 branched rays; cycloid
scales present, but no lateral line on body; small horny keel along midventral
abdomen, in front of anus; vomerine, palatine, and basibranchial teeth
present; branchiostegal rays usually five or six; pyloric caeca absent; only left
gonad present; cucumber odor to body in most species when captured (this
has also been detected in some osmerids).

Two families, three genera, and five or six species.

Family PROTOTROCTIDAE (198)—southern graylings. Marine and freshwater;
Australia, Tasmania, and New Zealand.

Dorsal fin forward, above pelvic fin; maxilla toothless; horny shelf surrounding
lower jaw; vertebrae 62-72. Length up to 35 cm.

One or two species, Prototroctes maraena, in southeastern Australia and
Tasmania. Another species of this genus, P. oxyrhinchus from New Zealand, may
be extinct (McDowall, 1990). There are Pleistocene fossils of Prototroctes from
New Zealand (McDowall et al., 2006).

Family RETROPINNIDAE (199)—southern smelts. Marine and freshwater; South
Australia, New Zealand.

Dorsal fin posterior to pelvics and a little in front of anal fin origin; maxilla
sometimes with teeth; vertebrae 45-63. Maximum length about 15 cm, usually
less than 10 cm. These small silvery fishes occur in coastal seas, estuaries and
lowland rivers, and inland lakes and rivers.
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Two genera, Retropinna (3) and Stokellia (1), with about four species. Retropinna
has about three highly variable species, one in Australia (southern Queensland
to eastern South Australia), one in Tasmania, and one in New Zealand (includ-
ing the Chatham Islands; in some areas of New Zealand, both diadromous and
lake-resident forms occur, and in at least one drainage there appears to be
reproductive separation of the two forms); Stokellia anisodon is endemic to the
South Island of New Zealand (McDowall, 1990).

Order STOMIIFORMES (Stomiatiformes) (42)—dragonfishes. Luminescent organs
(photophores) present; chin barbel present in some; premaxilla and maxilla
in gape of mouth—both have teeth; mouth extending past eye in most;
scales, if present, cycloid and easily lost; pectoral, dorsal, or adipose fins
absent in some; ventral adipose fin present in some; pelvic-fin rays 4-9; bran-
chiostegal rays 5-24. Color in most is dark brown or black; some are silvery
(primarily some Gonostomatoidei). Mostly tropical to temperate; many are
deep-sea.

Rosen (1973a) first proposed recognition of this group at the ordinal level.
Major contributions to this group were made by R. H. Gibbs, Jr., in the 1960s
to 1980s, and by W. L. Fink and S. H. Weitzman in the 1970s and 1980s. Mono-
phyly of the stomiiforms was supported by Fink and Weitzman (1982) and
Harold and Weitzman (1996) based on various synapomorphic characters,
such as the unique (for teleosts) histology of the photophores and the type
of tooth attachment. Harold (2003) provided keys to western Atlantic taxa.
There have been few molecular studies with broad taxon sampling that focus
on Stomiiformes. A dissertation (DeVaney, 2008) suggested numerous differ-
ences from the current arrangement in terms of the families to which genera
belong, but is unpublished and we have not followed it here. Kenaley et al.
(2013) published a molecular phylogeny containing some similar conclusions,
though focused on Stomiidae.

Five families, 52 genera, and about 414 species. All species are marine. Pos-
sible fossil stomiiforms were discussed by Fink (1985) and references therein.

Suborder Gonostomatoidei. Four bony pectoral-fin radials (except one in
Cyclothone); serial photophores with lumen or duct; true gill rakers present;
jaw teeth small, all about equal in size.

Family GONOSTOMATIDAE (200)—bristlemouths. Marine; Atlantic, Indian, and
Pacific.
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Body elongate, never extremely compressed; adipose fins present or absent;
anal-fin rays 16-69; branchiostegal rays, 12—-16, 4-6 on epihyal (= posterior
ceratohyal); 8-16 branchiostegal photophores; photophores on isthmus; ver-
tebrae 29-94.

Eight genera, Bonapartia (1), Cyclothone (13), Diplophos (5), Gonostoma (2),
Manducus (2), Margrethia (2), Sigmops (5), and Triplophos (1), with 31 species
(Miya, 1994; Miya and Nishida, 2000, Harold, 1998, 2003). Harold (1998)
suggested that Cyclothone is probably a synonym of Gonostoma but did not
change the classification. Cyclothone occurs in virtually all seas including the
Antarctic has one of the greatest abundances of individuals of any vertebrate
genus.

Family STERNOPTYCHIDAE (201)—marine hatchetfishes. Marine; Atlantic, Indian,
and Pacific.

Six to 10 branchiostegal rays, three on epihyal (= posterior ceratohyal); 3-7
(usually six) branchiostegal photophores; pseudobranch present (reduced or
lost in most other stomiiforms).

TEosternoptyx is a recently described Eocene fossil sternoptychid from
Iran (Afsari et al.,, 2014). Other fossil members include the Eocene
T Polyipnoides, the Oligocene T Horbatshia, and the Miocene {Dicosternon, all from
Europe

Ten genera and about 73 species.

SUBFAMILY MAUROLICINAE. Body elongate, never extremely compressed;
adipose fin present or absent; 19-38 anal-fin rays; photophores present on
isthmus, six on branchiostegal membrane. This taxon is probably paraphyletic
(Harold and Weitzman, 1996).

Seven genera, Araiophos (1), Argyripnus (7), Danaphos (1), Maurolicus (15),
Sonoda (2), Thorophos (2, synonym Neophos), and Valenciennellus (2), with about
30 species (e.g., Parin and Kobyliansky, 1996; Harold and Lancaster, 2003;
Harold, 2003).

SUBFAMILY STERNOPTYCHINAE (MARINE HATCHETFISHES). Body deep and
extremely compressed; mouth nearly vertical; preopercular spine; eyes some-
times telescopic; abdominal keel-like structure; blade in front of the dorsal fin
composed of specialized dorsal pterygiophores; anal fin sometimes divided,
rays 11-19; dorsal-fin rays 8-17; vertically orientated pelvic bones; adipose fin
rarely absent (e.g., in Polyipnus latirastrus).

Three genera, Argyropelecus (7, broadly worldwide, high-sea pelagic, usually
100-600 m), Sternoptyx (4, broadly worldwide, high-sea pelagic, 500-1,500 m),
and Polyipnus (32, usually coastal, 50—400 m; most species in the western
Pacific), with 43 species (e.g., Harold, 1994, 2003).
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Sternoptychinae (see previous page).

SUBORDER PHOSICHTHYOIDEL. Three bony pectoral fin radials (rarely 0-2 in
some genera with reduced pectoral fins); branchiostegal rays 10 (Bathophilus)
to 28 (Heterophotus).

Family PHOSICHTHYIDAE (Photichthyidae) (202)—lightfishes. Marine; Atlantic,
Indian, and Pacific.

General body shape similar to the gonostomatids; serial photophores having a
lumen and a duct; gill rakers well developed in young and adults; usually two
supramaxillaries; adipose fin present except in Yarrella; 10-16 dorsal-fin rays;
12-33 anal-fin rays; 11-22 branchiostegal rays, 4-7 on epihyal; barbel on lower
jaw absent. This taxon is probably paraphyletic. Reasons for now accepting
Phosichthyidae as the spelling of the family name are given in Nelson et al.
(2004).

Seven genera, Ichthyococcus, Phosichthys (synonym Photichthys), Pollichthys, Poly-
metme, Vinciguerria, Woodsia, and Yarrella, with about 24 species (e.g., Parin and
Borodulina, 1990; Harold, 2003). Vinciguerria, like Cyclothone (see above under
Gonostomatidae) is one of the most numerous in individuals of any vertebrate
genus.

Family STOMIIDAE (203)—barbeled dragonfishes. Marine; Atlantic, Indian, and
Pacific.

No true gill rakers in adults; one infraorbital bone (other stomiiforms have
2-6); one or no supramaxillaries; mesopterygoid reduced in size or absent;
photophores without ducts or lumen; mental barbel in most, associated with
hyoid apparatus; pectoral-fin rays absent in Tactostoma, Idiacanthus, Photosto-
mias, and some species of Fustomias; most are darkish in color. Schnell et al.
(2010) studied in detail the ontogeny of the junction between the cranium
and the vertebral column.

Fink (1985) combined six “barbeled” families formerly recognized in the
superfamilies Stomioidea and Astronethoidea into the one family, Stomiidae,
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as recognized here. The following sequence of taxa reflects Fink’s (1985)
cladogram. Harold (2003) recognized all six higher level taxa given below as
separate families.

About 27 genera and about 286 species (e.g., Parin and Borodulina, 1998,
2003; Clarke, 2001; Harold, 2003; Sutton and Hartel, 2004).

SUBFAMILY ASTRONESTHINAE (SNAGGLETOOTHS). Scales absent; dorsal-fin origin
over or behind pelvic-fin insertion but well ahead of anal-fin origin; dorsal
adipose fin present except in Rhadinesthes decimus; ventral adipose fin present
in many, in front of anal fin; barbel on chin; dorsal-fin rays 9-21; anal-fin
rays 12-28. Maximum length about 30 cm. Parin and Borodulina (2003) rec-
ognized 47 species in the deepsea oceanic genus Astronesthes and regarded
Eupogonesthes as a sister genus.

Six genera, Astronesthes, Borostomias, Fupogonesthes, Heterophotus, Neonesthes, and
Rhadinesthes, with about 59 species.

SUBFAMILY STOMIINAE. Scales present (or body marked with scale-like hexago-
nal pattern).

TRIBE STOMIINI (SCALY DRAGONFISHES). Body elongate; dorsal-fin origin far
behind pelvics, above anal fin; long barbel on chin; no adipose fin.

One genus, Stomias (synonym Macrostomias), with 10 or 11 species (e.g., Fink
and Fink, 1986).

TRIBE CHAULIODONTINI (VIPERFISHES). Dorsal fin well in advance of pelvics,
shortly behind head; first dorsal-fin ray greatly elongated; fang-like teeth on
premaxilla and lower jaw; short chin barbel present in some; adipose fins
present behind dorsal fin and in front of anal fin; dorsal-fin rays 5-7; anal-fin
rays 10-13.
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According to DeVaney (2008) and Kenaley et al. (2013), Chauliodus does not
belong in Stomiidae, but those two studies gave different placements for this
genus.

One genus, Chauliodus, with nine species.

SUBFAMILY MELANOSTOMIINAE (SCALELESS BLACK DRAGONFISHES). Scales absent;
dorsal fin origin far behind pelvic fin, over anal fin; dorsal adipose fin absent
except in Chirostomias; most with barbel on chin; supracleithrum absent in
Eustomias.

Fifteen genera, Bathophilus (16), Chirostomias (1), Echiostoma (1), Eustomias
(116), Flagellostomias (1), Grammatostomias (3), Leptostomias (12), Melanostomias
(16), Odontostomias (2), Opostomias (2), Pachystomias (1), Photonectes (17),
Tactostoma (1), Thysanactis (1), and Trigonolampa (1), with about 191 species.
More than one-half of the species are contained in Eustomias (Sutton and
Hartel, 2004, give 115 species for this genus, noting that most species can
only be identified by the mental barbels). Fink (1985) recognized a clade
comprising the genera Bathophilus, Grammatostomias, and Eustomias, which is
the sister group to the remaining stomiids, comprising the herein recognized
malacosteines and Pachystomias.

SUBFAMILY IDIACANTHINAE (BLACK DRAGONFISHES). Body eellike; dorsal fin
extremely elongate, more than one-half the body length and with 54-74 rays;
anal fin-rays 29-49; each dorsal and anal-fin ray flanked by a spur; scales
absent; pectoral fins absent in adult; chin barbel only in females; adult males
retain some larval characters; eyes on very elongate stalks in larvae allowing
for an increase in field of vision.

One genus, Idiacanthus, with three species. According to Fink (1985), the sister
group of this genus is Tactostoma.

SUBFAMILY MALACOSTEINAE (LOOSEJAWS). Jaws elongated, longer than skull;
floor of mouth absent; dorsal-fin origin far behind pelvic fin, over anal fin;
adipose fin and scales absent; chin barbel in most; pectoral fins absent in
some; dorsal-fin rays 14-28; anal-fin rays 17-32.
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Three genera, Aristostomias (6), Malacosteus (2), and Photostomias (6) (synonym
Ultimostomias) , with 14 species. Fink (1985) includes Pachystomiasin a clade with
these three genera.

NEOTELEOSTEI (NEOTELEOSTS). The six superorders Ateleopodomorpha,
Cyclosquamata, Scopelomorpha, Lamprimorpha, Paracanthopterygii, and
Acanthopterygii comprise the Neoteleostei, a monophyletic group not given
formal rank here. Stomiiformes were formerly included within Neoteleostei
as sister to all other members (e.g., Rosen 1973a; Stiassny, 1986, 1996;
Johnson and Patterson, 1993), but in the present work they are treated in
the Osmeromorpha (see above). Neoteleostei (then including stomiiforms)
were diagnosed as monophyletic by Rosen (1973a) on the basis of three
synapomorphies, one of which is the retractor dorsalis muscle (= Rosen’s
retractor arcuum branchialium—RAB). This character may still be valid
although it is arguably also found in stomiiforms. Additional characters that
have been used to diagnose this more inclusive group include: Type 4 tooth
attachment; insertion of the third levator on the fifth upper pharyngeal
toothplate; and presence of a transverse epibranchial 2 (Johnson, 1992;
Wiley and Johnson, 2010). Although not usually considered a synapomorphy,
most neoteleosts have ascending and articular premaxillary processes on the
premaxillae.

The monophyly of Neoteleostei, excluding Stomiiformes, is highly sup-
ported (though not by Miya et al., 2003) in numerous molecular studies
(e.g., Li et al., 2010; Broughton, 2010; Davis, 2010; Burridge et al., 2012;
Near et al., 2012a; Betancur-R. et al., 2013a). Here we accept the results of
these corroborating molecular studies and, in a change from Nelson (2006),
include Stomiiformes within the Osmeromorpha (see above), the postulated
sister group to the Neoteleostei. The effects of removing stomiiforms on
the morphological character support for the Neoteleostei have not been
investigated in detail.
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Superorder ATELEOPODOMORPHA

Order ATELEOPODIFORMES (43)—jellynose fishes. Once placed within Lampri-
formes (e.g., Nelson 1976, 1984), they were suggested by Olney et al. (1993)
to be in an unresolved trichotomy with stomiiforms and eurypterygians. In
contrast, Miya et al. (2003) found them to be the sister group of the Lampri-
formes. Numerous other molecular studies (e.g., Davis, 2010) in recent years
(and see citations above under Neoteleostei) place them as the sister group
of all other neoteleosts (after removal of Stomiiformes from Neoteleostei; see
above).

Family ATELEOPODIDAE (204)—jellynose fishes. Marine; Caribbean Sea, eastern
Atlantic, Indo-West Pacific, and eastern Pacific off Panama and Costa Rica.

Snout gelatinous; head large and bulbous; Caudal fin reduced, united, except
in Guentherus, with the long anal fin; anal-fin rays 70 or more; pelvic fin of adults
with single elongate ray on throat (young specimens have up to 10 rays); dorsal
fin short-based with 3-13 rays (usually 9-13); skeleton largely cartilaginous;
branchiostegals 7. Maximum length about 2 m.

Four genera, Ateleopus (5), Ijimaia (4), Parateleopus (1), and Guentherus (2),
with 12 or 13 species (e.g., Smith and Heemstra, 1986; Moore, 2003). As noted
by Moore (2003), the family is in great need of revision.

EURYPTERYGII ~ (EURYPTERYGIANS). The remaining five superorders of
neoteleosts (Cyclosquamata, Scopelomorpha, Lamprimorpha, Paracan-
thopterygii, and Acanthopterygii) compose Rosen’s (1973a) Eurypterygii.
Rosen recognized two subsections, the Cyclosquamata for the Aulopiformes
and the Ctenosquamata for the higher eurypterygians. The sister-group
relationship of the Cyclosquamata and Ctenosquamata was accepted by Fink
and Weitzman (1982) and by Lauder and Liem (1983), with Stiassny (1986)
and Johnson (1992) also supporting a monophyletic Eurypterygii as viewed
by Rosen (1973a). However, many of Rosen’s (1973a) synapomorphies for
the Eurypterygii seem not to be valid, and Johnson (1992) later gave three
synapomorphies that he considered valid (i.e., fusion of the base of the ventral
hemitrich of the medial pelvic fin ray to the medial pelvic radial, fusion of a
toothplate to the third epibranchial, and presence of an interoperculohyoid
ligament). In addition, Wiley and Johnson (2010) included the following two
characters from Springer and Johnson (2004) to diagnose eurypterygians:
presence of a transverse epibranchial 4, and inclusion of the second pharyn-
gobranchial in the attachment of the transversus dorsalis. The combined
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molecular and morphological study of Davis (2010), as well as the recent
molecular studies of Li et al. (2010), Near et al. (2012a), and Betancur-R.
et al. (2013a) also support eurypterygian monophyly. Keivany (2014a,b,c,d)
surveyed osteology among various eurypterygian taxa.

A fossil taxon not otherwise mentioned, included here as Eurypterygii incer-
tae sedis, is the TCheirotricidae (Patterson, 1993; Dietze, 2009).

Superorder CYCLOSQUAMATA

This superorder contains only one order. Many of its members are well repre-
sented in the fossil record beginning in the Cretaceous.

Order AULOPIFORMES (44)—lizardfishes. Specializations in the gill arches
include: elongation of the uncinate process of the second epibranchial,
third pharyngobranchial lacking cartilaginous condyle for the articulation
of second epibranchial, epibranchial four with a expanded proximal end
capped with a large cartilage band and an uncinate process in the center, and
the presence of epibranchial five. Additional characters include: epipleurals
originating on vertebra two, one or more epipleurals displaced dorsally into
horizontal septum, swimbladder absent, medial processes of pelvic girdle
fused. (Rosen, 1973a; Johnson, 1992; Baldwin and Johnson, 1996; Sato and
Nakabo, 2002a,b; Davis, 2010).

The classification of the extant families of aulopiforms follows Davis
(2010) who conducted a total evidence analysis of five protein coding gene
regions plus 138 morphological characters from Baldwin and Johnson (1996)
with the modifications of Sato and Nakabo (2002a). The major differences
between the two morphological studies is that Sato and Nakabo (2002a)
i) recognized the two clades formerly in Chlorophthalmus as being unrelated
to one another (Baldwin and Johnson, 1996, had not included species of the
clade now recognized as Paraulopus), ii) differed in the phylogenetic position
of Bathysauroides, iii) assigned family status to Bathysauroides and Bathysauropsis
(Baldwin and Johnson, 1996, while placing them in separate suborders, did
not assign them to any family), and iv) recognized a different sequence for
the alepisauroid families. Baldwin and Johnson (1996) considered Aulopidae
to be the most primitive family, while Sato and Nakabo (2002a) found that
position to belong to their new family, Paraulopidae.

According to Davis (2010), Chlorophthalmoidei are paraphyletic. The
monotypic Paraulopidae are recovered as a separate lineage but not the most
primitive; instead the Aulopoidei, which Baldwin and Johnson (1996) called
the Synodontoidei, a name also used by Davis (2010), are sister to all other
aulopiforms. In addition, giganturoids were found to be sister to ipnopids,
while chlorophthalmoids are sister to notosudoids + alepisauroids.

The families Aulopidae, Chlorophthalmidae, Ipnopidae, Pseudotrichonoti-
dae, Paraulopidae, and Synodontidae are predominantly benthic. Species in
the remaining families tend to be pelagic to bathypelagic. Many aulopiforms
are synchronous hermaphrodites (Davis and Fielitz, 2010).

Fifteen families with 47 genera and about 261 species.
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The next two listed suborders and the families fCimolichthyidae and
tEnchodontidae, which are placed here in the suborder Alepisauroidei
following Fielitz (2004), containing marine Cretaceous fishes, were placed in
the suborder fEnchodontoidei by Nelson (1994). They are recognized here
following Patterson (1993) and Fielitz (2004). Members have the maxilla
as a long, narrow strut in the gape (maxilla excluded from gape in the
other members of this order). Goody (1969) divided the members of this
taxon among four suborders, and Rosen (1973a) suggested a relationship
to the alepisauroids. Genera of uncertain relationships include T Serrilepis,
T Yabrudichthys, and TNardorex (Taverne, 1985, 2004). There is a need for
additional studies similar to that of Fielitz (2004) that also involve a broad
range of extant taxa.

‘tSuborder Ichthyotringoidei. Three families.

FFamily ICHTHYOTRINGIDAE. Including Apateopholidae; e.g., tApateodus (e.g.,
Newbrey and Konishi, 2015) and t/chthyotringa.

tFamily DERCETIDAE. At least seven genera of Cretaceous fishes with a very long
snout and elongate and shallow body: fBenthesikyme, +Cyranichthys, fDercetis,
tDercetoides, THastichthys, +tPelargorhynchus, tRhynchodercetis, and tStratodus
(Taverne, 1990; Chalifa, 1989).

FFamily PRIONOLEPIDIDAE. One genus, fPrionolepis.
‘tSuborder Halecoidei. One family.

fFamily HALECIDAE. At least three genera including tHalec, tHemisaurida, and
tPhylactocephalus (Goody, 1969).

Suborder Aulopoidei (=Synodontoidei). Separation of ceratobranchial five from
the main body of the fourth basibranchial cartilage by a cartilaginous tail or
a trail of small nubbins of cartilage extending posteriorly; anterior ceratohyal
with autonenous cartilage along ventral margin; six or more basibranchials on
posterior ceratohyal; distal end of the first one to three epineurals displaced
ventrally; accessory neural arch present; all ribs ossified in membrane bone;
proximal portion of most principal caudal-fin rays with modified segment; cau-
dal median cartilages absent; neural and haemal spines of preural centra two
and three expanded; five hypurals, the sixth lost or fused; adults with one epu-
ral; and posterior pelvic processes elongate and widely separated (Baldwin and
Johnson, 1996; Wiley and Johnson, 2010; Davis, 2010).

The limits and relationships of this clade were revised by Johnson et al.
(1996) and Baldwin and Johnson (1996); they altered our understanding of
this group in finding characters supporting aulopoids (their synodontoids)
as the most primitive of extant aulopiforms. This relationship was supported
by Davis (2010). Contrary to Nelson (2006) and following Davis (2010),
Paraulopidae are not a member of Aulopoidei (= Synodontoidei) but placed
within their own suborder Paraulopoidei, sister to the remaining aulopiforms.
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Three families, 9 genera and 84 species.

Family SYNODONTIDAE (205)—lizardfishes. Marine (rarely brackish); Atlantic,
Indian, and Pacific.

Supramaxilla small (two in Saurida and one in Harpadon) or absent; gill rakers
present as toothplates; fifth ceratobranchial V-shaped with median limb
robust; quadrate with produced anterior limb; quadrate cartilage separated
into two condyles; metapterygoid extended anteriorly over posterior portion
of ectopterygoid; branchiostegals 8-26; vertebrae 39-67; dioecious mode of
reproduction (Baldwin and Johnson, 1996; Davis, 2010).

The subfamily Bathysaurinae with Bathysaurus, formerly recognized in this
family, is now placed in its own family below.

Four genera with about 70 species.

SUBFAMILY SYNODONTINAE (LIZARDFISHES). Scales along lateral line not
enlarged; dorsal-fin rays 10-15; anal-fin rays 8—-16; adipose fin usually present.
Maximum length about 60 cm.

Two genera, Synodus (synonym Xystodus) and Trachinocephalus (maybe a
synonym of Synodus), with about 44 species (e.g., Waples and Randall, 1988;
Russell 1999, 2003).

SUBFAMILY HARPADONTINAE (BOMBAYDUCKS). Nine pelvic-fin rays (eightin other
members of family); dorsal and anal-fin rays 9-15.

Two genera, Harpadon (5, shown in figure) and Saurida (21), with about
26 species (e.g., Okiyama, 1984; Russell 1999, 2003). Harpadon is secondarily
pelagic and has a naked head and body except for scales along the lateral line
and on part of the posterior half of the body. This subfamily is Indo-Pacific;
some species of Harpadon enter brackish water.

Family AULOPIDAE (206)—flagfins. Marine; tropical and subtropical waters, Atlantic
(including the Mediterranean) and Pacific.
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Two supramaxillae; body slender; fulcral scales on caudal peduncle; dorsal-fin
origin in front third of body, fin with 14-22 rays; anal-fin rays 9-13; pelvic
fin thoracic, nine rays; pectoral fin lateral, 11-14 rays; scales on head and body,
cycloid or ctenoid; orbitosphenoid present; vertebrae 36-53.

This family was placed in monotypic suborder Aulopoidei in Nelson (1994),
with the family name orthography being Aulopodidae.

Four genera, Aulopus (4) for the Atlantic species and Hime (5), Latropiscis (1),
and Leptaulopus (2) for the Pacific species, with about 12 species (e.g., Parin
and Kotlyar, 1989; Thompson, 1998; Gomon etal., 2013). Baldwin and Johnson
(1996) found no evidence supporting recognition of Himeas a valid genus, and
in the pastit was often regarded as a junior synonym of Aulopus. Its recognition
here follows Thompson’s (1998) study of additional characters, although he
does note that further study of variation of these characters is required in order
to better support this conclusion.

Family PSEUDOTRICHONOTIDAE (207)—sand-diving lizardfishes. Marine; Izu
Peninsula, Japan, and Saya de Malha Bank, Indian Ocean.

Body slender and cylindrical; mouth relatively small, upper jaw bordered only
by premaxillaries and slightly protrusible; lateral line complete, midlateral;
cycloid scales, 46-48 in lateral line; dorsal fin single, with about 33 soft rays;
anal-fin rays 13-15; pectoral fin with 11 rays; pelvic fin beneath origin of dorsal,
with seven long rays; caudal fin with 19 principal rays; adipose fin absent; pho-
tophores absent; no swimbladder; orbitosphenoid and mesocoracoid absent;
two supraneurals; six branchiostegals; 23 or 24 abdominal vertebrae and 25 or
26 caudal vertebrae. Maximum length about 9 cm SL. Individuals of the one
species have been observed to dive into the sand.

Two species are recognized. However, Parin (1992), in reporting one
specimen from the Indian Ocean at 110 m as a new species (Pseudotrichonotus
xanthotaenia), found only minor differences with the specimens from Japan.
The two species might well be conspecifics despite the geographic distance
separating them.

One genus with two species, Pseudotrichonotus altivelis (Japan) and P. xantho-
taenia (Indian ocean).

Suborder Paraulopoidei. One family.
Family PARAULOPIDAE (208)—cucumber fishes. Marine; tropical to temperate, ben-

thic, outer continental shelf and upper continental slopes, Indian and western Pacific
(southern Japan and Emperor Seamounts south to Australia and New Zealand).
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Dorsal-fin rays 10 or 11; anal-fin rays 8-11; pectoral-fin rays 13-20; pelvic-fin
rays 9; pored lateral line scales 40-52; vertebrae usually 39-46; in addition, Sato
and Nakabo (2002a) recognized this clade based on six apomorphies, primar-
ily characters in the branchial arches, intermuscular bones, caudal skeleton,
and pelvic girdle. See Davis (2010) for a character analysis (e.g., presence of
a bony ridge on dorsal surface of pharyngobranchial three; lacrimal anterior
to orbit oriented horizontally; epicentrals ossified anteriorly but ligamentous
posteriorly; small urodermal present in upper caudal lobe). Maximum length
35 cm.
One genus, Paraulopus, with 14 species (Sato and Nakabo, 2002a,b, 2003).

Suborder Alepisauroidei. This suborder contains all remaining aulopiforms;
they are classified here in a phylogenetic sequence of superfamilies.

Superfamily Ipnopoidea. Four families according to the combined analysis of

Davis (2010).

Family IPNOPIDAE (209)—deepsea tripod fishes. Marine; temperate and tropical
oceans.

Small to medium sized fishes; body slender; mouth large, reaching far behind
eye; lower jaw with fleshy tip; teeth minute, needle-shaped (Paxton and
Niem, 1999).

Two subfamilies, six genera, and about 32 species.

SUBFAMILY IPNOPINAE (DEEPSEA TRIPOD FISHES). Marine; Atlantic, Indian, and
Pacific. Eyes minute (first four genera listed here) or plate-like, directed dor-
sally, and lens-less (/pnops); pseudobranch absent in adult; tip of upper jaw
extending behind orbit; pyloric caeca absent; dorsal-fin rays 8-16; anal-fin rays
7-19; pectoral rays 9-24; branchiostegals 8-17; vertebrae 44-80. Bathypterois
(spiderfishes) has elongated pectoral, pelvic, and caudal rays.
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Five genera, Bathymicrops (4), Bathypterois (19, synonym Benthosaurus) (figured
this page), Bathytyphlops (2, synonym Macristiella), Discoverichthys (1) and Ipnops
(3, figured previous page), with about 29 species (e.g., Nielsen and Merrett,
1992; Paxton and Niem, 1999; Sato and Nakabo, 2002a; Thompson, 2003a).

SUBFAMILY BATHYSAUROPSINAE (BATHYSAUROPSINES). Marine; mesobenthic,
widespread. Bathysauropsis gracilis is circumglobal, subtropical, and the other
two are Indo-West Pacific, tropical (Shcherbachev and Pakhorukov, 2002).
This genus has been placed in Ipnopidae (e.g., K. J. Sulak in Smith and
Heemstra, 1986; Nelson, 1994) or in its own family (Sato and Nakabo, 2002a).
Evidence from Davis (2010) suggests that this genus is sister to Ipnopidae.

One genus with three species, Bathysauropsis gigas, B. gracilis, and
B. malayanus (Shcherbachev and Pakhorukov, 2002).

Family GIGANTURIDAE (210)—telescopefishes. Marine; Atlantic, Indian, and Pacific.

Eyes large, tubular, and directed forward; mouth large, extending well behind
eyes; sharp depressible teeth in mouth; greatly expandable stomach; pectoral
fins high on body, above gill opening, with 30-43 rays; skin loose; body scaleless;
pelvic fin, adipose fin, and branchiostegals in larvae but lost during trans-
formation; caudal fin forked with some rays in lower lobe greatly elongated;
no premaxilla, orbitosphenoid, parietal, symplectic, gill rakers, posttemporal,
supratemporal, or cleithrum; no swimbladder. Color silvery. The loss of many
characters that generally appear late in fish morphogenesis suggests a neote-
nous condition for these fish. The transformation from larvae to juveniles,
commencing about 25-34 mm, is exceptionally striking among teleosts (R. K.
Johnson, 1984; Johnson and Bertelsen, 1991). Maximum length 22 cm SL.

One genus with two species, Gigantura chuniand G. indica (synonyms Rosaura
rotunda and Bathyleptus lisae) (Johnson and Bertelsen, 1991; Paxton and Niem,
1999; Thompson, 2003a).

Family BATHYSAUROIDIDAE (211)—largescale deep-sea lizardfish. Marine; Western
Pacific.
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Eyes slightly elliptical; palatine teeth more prominent than premaxillary teeth;
basihyal with two rows of large teeth; gill rakers as toothplates; anus much
closer to pelvic fins than to anal fin; 16-17 pectoral-fin rays; adipose fin insert-
ing above anterior part of anal-fin base; caudal vertebrae few (5-7) (Baldwin
and Johnson, 1996).

Bathysawroides has sometimes been classified in Ipnopidae (e.g., Paxton
and Niem, 1999). Baldwin and Johnson (1996:399) noted similarities with
Bathysaurus, and, acknowledging the evidence was weak, placed both in the
Giganturoidei. The placement of Bathysauroides here is uncertain.

One species, Bathysauroides gigas (e.g., Nakabo, 2002:364; Sato and Nakabo,
2002a).

Family BATHYSAURIDAE (212)—deepsea lizardfishes. Marine; circumglobal, gener-
ally deeper than 1000 m, tropical to temperate latitudes.

Head very depressed; upper jaw long, extending well past rear of eye;
scales along lateral line enlarged; dorsal-fin rays 15-18; anal-fin rays 11-14;
pectoral-fin rays 15-17; pelvicfin rays 8; dorsal adipose fin present or
absent; branchiostegal rays 8-13. These bottom-dwelling deepsea fishes are
hermaphrodites. Maximum length 78 cm SL.

The one genus was previously recognized in the Synodontidae. Johnson etal.
(1996), in a detailed analysis of synapomorphies, showed that its relationships
were outside the Synodontoidei; Baldwin and Johnson (1996) placed it in it
own family in the suborder Giganturoidei. Although the cladistic results of
Sato and Nakabo (2002a) differ from those of Baldwin and Johnson (1996),
there is agreement on the placement given here.

One genus, Bathysaurus (synonym Macristium) , with two species (e.g., Russell

2003).

Superfamily Chlorophthalmoidea. One family (Davis, 2010) with two genera
and about 17 species.

Family CHLOROPHTHALMIDAE (213)—greeneyes. Marine; tropical to temperate,
deepsea benthic, Atlantic, Indian, and Pacific.

Single elongate supramaxilla; one condyle for the articulation of the
hyomandibula with the skull; monoecious mode of reproduction; eyes large,
normal; pseudobranch present; tip of upper jaw not extending beyond
orbit; outer tooth patch exposed to the outside on tip of lower jaw; Al and
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A2 components of the adductor mandibulae fused; pyloric caeca present;
dorsal-fin rays 9-13; anal-fin rays 7-11; pectoral-fin rays 15-19; branchiostegals
8; vertebrae 38-50.

Two genera, Chlorophthalmus (15) and Parasudis (2), with about 17 species
(e.g., Sato and Nakabo, 2002a; Thompson, 2003a).

Superfamily Notosudoidea. One family (Davis, 2010), three genera, and
17 species.

Family NOTOSUDIDAE (Scopelosauridae) (214)—waryfishes. Marine; Subarctic to
Subantarctic.

Dorsal-fin rays 9-14; anal-fin rays 16-21; pectoral-fin rays 10-15; lateral-line
scales 44-65; no swimbladder; no photophores; larvae with maxillary teeth (all
other larvae of the order lack teeth); vertebrae 42—66.

Three genera, Ahliesaurus (2), Luciosudis (1), and Scopelosaurus (14, synonym
Notosudis), with 17 species (Bertelsen et al., 1976; Paxton and Niem, 1999;
Thompson, 2003a).

Superfamily Alepisauroidea. Five extant families, 24 genera, and about
94 species.

Family SCOPELARCHIDAE (215)—pearleyes. Marine; Antarctic, Atlantic, Indian, and
Pacific (absent from Arctic Ocean and Mediterranean Sea).

Cycloid scales present on entire body and postorbital region, 40-65 along
lateral line; strong teeth on tongue, usually hooked; large tubular eyes,
directed upward or upward and slightly forward; dorsal-fin rays 5-10; anal-fin
rays usually 17-27 (up to 39); pectoral-fin rays 18-28; two postcleithra;
no swimbladder; vertebrae 40-65. Adults usually occur at depths between
500-1,000 m, larvae of most species usually between 100-200 m. Maximum
length about 23 cm, attained in two species of Benthalbella. Davis (2015)
reconstructed the phylogeny, finding Benthalbella to be sister to the remaining
genera, and named the new genus Lagiacrusichthys for a species formerly in
Benthalbella.
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Five genera, Benthalbella (4), Lagiacrusichthys (1), Rosenblattichthys (4),
Scopelarchoides (5), and Scopelarchus (4), with 18 species (e.g., Johnson, 1982;
Paxton and Niem, 1999; Thompson, 2003a).

Family EVERMANNELLIDAE (216)—sabertooth fishes. Marine; Atlantic, Indian, and
Pacific.

Normal scales lacking on head and body; three distinct bands of muscle
tissue—epaxial, midlateral, and hypaxial—externally visible on the tail; teeth
absent on tongue; anteriormost palatine tooth very elongate; eyes small
to large, tubular in most species; dorsal-fin rays 10-13; anal-fin rays 26-37;
pectoral-fin rays 11-13; no swimbladder; vertebrae 45-54. The sabertooth fishes
are mesopelagic predators, occurring primarily in tropical and subtropical
waters and absent from cold water areas. Maximum length about 18 cm.
Three genera, Coccorella (2), Evermannella (5), and Odontostomops (1), with
eight species (Johnson, 1982; Paxton and Niem, 1999; Thompson, 2003a).

Family SUDIDAE (217)—sudid barracudinas. Marine, bathypelagic, circumtropical.
Pectoral fins greatly enlongated; tip of lower jaw distinct curved upward;
larvae with enlarged pectoral fins and head spines; dorsal-fin soft rays 12-16
(e.g., Davis, 2010).

One genus (Sudis) with two species Sudis atrox and S. hyalina.

Family PARALEPIDIDAE (218)—barracudinas. Marine; all oceans, Arctic to Antarctic.

Dorsal-fin origin in middle of trunk, fin rays 7-16 (fin absent in Anotopterus,
but adipose fin well developed); anal-fin base long, with 20-50 rays (14-16 in
Anotopterus); pectoral-fin rays 11-17; body scales present or absent; no swim-
bladder; vertebrae 53-121. Superficially resemble sphyraenids. Maximum
length about 1 m.

Genera were previously assigned to subfamilies, based in part on whether
the pectoral fins were small and short and vertebrae 60-121 or whether the
pectoral fins were large and elongate (about head length or longer), but sub-
families are not recognized here. Much earlier systematic work on this family
was by R. K. Johnson, A. Post, and R. R. Rofen.
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Anotopterus pharao (Daggertooth), recognized in its own family, Anotopteridae,
in Nelson (1994), as sister to the Paralepididae, is now placed in this family
(e.g., Davis, 2010).

Most recently, Ghedotti et al. (2015), provided evidence to separate the
Paralepididae as treated here from the new “naked barracudina” family Les-
tidiidae (with Lestidiops, Lestidium, Lestrolepis, and Macroparalepis; see below).

Paralepididae with seven genera, Anotopterus (4), Arctozenus (1), Dolichosudis
(1), Notolepis (2), Paralepis (4), Stemonosudis (11), and Uncisudis (4) (synonym
Pontosudis), and about 27 species (Sato and Nakabo, 2002a; Thompson, 2003a;
Fukui and Ozawa, 2004).

FFamily Enchodontidae. Fielitz (2004) found that the following Late Cretaceous fossil
taxa form a monophyletic group, which he treated as suborder Enchodontoidei, and
found it to be the sister group to the extant Alepisauridae (Alepisaurus and Omosudis), a
position judged reasonable by Davis (2010). The fossil group is treated here as a family,
sequenced to recognize its proposed relationship to Alepisauridae. Fielitz placed the
enchodontid genera in four subfamilies but two are recognized here.

TSUBFAMILY CIMOLICHTHYINAE. One genus, TCimolichthys, sister to all other
enchodontids (enchodontoids of Fielitz 2004). T Cimolichthys was a common
predator in Late Cretaceous seas that often reached large body sizes, e.g.,
total lengths well over a meter.

TSUBFAMILY ENCHODONTINAE. Five genera, TEnchodus, T Eurypholis, T Palaeolycus,
T Parenchodus, T Rharbichthys, and T Saurorhamphus. This subfamily was classified
as a family by Fielitz (2004), who found fParenchodus to be nested within
TEnchodus. A recent study by Cavin (2012) etal. (2012) returned TParenchodus
to generic status as the sister group to tEnchodus. Chalifa (1996) gave
anatomical details on a large TEnchodus.

Family ALEPISAURIDAE (219)—lancetfishes. Marine; Atlantic, Indian, and Pacific.

Body slender (covered with pores in Alepisaurus); scales and light organs
absent; dorsal fin in Alepisaurus high and extending along most of body
(originating over opercle and with 29-48 rays), in Omosudis only 9-12; anal fin
low with 12-18 rays; pelvics abdominal with 8-10 rays; mouth large; teeth well
developed, palatines especially long; vertebrae in Alepisaurus 47-51, 39-41 in
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the shorter Omosudis; swimbladder absent. Length up to 2 m in Alepisaurus,
20 cm in Omosudis.

Omosudis was recognized in its own family, Omosudidae, by Nelson (1994).

Four genera, Alepisaurus (2 A. ferox, upper figure) Anotopterus (3), Magnisudis
(3) and Omosudis (1, O. lowei, lower figure), with nine species (e.g., Paxton and
Niem, 1999; Thompson, 2003a; Davis, 2010).

Family LESTIDIIDAE (220)—naked barracudinas. Marine; tropical and temperate
oceans, worldwid .

Bioluminescent organ derived from hepatopancreatic tissue in some, uniquely
among vertebrates (Ghedotti et al., 2015).

Harry (1953) was the first to use the family-group name as the tribe Lestidi-
ini. Ghedotti etal. (2015), citing also Davis (2010) and Davis and Fielitz (2010),
recognized this clade at the family level.

Four genera, Lestidiops (16), Lestidium (4), Lestrolepis (3), Macroparalepis (7),
with about 30 species.

CTENOSQUAMATA (CTENOSQUAMATES). Rosen (1973a) recognized two taxa for
his subsection Ctenosquamata—the Scopelomorpha for the myctophiforms
and the Acanthomorpha for the remaining taxa of teleosts. Johnson (1992)
concluded that the only synapomorphy that is unique to and unreversed in
the ctenosquamates is the absence of the fifth upper pharyngeal toothplate
and the associated third internal levator muscle. Wiley and Johnson (2010)
cited four additional characters from Stiassny (1996) that have been used to
diagnose Ctenosquamata. They are: two posterior ceratohyal branchiostegals
present; craniotemporalis absent; supraorbital bones absent; neural arches of
first vertebra fused. The molecular study of Miya et al. (2003) also supported
ctenosquamate monophyly, as did more recent molecular studies such as Near
etal. (2012a) and Betancur-R. et al. (2013a).

Superorder SCOPELOMORPHA

The Scopelomorpha with the single order Myctophiformes are the sister group
to the Acanthomorpha.

Order MYCTOPHIFORMES (45)—lanternfishes. Deep-sea pelagic and ben-
thopelagic fishes. Differ from the Aulopiformes in having the upper
pharyngobranchials and retractor muscles like those of generalized para-
canthopterygians (Rosen, 1973a:452). Other characteristics are: head and
body compressed; eyes lateral (dorsolateral in the myctophid Hierops); mouth
usually large and terminal; adipose fin present; usually 8 pelvic-fin rays; usually
7-11 branchiostegals.
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Stiassny (1996), in addition to giving synapomorphies supporting
monophyly of this order (e.g., large tooth plate fused to proximal face
of fourth ceratobranchial; first centrum with enlarged cone-like parapophysis;
first external levator reduced or absent; median dorsal keel present on
mesethmoid), listed synapomorphies supporting monophyly of the two
families and presented a phylogenetic diagram of the genera. Poulsen et al.
(2013) presented a mitochondrial sequence study that largely supported early
ideas about phylogeny.

Two families, 36 genera, and about 254 species.

Family NEOSCOPELIDAE (221)—blackchins. Marine; Atlantic, Indian, and Pacific.

Trilobate rostral cartilage; enlarged bony protuberance on median process of
maxilla; head and body compressed; long slender supramaxilla present; sub-
ocular shelf absent; origin of anal fin far behind dorsal-fin base; photophores
present in Neoscopelus; scales cycloid except in Solivomer, which has ctenoid
scales on body; swimbladder absent only in Scopelengys; vertebrae 29-35. Maxi-
mum length about 30 cm.

Three genera, Neoscopelus (3), Scopelengys (2), and Solivomer (with one species
known only from the Philippine Islands), with six species (Nafpaktitis, 1977;
Paxton and Hulley,1999; Hartel and Craddock, 2003).

Family MYCTOPHIDAE (222)—lanternfishes. Marine; all oceans, Arctic to Antarctic.

Cartilaginous supporting plate below the adipose fin; small supramaxilla
present in some genera; subocular shelf present; origin of anal fin under or
short distance behind dorsal-fin base; small photophores arranged in groups
and rows on head and body (except in one species); scales usually cycloid
(ctenoid in four species); swimbladder present (except in adults of a few
species); vertebrae 28-45.
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Myctophids are heavily consumed by numerous marine fishes and mammals.
Most undergo a diurnal migration of several hundred meters. During the day-
time the peak abundance of most species is between 300 and 1,200 m, while at
night it is between 10 and 100 m.

About 33 genera with at least 248 species (Paxton et al., 1984; Paxton and
Hulley, 1999; Zahuranec, 2000; Craddock and Hartel, 2003).

SUBFAMILY MYCTOPHINAE. About 13 genera (e.g., Benthosema, Centrobranchus,
Diogenichthys, Electrona, Gonichthys, Hygophum, Kreffichthys, Loweina, Metelectrona,
Myctophum, Protomyctophum, Symbolophorus, and Tarletonbeania).

SUBFAMILY LAMPANYCTINAE. About 20 genera (e.g., Bolinichthys, Ceratoscopelus,
Diaphus, Gymnoscopelus, Hintonia, Idiolychnus, Lampadena, Lampanyctodes, Lam-
panyctus, Lampichthys, Lepidophanes, Lobianchia, Nannobrachium, Notolychnus,
Notoscopelus, Parvilux, Scopelopsis, Stenobrachius, Taaningichthys, and Triphoturus).

ACANTHOMORPHA (ACANTHOMORPHS)—SPINY-RAYED FISHES. Rosen (1973a)
recognized this taxon for all remaining teleosts, where many members
have true fin spines in the dorsal, anal, and pelvic fins. Stiassny (1986) and
Johnson and Patterson (1993) gave further evidence of the monophyly of the
acanthomorphs. The molecular studies of, for example, Wiley et al. (2000),
Miya et al. (2003), Li et al. (2009), Near et al. (2012a), Betancur-R. et al.
(2013a), and Chen et al. (2014) also support acanthomorph monophyly.

Morphological characters diagnosing Acanthomorpha include: median
palato-maxillary ligament absent; palato-vomerine ligament divided; dorsal
limb of posttemporal firmly bound to epioccipital; medial pelvic process
distally ossified; anterior and medial infracarinales separate; median ros-
tral cartilage bound to premaxillary ascending process by well-developed
rostro-premaxillary ligaments; dorsal and anal-fin spines present in most;
first centrum with anterior surface bearing distinct facets that articulate
with exoccipital condyles; and median caudal cartilages absent (Hartel and
Stiassny, 1986; Stiassny, 1986; Johnson and Patterson, 1993; Rosen, 1985;
Fujita, 1990; Wiley and Johnson 2010).

Johnson and Patterson (1993) presented arguments for regarding the
lampriforms as the sister group to the remaining acanthomorphs. This
provisional relationship is accepted here partly because molecular studies
do not agree amongst themselves (e.g., Near et al., 2012a; Miya and Nishida,
2015; Betancur-R. et al. 2013a). In naming higher monophyletic groupings,
Johnson and Patterson (1993) introduced the Euacanthomorpha for the
polymixiiforms and higher taxa (Acanthomorpha less Lampridiformes in their
terminology) and Holacanthopterygii for the Paracanthopterygii and higher
taxa (Euacanthomorpha less Polymixiiformes; see also Wiley and Johnson,
2010). Concerning the former, their group had mostly similar contents to the
Paracanthopterygii plus higher acanthomorphs in the present work, but their
Paracanthopterygii did not include Polymixiiformes. Concerning the latter,
we consider the polymixiiforms to be a member of the Paracanthopterygii;
thus the Holacanthopterygii are not recognized as valid herein.
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Acanthomorpha

Suggested relationships of major early-branching groups of Acanthomorpha, including some
important fossil taxa.

Our treatment of Acanthomorpha uses a phylogenetic sequence of three
superorders for the following groups: Lamprimorpha, Paracanthopterygii,
and Acanthopterygii. The last of these is further divided into two groups at
the series rank: Berycida and the very diverse Percomorpha.

There is a rich fossil record of marine acanthomorphs beginning in the
early Late Cretaceous. Stewart (1996) documented a variety of Cretaceous
fossil occurrences in North America. Wilson and Murray (1996) described
T Xenyllion zonensis, a paracanthopterygian from the Fish Scale Zone of west-
ern Canada, and grouped it with the genus {Sphenocephalus in the family
tSphenocephalidae (now in the order fSphenocephaliformes), the type
genus of which was discussed in detail by Rosen and Patterson (1969).
T Xenyllion, when named, was the oldest known acanthomorph fossil; it was
collected from rocks immediately above the Albian/Cenomanian boundary,
making it of very early Late Cretaceous age (about 100 million years before
present). A second species of TXenyllion was discovered (Stewart, 1996)
and has also now been redescribed and named (Newbrey et al., 2013).
Gonzalez-Rodriguez et al. (2013) recently described additional diminutive
and primitive acanthomorphs, including monocentrid-like armored Beryci-
formes (T Handuichthys and T Pseudomonocentris) and another armored genus of
less certain relationships (fDalgoichthys) from beds of very late Albian or very
early Cenomanian age in Mexico. All of the earliest acanthomorphs known so
far are of very small fishes, though the species of TSphenocephalus, which lived
millions of years later, are much larger.

The oldest Cretaceous acanthomorph recorded from a freshwater deposit is
the incertae sedis T Spinocaudichthys oumtkoutensis, described from the early Late
Cretaceous (Cenomanian) of Morocco (Filleul and Dutheil, 2001, 2004).

Another very interesting but taxonomically problematic fossil acantho-
morph is the genus {Asineops, containing only one fossil species, TAsineops
squamifrons of Eocene age from the Green River Formation of Wyoming
(Rosen and Patterson, 1969; Grande, 1984; Borden et al., 2013), and the only
member of the tAsineopidae. The genus is known also by fossil scales from
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the Paleocene (Wilson, 1980). T Asineops has a dorsal fin of 7-10 spines and 11
or 12 soft rays; the anal fin has two or three spines and 8-11 soft rays.

Other fossil acanthomorph taxa of wuncertain placement include
the Cretaceous TAipichthyidae, fAipichthyoididae, f{Dinopterygiidae,
fPharmacichthyidae, fPycnosteroididae, and fStichocentridae (e.g., Patterson,
1993b; Otero and Gayet, 1995; Murray and Wilson, 2014). See below under
Lamprimorpha for a possible placement of most of these fossil taxa.

tOrder CTENOTHRISSIFORMES. These are well-preserved fossil acantho-
morphs of basal but otherwise uncertain position, including the marine
Late Cretaceous genera fAulolepis and T Ctenothrissa. TPattersonichthys also
may be closely related to ctenothrissiforms. Rosen (1973a) thought it
possible that ctenothrissiforms are the “primitive sister group of the
paracanthopterygian-acanthopterygian assemblage” and classified them with
that assemblage under the Acanthomorpha. How closely they are related to
lamprimorphs is unknown.

Superorder LAMPRIMORPHA

The superorder Lamprimorpha is thought to be the first in a sequence of
three superorders of Acanthomorpha, being sister to the superorder Para-
canthopterygii plus the superorder Acanthopterygii (as discussed above). Its
orthography was “Lampriomorpha” in the previous edition, or “Lampridomor-
pha” by some authorities, and although simplified herein it is still intentionally
different from “Lampromorpha,” which is the name of a clade of cuckoo birds.

Rosen (1973a) established that lampriforms are not percomorphs, as
previously believed, but instead are basal acanthomorphs. Strong evidence
that they are the sister group to all other acanthomorphs (euacanthomorphs)
was presented by Olney et al. (1993) and Johnson and Patterson (1993).
Positioning them as basal acanthomorphs was also supported by the molecular
evidence of Wiley et al. (2000), Near et al. (2012a), and Betancur-R. et al.
(2013a), among others. The study of Wiley et al. (1998), based on morpholog-
ical and molecular evidence, confirmed monophyly of the order and, though
only for the five lampriform species they studied, agreed with the phylogenetic
results of Olney et al. (1993). Davesne et al. (2014) and Delbarre et al. (2015)
have made a case that the formerly incertae sedis families fAipichthyidae,
tAipichthyoididae, tPharmacichthyidae, and fPycnosteroididae are all
Cretaceous relatives of Lamprimorpha.

Order LAMPRIFORMES (Lampridiformes, Allotriognathi) (46)—opahs. No true
spines in fins; premaxilla excludes maxilla from gape; unique type of protrusi-
ble upper jaw (maxilla, instead of being ligamentously attached to the ethmoid
and palatine, slides in and out with the highly protractile premaxilla); absence
of the anterior palatine prong and the anterior palatomaxillary process;
mesethmoid positioned posterior to lateral ethmoids; elongate ascending
process of premaxillae and large rostral cartilage inserts into frontal vault;
insertion of the first dorsal pterygiophore anterior to the first neural spine;
second ural centrum fused posteriorly to the upper hypural plate; pelvic fins
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with 0-17 rays; swimbladder, when present, physoclistous; orbitosphenoid
present in some (Olney et al., 1993; Wiley and Johnson, 2010).

The deep-bodied members with symmetrical caudal fins and well-developed
skeletons—the lamprids and veliferids—are referred to as the bathysomes.
The other five families, with long ribbon-like bodies with dorsal fins extend-
ing from the head to the tail and asymmetrical caudal fins and weak skeletons,
are referred to as the taeniosomes. These two groups were formally recognized
in Regan’s 1907 classification as the Bathysomi and the Taeniosomi. According
to the cladogram of Olney et al. (1993), the former is paraphyletic while the
latter is monophyletic.

Fossil lampriforms include fBajaichthys (family not assigned), {Palaeocen-
trotus, T Veronavelifer, and the lamprid-like {Turkmenidae (with long pelvic
fins of 7-10 rays), along with ¥ Turkmene and tDanatinia of the late Paleocene
and fAnalectis of the Lower Oligocene (see Nelson 1994, for references).
Olney et al. (1993) and Patterson (1993a,b) discussed and listed these fossils.
For orthography of ordinal name, see Lampridae below. Six families with
11 genera and about 22 species. There are no freshwater species in this
order. The families are sequenced to reflect the sister-group relationships
recognized by Olney et al. (1993).

Family VELIFERIDAE (223)—velifers. Marine, usually near-shore; Indian and western
part of mid-Pacific.

Body deep and compressed; pelvic fins with seven to nine rays (no spine); dor-
sal and anal fins long, total number of spines plus soft rays in dorsal fin 32-44,
and in anal fin 25-35; dorsal and anal-fin bases with scaly sheaths; teeth absent;
swimbladder bifurcate posteriorly, the two horns extending far beyond anus;
six branchiostegal rays; vertebrae 33 or 34 (16 abdominal and 17 or 18 caudal).
Maximum length about 40 cm.

T Veronavelifer is an Eocene fossil found in northern Italy that is relatively
similar to the extant Metavelifer multiradiatus; the only other fossil veliferoid
is T Palaeocentrotus (family Palaeocentrotidae) of the Eocene in Denmark.
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Two monotypic genera, Velifer and Metavelifer (e.g., Smith and Heemstra,
1986).

Family LAMPRIDAE (Lamprididae) (224)—opahs. Marine pelagic; Atlantic, Indian,
and Pacific.

Body oval-shaped and compressed; foramen magnum enclosed in cranial
condyle; lateral line arched high in front; dorsal and anal fins long (dorsal
with 48-56 rays and anal with 33-42 rays); pelvic fin rays 12-17; minute cycloid
scales; vertebrae 43—46. Its diet consists primarily of squids, octopuses, and
crustaceans. Maximum length up to 1.8 m.

The orthography of the family has been changed from Lamprididae to
Lampridae. There is a desire to have stability in the orthography of family
names, while following provisions of the code of the International Com-
mission of Zoological Nomenclature as given in the fourth edition of the
“International Code of Zoological Nomenclature”. There is currently much
disagreement for some families as to whether the suffix should be “ididae” or
“idae.” For the present case, Lampridiformes and Lamprididae have been the
forms used in most recent literature by specialists and were used in Nelson
(1994) in the belief, based on the work of Patterson in Olney et al. (1993),
that this form was grammatically correct. However, the latter seems not to be
accurate, and Eschmeyer (1998, Online) employed the forms Lampriformes
and Lampridae. We now follow Eschmeyer (1998).

Two species, Lampris guttatus (worldwide) and L. immaculata (cold and
temperate waters of Southern Hemisphere) (Parin and Kukuyev, 1983;
Collette, 2003a).

The remaining four families form a monophyletic group and share the
following features: body very thin and ribbon-like; anal fin short or absent;
pelvic fin rays 0-10; six or seven branchiostegal rays; swimbladder, when
present, does not extend past the anus; each dorsal fin ray has more than
one lateral spine at its base; one or two fang-like teeth present on the vomer;
suborbital series absent except for the lachrymal and second suborbital
(jugal); frontal bones separated by a groove; vertebrae 62—-200. According to
Olney et al. (1993), the lophotids and radiicephalids are sister groups, and
the trachipterids and regalecids are sister groups.
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Family LOPHOTIDAE (225)—crestfishes. Marine; most oceans.

f
o ———————

Body with small deciduous cycloid scales (sometimes appearing naked);
supraoccipital spine enlarged and supporting first dorsal-fin pterygiphore;
anal fin small, near caudal and with 5-20 rays; pelvic fin, absent or with 2-6
rays; dorsal fin very long with about 220-392 rays and originating above or
before tip of snout; swimbladder present; ink sac present, which discharges
into cloaca; vertebrae 124-200. The extinct TProtolophotus is known from
Oligocene deposits in Iran. Maximum length about 200 cm.

Two genera, Lophotusand FEumecichthys (e.g., Olney, 2003), and probably four
species.

Family RADIICEPHALIDAE (226)—tapertails. Marine; central and eastern Atlantic and
off New Guinea.

Body elongate and laterally compressed, tapering to a thin caudal filament
(caudal fin with small upper lobe of four rays and long, slender lower lobe
of seven rays); elongate haemal spines on preural centra 4-6; dorsal fin with
152-159 rays; anal fin vestigial, with seven rays; pectorals and pelvics each with
up to nine rays (pelvic rays tend to be lost during development); scales along
lateral line but absent on rest of body; ribs present; swimbladder well devel-
oped; brown ink sac, which discharges into the cloaca (the ink, like that of
Lophotus, may serve to blind would-be predators); cloaca about one-third along
total length from snout; vertebrae 114-121 (36-39 abdominal + 77-82 caudal),
of equal length. Maximum length about 70 cm.

One species, Radiicephalus elongatus, known from only a few specimens
(e.g., Olney, 2003).

Family TRACHIPTERIDAE (227)—ribbonfishes. Marine; Arctic, Atlantic (including
Mediterranean), Indian, and Pacific.
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Body naked, with deciduous cycloid scales, or with deciduous modified ctenoid
scales (tubercles may also be present); no anal fin; caudal fin long and at a right
angle to the body, consisting of upper lobe only (Desmodema has the few cau-
dal rays parallel to the caudal peduncle); pelvic fins with 1-10 rays; dorsal fin
very long, originating distinctly behind tip of snout; eyes large; teeth present;
ribs absent; swimbladder rudimentary or absent; vertebrae 62-111. Allomet-
ric growth results in various body shapes during growth (including the loss of
the pelvic fins during metamorphosis in Desmodema). Maximum length about
1.7 m, attained in Trachipterus altivelis.

Three genera, Desmodema (2 species), Trachipterus (about 6,including
King-of-the-Salmon), and Zu (2), with about 10 species (e.g., Olney, 2003).

Family REGALECIDAE (228)—oarfishes. Marine; all oceans.

Scales absent; no anal fin; pelvic fin very elongate, slender, with one ray;
dorsal fin very long, originating distinctly behind tip of snout, with 260-412
rays, the first few rays being elongate and bright red; eye small; no teeth;
swimbladder absent; vertebrae about 143-170. Regalecus glesne (Oarfish or
King-of-the-Herring) has 40-58 gill rakers; Agrostichthys parkeri (Streamer Fish)
has 8-10 gill rakers. This group is probably responsible for many reports
about sightings of supposed sea-serpents. Maximum length up to about 8 m,
attained in R. glesne, longest of the bony fishes.

Two genera, Regalecus (2) and Agrostichthys (1), with three species (e.g., Olney
2003).

THE EUACANTHOMORPHA of Johnson and Patterson (1993) included almost all
the fishes beyond this point, but they were arranged differently than they are
here. For example, Polymixiiforms were separated from paracanthopterygians
but are not here, some former paracanthopterygian taxa (Ophidiiformes,
Batrachoidiformes, and Lophiiformes) are now in Acanthopterygii, and some
former acanthopterygians (Zeiformes) are now in Paracanthopterygii. In
addition, the monotypic Stylephoriformes were then in Lampriformes but are
now in Paracanthopterygii (see below). The taxon Holacanthomorpha of the
same authors is not considered valid because it combined some but not all
Paracanthopterygii in a group with Acanthopterygii.

Superorder PARACANTHOPTERYGII

The monophyly and taxonomic composition of the superorder Paracan-
thopterygii have been debated since the group was named by Greenwood et al.
(1966). Its original membership included Batrachoidiformes, Gadiformes
(including Ophidioidei and Zoarcoidei), Gobiesociformes, Lophiiformes, and
Percopsiformes (Amblyopsidae, Aphredoderidae, Percopsidae). Since then,
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various authors have suggested including the Polymixiiformes, Gobiiformes,
Indostomidae, Myctophiformes, Stylephoridae, and Zeiformes within the
suborder, and removing the batrachoidiforms, bythitoids, gobiesocoids,
lophiiforms, ophidioids, and zoarcoids to Percomorpha (e.g., Rosen and
Patterson, 1969; Banister, 1970; Freihofer, 1970; Wiley et al., 2000; Chen et al.,
2003; Miya et al., 2003, 2005; Holcroft, 2004, 2005; Dettai and Lecointre,
2005; Smith and Wheeler, 2006).

Wiley et al. (2000) for the first time recovered gadiforms and zeiforms as
sister groups in a total-evidence analysis of 27 taxa, using a matrix composed
of 38 morphological characters drawn from Johnson and Patterson (1993)
and 1,674 base pairs from two ribosomal gene fragments (572 bp from
mitochondrial 125, and 1,112 bp of nuclear 28S). They recovered this novel
clade as sister to an “acanthopterygian-like” clade, with both collectively
the sister group of Percopsiformes. Miya et al. (2007), in a mitochondrial
molecular study, recovered the supposed lampriform Stylephorus in a novel
position as sister to the Gadiformes. Stylephorus was subsequently placed in a
new order, Stylephoriformes. Their Bayesian analysis of mitogenomic data
suggested a paracanthopterygian clade consisting of ((Polymixiiformes +
Percopsiformes) + ((Gadiformes + Stylephoriformes) + Zeiformes)).

More recently, Grande et al. (2013) and Borden at al. (2013) recovered
Polymixiiformes as sister to a Paracanthopterygii comprising Percopsiformes +
[Zeiformes (Stylephorus + Gadiformes)]. Polymixiids + paracanthopterygians
were in turn found to be sister to the acanthopterygians (beryciforms, ophid-
ioids, batrachoidiforms, percomorphs, lophiiforms). Other molecular studies
(e.g., Near etal., 2012a; Betancur-R. et al., 2013a; Miya and Nishida, 2014; and
Chen etal., 2014) have also consistently recovered a group comprising percop-
siforms, gadiforms, Stylephorus, and zeiforms, but the placement of Polymixi-
iformes among acanthomorphs varied in these studies. Here we follow the
phylogenetic relationships proposed in the molecular and morphological stud-
ies of Borden etal. (2013) and Grande etal. (2013) and, like Miya etal. (2005),
Miya and Nishida (2014), and Chen et al. (2014), we now explicitly include
Polymixia within the Paracanthopterygii.

The 667 or so living species are placed in about 109 genera, 21 families,
and five orders. The orders are listed in hypothesized phylogenetic sequence.
There are numerous fossil taxa discussed below.

Order POLYMIXIIFORMES (47)—beardfishes. Few groups have shifted back
and forth as frequently as this one. They were formerly placed within the
Beryciformes by many workers employing differing methods, though Rosen
and Patterson (1969) drew many parallels with paracanthopterygians and
the acanthomorph stem lineage. Later works such as those of Stiassny (1986)
and Johnson and Patterson (1993) gave evidence that Polymixiiformes
could be the sister group to all other acanthomorphs. Some large-scale
molecular studies disagreed as to their placement, finding them variously to
be sister to percopsiforms (e.g., Miya et al., 2005; Near et al., 2012a), sister
to paracanthopterygians (lacking data on stylephoriforms; Miya et al., 2003),
sister to percopsiforms within Paracanthopterygii (again lacking data on
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stylephoriforms; Miya et al., 2005); sister to Acanthopterygii (e.g., Betancur-R.
etal., 2013a); or sister to percopsiforms, gadiforms, and zeiforms (also lacking
data on stylephoriforms; Chen et al. 2014). The more taxonomically-focused
studies of Borden et al. (2013) and Grande et al. (2013) found molecular
and morphological support for a sister-group relationship between Polymixi-
iformes and the other Paracanthopterygii, including stylephoriforms. As
noted by Stiassny (1986), Polymixia is unique in having a palato-premaxillary
ligament passing between maxillary lateral processes, rather than between
contralateral palatines. Regardless of its precise phylogenetic position, it is
one of the most plesiomorphic acanthomorph genera still extant. Patterson
(1993a) concluded, “If there is an acanthomorph equivalent of the living

k)

monotremes amongst mammals, it is Polymixia ...”.

Family POLYMIXIIDAE (229)—beardfishes. Marine; tropical and subtropical Atlantic,
Indian (primarily off Natal), and western Pacific.

Body moderately elongate and compressed; pair of hyoid barbels; dorsal
fin continuous, with 4-6 spines and 26-38 soft rays; anal fin with four short
spines and 13-17 soft rays; pelvic fins subabdominal, with one spine-like ray
and six soft rays; 16 branched caudal rays; about 33-38 lateral-line scales;
four branchiostegal rays; 11-21 gill rakers; two simple, flat supramaxillae;
subocular shelf, orbitosphenoid, and basisphenoid present; three epurals;
three widely spaced supraneurals; usually 29 or 30 vertebrae. This is the only
acanthomorph retaining two sets of intermuscular bones, epipleurals (what
are generally termed epipleurals in acanthomorphs are now thought to be
homologous with the epineurals of lower teleosts; Johnson and Patterson,
1993). Maximum length 38 cm. Beardfishes usually occur between 180 and
640 m depth.

One genus, Polymixia, with 10 species (e.g., Moore, 2003). Fossils appear
first in the Cenomanian (early Late Cretaceous) and include such Cretaceous
marine genera such as T Berycopsis, TDalmatichthys, t Magrebichthys, T Omosoma,
and T Omosomopsis (e.g., Murray and Wilson, 2014).

Order SPHENOCEPHALIFORMES. Late Cretaceous. One family. This fossil
group was once thought to be related to the living North American
freshwater percopsiforms and was placed within that order as suborder
TSphenocephaloidei by Rosen and Patterson (1969). Patterson and Rosen
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(1989) later considered it to be sister to all other paracanthopterygians,
a group of taxa that they termed the anacanthines, on the basis of both
groups sharing the following characters: “gadoid notch” present—a cavity
behind the high postmaxillary process of the premaxilla (not present in
all anacanthines, however); first vertebra with a pair of high facets off the
centrum that articulate with the forwardly displaced exoccipital condyles;
second and third vertebrae foreshortened (sometimes only the second
centrum is foreshortened in anacanthines). Currently, the anacanthines are
regarded as a polyphyletic assemblage, but fsphenocephaliforms are still
likely to be basal members of the true Paracanthopterygii, most likely sister
to all paracanthopterygians except for Polymixiiformes (Murray and Wilson,
1999; Borden et al., 2013; Grande et al., 2013).

FFamily SPHENOCEPHALIDAE. Marine. Late Cretaceous. Sphenocephalids retain a
single pair of slender supramaxillae (Polymixia has two, other paracanthopterygians have
none); large spines at posteroventral angle of preopercle; opercle with distinctive dorsal
excavation and recurved spine; supraneurals reduced to one; adipose fin present.

Two genera with four species: Sphenocephalus, with two species, middle Late
Cretaceous of Europe, and f{Xenyllion, with two very small species, early
Late Cretaceous of North America (Wilson and Murray, 1996; Stewart, 1996;
Newbrey et al., 2013).

Order PERCOPSIFORMES (48)—trout-perches. Premaxilla non-protractile;
diamond-shaped opercle (also observed in fsphenocephaliforms); enlarged
intercalars; ectopterygoid and palatine with teeth; transverses dorsales
and obliquii dorsales combined with a trapezoid appearance in dorsal
view; obliquus dorsalis 4 extending posteriorly, passing dorsal to the articula-
tion between the uncinate processes and third and fourth epibranchials to
insert on the levator process of the fourth epibranchial; pelvic fins, if present,
behind pectorals and with 3-8 soft rays; spines (normally weak) usually
present in dorsal fin; many species with ctenoid scales; six branchiostegal rays;
16 branched caudal rays; orbitosphenoid, basisphenoid, and suborbital shelf
absent; vertebrae 28-35.

Monophyly of this order has been questioned by several authors (e.g.,
Murray and Wilson, 1999) with suggestions that amblyopsids may be more
closely related to anacanthines or to gobioids (Poly and Proudlove, 2004).
However, contrary to the above, Smith and Wheeler (2006), Dillman et al.
(2011), Borden et al. (2013), and Grande et al. (2013) recovered a mono-
phyletic percopsiform lineage, which is consistent with conclusions of
Springer and Johnson (2004) and Springer and Orrell (2004) based on eight
specializations of the dorsal gill arches and musculature (see above).

Three families, seven genera, and ten species. All are confined to fresh water
and all are from North America.

Family PERCOPSIDAE (230)—trout-perches. Freshwater; northern North America, pri-
marily Alaska to Quebec and southward to Missouri and Kentucky.
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Alveolar premaxillary process broadly arched; vomer toothless; ctenoid and
cycloid scales; head naked; adipose fin present; dorsal fin with one or two
spines and 9-12 soft rays; anal fin with one or two spines and six or seven
soft rays; pelvic fin subthoracic, with eight rays; lateral line complete or nearly
50, scales 43—-60; anus in front of anal fin; vertebrae 33-36. Maximum length
20 cm, attained in Percopsis omiscomaycus.

Two species, the widespread Percopsis omiscomaycus and the more restricted
Percopsis (synonym Columbia) transmontana of the Columbia River drainage in
Washington, Oregon, and Idaho.

The family is well represented by fossil genera from North America (e.g.,
Rosen and Patterson, 1969; Murray and Wilson, 1996; Poly, 2004a) in the
Paleocene (fLateopisciculus, TMassamorichthys) and Eocene (fAmphiplaga,
T Ervismatopterus). Another Eocene genus, TLibotonius, with two species, is
sometimes classified in the separate family fLibotoniidae (e.g., Murray and
Wilson, 1999) or included within the Percopsidae (e.g., Wilson, 1977; Borden
etal., 2013).

fFamily MCCONICHTHYIDAE. f{Mcconichthys longipinnis, a freshwater early
Paleocene fish from Montana, was considered by L. Grande (1988) to form a trichotomy
with the gadiforms and the pediculates (lophiiforms and batrachoidiforms—but the
latter two groups are no longer included within the Paracanthopterygii). Murray and
Wilson (1999) considered it to belong within Percopsiformes as a stem lineage, while
Grande et al. (2013) recovered it as more closely related to Aphredoderidae. This is
currently the oldest named fossil percopsiform.

Family APHREDODERIDAE (231)—pirate perches. Freshwater; eastern United States,
primarily lowlands of Atlantic drainage from Long Island southward, Gulf of Mexico
slope, Mississippi Valley, and part of Great Lakes drainage.




Superorder PARACANTHOPTERYGII 289

Ctenoid scales; sides of head scaly; eyes normal; dorsal fin with three or four
spines and 10 or 11 soft rays; anal fin with two or three spines and 5-7 soft
rays; pelvic fin subthoracic, with seven rays; anus between gill membranes in
adults; adipose fin absent; lateral line absent or incomplete; vomer toothed;
premaxilla segmented.

The anus is in the normal position in juveniles, just ahead of the anal fin, and
moves forward during the growth of the fish. Also, in young pirate perch, the
third anal ray becomes transformed from a soft ray to a spine during growth.
Young individuals thus appear to have two spines and eight soft rays; adults
have three spines and seven soft rays. Maximum length about 13 cm.

One species, Aphredoderus sayanus (Poly 2004b).

Family AMBLYOPSIDAE (232)—cavefishes. Freshwater; southern and eastern United

States.
w
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Cycloid scales; head naked; eyes small to rudimentary; dorsal fin with 0-2
spines and 7-12 soft rays; anal fin with 0-2 spines and 7-11 soft rays; pelvic
fins usually absent (present only in Amblyopsis spelaea, where they are small,
abdominal, and with 0-6 rays); sensory papillae in rows on the head, body, and
tail; myodome lost; anus between gill membranes in adults; adipose fin absent;
lateral line absent or incomplete; vomer toothed; premaxilla segmented;
vertebrae 27-35.

All the species, except Chologaster cornuta of the Atlantic coastal plains, usu-
ally live in caves in limestone formations. Chologaster cornuta and Forbesichthys
agassizii are the only species with functional eyes. The other four species are
blind. Maximum length about 9 cm, attained in Amblyopsis spelaea.

Niemiller and Fitzpatrick (2007) and Niemiller, McCandless et al. (2012)
completed molecular phylogenies for subterranean populations of Typhlichthys
subterraneus and Amblyopsis spelaea, respectively, and reported finding cryptic
diversity. Niemiller, Near, and Fitzpatrick (2011) resurrected Typhlichthys
eigenmanni and identified populations representing up to 15 putative cryptic
species.

Six genera, Amblyopsis (2), Chologaster (1), Forbesichthys (1), Speoplatyrhinus
(1), Troglichthys (1), and Typhlichthys (2), with eight species (Nelson et al., 2004;
Poly and Proudlove, 2004; Proudlove, 2005; Parenti, 2006; Chakrabarty et al.,
2014).

Order ZEIFORMES (49)—dories. Metapterygoid reduced in size; exoccip-
ital facets narrowly spaced; first proximal radial of dorsal fin enlarged
dorsoventrally; contact between the first proximal radial of dorsal fin and
first neural arch and spine; dorsal, anal, and pectoral-fin rays unbranched;
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accessory caudal fin elements present in some groups; three and one-half gills
(seven hemibranchs); no open gill slit between fourth and fifth branchial
arches; palatine teeth absent; vomerine teeth present; caudal fin usually with
11 branched rays (13 in grammicolepidids); dorsal fin with 5-10 spines and
22-36 soft rays; body usually thin and deep; jaws usually greatly distensible;
no orbitosphenoid; simple posttemporal fused to skull; swimbladder present;
vertebrae usually 30—44.

The classification of Zeiformes (after the removal of caproids) follows Tyler
et al. (2003). However, contrary to Johnson and Patterson (1993) and Nelson
(2006), there is overwhelming molecular and some morphological support for
the placement of Zeiformes within Paracanthopterygii, where they are closely
aligned with Gadiformes and Stylephoriformes (Wiley et al., 2000; Grande
etal., 2013; Borden et al., 2013; Chen et al., 2014; Miya and Nishida, 2014).

Most zeiform species are deepsea fishes; some, however, may occur at
100-300 m.

The earliest fossil zeiform is TCretazeus rinaldii (family fCretazeidae),
described by Tyler et al. (2000), a mid Late Cretaceous species and the oldest
in the order. For a discussion of additional zeiform fossil taxa see Tyler and
Santini (2005) and Santini et al. (2006).

Six families with about 16 genera and 33 species. There are no freshwater
species.

Suborder Cyttoidei. Recognized after Tyler et al. (2003).

Family CYTTIDAE (233)—lookdown dories. Marine; southeast Atlantic and Indo-West
Pacific (e.g., from South Africa to off Australia and New Zealand).

Ascending process of premaxilla extending back to about one-half into
orbit; scute-like scales present from isthmus to pelvic-fin base; no ossified
ribs (convergent with Cyttomimus); ossified epineurals on some anterior
vertebrae (convergent with Zeus + Zenopsis); no large buckler scales present
along bases of dorsal and anal fins or along ventral midline; dorsal fin with
8-10 spines and 28-36 soft rays.

One genus, Cyttus, with 3 species.

Suborder Zeoidei. This suborder (as Zeioidei) was recognized in Nelson (1994)
but also included Cyttus.

Family OREOSOMATIDAE (234)—oreos. Marine; Antarctic, Atlantic, Indian, and
Pacific. Known primarily from South Africa and southern Australia.

Body very deep and compressed; mouth upturned, protractile; eyes large;
scales small, cycloid or ctenoid; young with conical scutes on parts of body;
extended prejuvenile stage present with a unique combination of several
derived morphologies (Tyler et al., 2003); pelvic fin with one spine and 5-7
soft rays; dorsal fin with 5-8 spines and 28-36 soft rays; anal fin with 2-4
spines and 26-33 soft rays; pectoral-fin rays 17-22; vertebrae 34-43. Maximum
length about 50 cm.
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Most species occur between 400-1,800 m.

Tyler et al. (2003) recognized two subfamilies, Pseudocyttinae for Pseudocyt-
tus maculatus, and Oreosomatinae for the other three genera.

Four genera, Allocyttus (4), Neocyttus (4), Pseudocyttus (1), and Oreosoma (1),
with about nine or 10 species (C. Karrer in Smith and Heemstra, 1986; Heem-
stra, 2003a; Tyler et al., 2003).

Family PARAZENIDAE (235)—smooth dories. Marine; scattered localities in the west-
ern Atlantic and the Indo-Pacific.

Large haemal spine vacuities present in several posterior abdominal vertebrae;
pelvic fin with no spine and 7-9 soft rays.
Three genera with four species.

SUBFAMILY PARAZENINAE. Body compressed and elongate; premaxillaries
extremely protractile; two dorsal fins, the first with eight spines, second with
26-30 soft rays; anal fin with o