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drainages of the upper Rio Negro in Brazil and Rio Orinoco in Venezuela.
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s a lungfish more closely re-

lated to a cow than to a trout?

Are birds really dinosaurs?

Are electric eels more closely
related to catfishes than to tetras?
According to a new theory of classifi-
cation, the answer to all these ques-
tions is yes. In the past two decades,
systematics, the science of determin-
ing the interrelationships of animals
and plants, has undergone sweeping
changes. The resulting classifications
place lungfishes and cows together in
a group that excludes the trout,
shows that birds are living dinosaurs,
and combines electric eels with cat-
fishes rather than with tetras. Here
we will explain the basis of this new
theory and why aquarists should be
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prepared for some novel classifica-
tions of their favorite fish groups. We
will also discuss a controversy, the
“neon tetra problem,” that stems
partly from conflict between this new
system and the old.

The key to this new system, called
phylogenetic systematics, is well
summarized by the phrase “descent
with modification,” the term Charles
Darwin used to describe his theory of
evolution. What Darwin meant by
“descent” is that all organisms are
derived from ancestral organisms; in
other words, that they are related ge-
nealogically. Just as you can trace
your genealogy through your mother
and grandmother to your great-grand-
mother and beyond using birth certif-
icates and legal records, so the gene-
alogy of species can be traced back to
their ancestral species using other
kinds of records. The clue to how sys-
tematists trace genealogies is the
other part of the phrase—“modificat-
ion.” Species change through time
and some of these changes are passed
on to their descendants. For exam-

ple, some species of cichlid might
evolve so that it changes from a yel-
low to a new, bright red color pat-
tern. If something like a rock slide or
volcanic lava flow isolated some
members of this red species in sev-
eral separate lakes, over time they
could form some new species, which
also would be red. Thus the ancestral
species and its descendant species
could retain bright red coloration. In’
that case we would be able to tell
that all of the descendants are re-
lated to the first red species because
they are red as well.

It is such modifications, evolution-
ary novelties which are passed to de-
scendants, that allow us to recon-
struct the genealogy of species. But
another important point to note is
that the color red does not tell us
how these various descendants of the
original red cichlids are interrelated;
it only tells us that they have a
unique common ancestor. Within the
group of red cichlid species, the color
red is a primitive feature. Thus we
see that the same character can be
both a novelty (a derived feature,
called an apomorphy) and a primitive
feature (called a plesiomorphy); it
just depends on where in the geneal-
ogy one is examining a problem of re-
lationships. In the example above,
red is a novelty when it diagnoses the
ancestral red cichlid species and all
its descendants, but it is primitive
when we wish to find relationships
among groups of those red species.
Before the ancestral cichlid species
gave rise to new species, its red color

‘was unique to it. Because that color

pattern was not shared with other
species at that time, it could not tell
us anything about the relationships
of the various species then in exis-
tence. Such a unique feature is called
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ers, that Géry has about phylogenet-
ics led him, with V. Mahnert, to ques-
tion our conclusion about the
relationships of the neon tetras. In
fact, the basic problem with their
criticism is their lack of understand-
ing of the principle of synapomorphy,
which we discussed above. Remem-
ber that it is the novelties that ances-
tors pass on to their descendants
which allow systematists to tell that
the descendants are all related. Also
remember that the same feature can-
not tell us that any particular pair of
those descendants are more closely
related to each other than to others
(since the feature is shared by all of
them). And remember that a species
can develop its own novelties that are
not shared with any other species.
Such novelties are uninformative
about the relationships of that spe-
cies for the very reason that they are
not shared.

We (1983) used eight synapomor-
phies to place the three “neon tetra”
species together. Three of these fea-
tures were pigment or structural
color characters (the distinctive color
patterns shared exclusively by these
tetras), four concerned the way in
which the shoulder girdle is attached
to the skull, and the last concerned
the shape of two adjacent skull
bones. To refute our hypothesis, one
must find other characters, synapo-
morphies, which show one or more of
the neon species is more closely re-
lated to other species of characins. If
the number of such features is
greater than those we found, our hy-
pothesis would be refuted and the
similarities we thought are synapo-
morphies would be then considered
convergences, independently evolved
in one or more of the neon species.

However, that is not the strategy
Géry and Mahnert used. Instead, they
pointed out many ways in which the
green neon differs from the other two
neon species. We certainly do not
deny that there are differences
among them, since we enumerated
even more than those authors men-
tion, and our figures show these dif-
ferences very well. But remember
that characters that are primitive or
that are unique to a species are not
informative about its relationships
and are therefore irrelevant to the is-
sue. All of the characters Géry and
Mahnert mention are either unique
to one of the species, or are widely
distributed in other characins.

At the risk of losing the reader in a
complex discussion of characin anat-
omy, we will try to discuss briefly
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some particulars of those authors’ ar-
guments. They note that the jaws,

teeth, hyomandibula (a bone of the -
““face”), and opercle of the green

neon are different from those of the
other neons. That is true. But the dif-
ferences in the hyomandibula and
opercle are unique to the green neon
and thus tell us nothing about its re-
lationships. The jaws and teeth are
another matter, in that those of each
of the three species are different
from one another, and each has a jaw
and tooth pattern bearing some re-
semblance to teeth of various species
now scattered in many characin
groups. We discussed dentition in de-
tail in our monograph and concluded
that with current knowledge of other
characins, one cannot use the teeth
for determining relationships for any
of the neon species. In any case, all
three species are different, so there
is no case to be made that any two
are closely related, using these fea-
tures exclusively.

Of the complex of bones associated
with the shoulder girdle and skull,
Géry and Mahnert discuss only one,
the pterotic aponeurosis. This is a
structure that connects some of the
body muscles to the skull. In the neon
tetras, this structure passes midway
over an opening (called a fossa) in the
skull, while in other characins it orig-
inates from the ventral border of the
opening. In the green neon, an addi-

' tional change has occurred in that a

skull bone, the sphenotic, has in-
creased in relative size and dis-
placed several other bones, including
the pterotic, from the border of the
skull opening. With this change in
bone positions, the aponeurosis now
connects to the sphenotic bone rather
than the pterotic (we still call it the
pterotic aponeurosis to emphasize its
homology with that tendon in all
other characins). Note that in this
case, the aponeurosis has a different
value for determining relationships.
First, it is a synapomorphy of the en-
tire neon group in its unique position
relative to the skull fossa. Second, it
is an autapomorphy of the green neon
in its attachment to the sphenotic.
The first condition supports our hy-
pothesis and the second does not ad-
dress it.

Géry and Mahnert imply that we re-
jected some characters because they
did not agree with our hypothesis. In
this category they list the reduced ex-
occipital bridge (a feature of the
skull) in the green neon, differences
in position and iridescence of the
blue stripe, some behavioral charac-

teristics, and karyotypic differences.
Presence of a blue lateral stripe is
unique to the three neons and thus
stands as a synapomorphy of the
group. In the green neon, the stripe
extends to the base of the caudal
(tail) fin, while in the neon and cardi-
nal it is angled towards the adipose
fin (the small fleshy fin between the
dorsal fin and caudal fin). The stripe
of the green neon is paler and more
greenish than that of the other neons.
The posterior position of the stripes
might imply that the neon and cardi-
nal tetras are more closely related to
each other than either is to the green
neon, since in other characins lateral
body stripes almost always terminate
at the caudal fin. But we were not
fully confident in assessing which
condition might be derived and did
not conclude that the neon/cardinal
condition is specialized. Again, how-
ever, the conditions of the stripe po-
sition and color in the green neon are
either primitive or unique to it and
cannot tell us about relationship.
Behavioral differences among the
neons referred to by Géry and Mahn-
ert have not been carefully recorded
and analyzed, so their phylogenetic
value is unclear. In any case, behav-
ioral characteristics must be treated
like others, so a general comparative
study including many other characins
would be needed to determine which,
if any, behavior patterns are special-
ized. The small exoccipital bridge of
the green neon, as discussed by Géry
and Mahnert, is found in other chara-
cin groups and appears to have
evolved independently in them. Géry
and Mahnert could have suggested
that the bridge is evidence suggesting
relationships of the green neon to
one of these other groups, but they
did not do so. The karyotypic (chro-
mosomal) evidence is inadequate—
the basic data are flawed since there
is disagreement in the literature on
just what the karyotypes are in the
neon species. Nevertheless, there is
enough evidence to allow us to tell
that each of the neons has a different
karyotype. Both the green neon and
the cardinal tetra have karyotypes
that are similar to those of many
other small characins and the karyo-
tyope of the neon tetra seems to be
unique to it. Thus the chromosomes
of the neon tetra cannot tell us what
it might be related to, and those of
the other two species appear to be
primitive. Unfortunately, there has
never been a critical phylogenetic
study of karyotypes of these or other
characins, so’ our assessment of the
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state when one would expect the ad-
vanced state. But reversals do hap-
pen, and both of us have written phy-
logenetic papers documenting it in
fishes. In fact, the most common
methods of doing phylogenetics ex-
plicitly recognize these evolutionary
reversals and account for them. We
suppose that Géry may have been
misled by some statements in the sys-
tematics literature which suggested
that reversals are not really primitve
states, but new states that resemble
the primitive ones. Only detailed ex-
amination of development and anat-
omy might be able to answer such
questions. In any case it does not
matter, since phylogenetic analyses
recognize that character reversals
cannot be detected unless we have a
phylogenetic hypothesis in the first
place. Reversed characters are only
recognizable by finding primitive
character states at unexpected places
in the phylogeny.

Finally, Géry has objected to the
use of parsimony as a criterion of hy-
pothesis choice. Such objections are
usually based on the assumption that
we presume evolution behaves parsi-
moniously. But this is a misconcep-
tion, as no such assumption is made.
There is a large body of writing on
parsimony in biological as well as
philosophical journals, documenting
its assumptions and value (see Beatty
and Fink, 1980). Use of parsimony by
phylogeneticists is exactly the same
as that by physicists and chemists,
and, in fact, all other scientists. Basi-
cally, parsimony compels us to make
no more assumptions than our data
allow. For example, two competing
hypotheses may account for the same
data, but one of them may allow you
to account for the data with fewer as-
sumptions. The parsimony principle
would tell you that the one with
fewer assumptions is the better hy-
pothesis. If you were to choose the
other, less parsimonious hypothesis,
it would be your responsibility to ex-
plain why you wanted to invoke the
extra assumptions required (these
extra assumptions are called ad hoc)
and convince other scientists that you
were justified in doing so. Note that
the most parsimonious hypothesis is
not necessarily the true one, but only
the one ‘hat best fits the data at
hand. If you get more data, you might
find that your previous hypothesis is
no longer the most parsimonious one,
and that you must choose another.
Movement from one hypothesis to an-
other in the face of new evidence is
one of the characteristics of science.
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Paracheirodon axelrodi, the cardinal tetra, is native to drainages of the upper
Rio Negro in Brazil and the upper Rio Negro and Rio Orinoco of Venezuela
and Colombia. Photo by B. Kahl.

Such changes lead us to better theo-
ries about the world.

Another serious misunderstanding
of Géry (in his paper with Mahnert,
1986) is the confusion of homology
and ‘“analogy,” or convergence. Basi-
cally, homology is much like synapo-
morphy; it is the term used to de-
seribe a feature held in common by
two species because their common
ancestor had it. Analogous, or conver-
gent features are similarities present
in species whose ancestors did not
have the feature. Our arms, the wings
of birds, and the flippers of whales
are all homologues as modifications
of the forelimbs. of our lobe-finned
“fish” ancestors. But the wings of
birds and the wings of butterflies are
analogues, or convergences, each in-
dependently evolved.

Géry and Mahnert appear to have
two problems with these concepts.
First, they seem to think that they
can recognize convergence without
benefit of a-phylogeny. But indepen-
dent evolution can be documented
only after a phylogenetic analysis
which shows that the bearers of the
features are not members of the same
group. A claim of “analogy” or con-
vergence, then, depends on a prior
analysis of other features and cannot
be invoked, as Géry and Mahnert did,
in the absence of a phylogeny.

The second problem they have in-
volves the assumption that because
two features may be different in
appearance they cannot be homo-
logues. Those authors note several
features of the green neon that are
different from those of the other
“neons,” something we will return to
below. But they also imply that be-
cause the teeth, for example, of the
green neon are different from the
teeth of the two other species, some-
how they are analogous to them
rather than homologous. We find this
rather curious reasoning, since using
it implies that the forelimb homo-
logues of sarcopterygians mentioned
above must be analogues rather than
homologues. Géry and Mahnert are
leaving out the important qualifier of
homology and analogy, and that is the
difference in origin implied by the
terms. In their analysis, Géry and
Mahnert considered that since some
feature of the green neon is different
in detail from that of the other
“neons” or other characins, then it is
analogous, rather than homologous.
Rather than our having “confusion
between analogous and homologous
characters” as suggested by Géry and
Mahnert (1986), we think that those
authors themselves have confused
the concepts.

These misunderstandings, and oth-
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Paracheirodon simulans occurs in black waters of swamps and savannahs where

it is common during the flood season. Photo by H. J. Richter.

(the green neon) was in the Tetrago-
nopterinae, while Paracheirodon in-
nesi (the neon tetra) and Cheirodon ax-
elrodi (the cardinal tetra) were in the
Cheirodontinae. But to many aquar-
ists and some ichthyologists, the
striking color pattern of the “neons”
suggests they are closely related and
should be placed in a group by them-
selves. After careful examination of
the fishes, we came to the same con-
clusion. Qur findings were based on
much detailed anatomical work in
which we examined hundreds of
specimens of characins, looking at
color patterns, skeletons, and mus-
cles. We searched for features that
might be evolutionary novelties in or-
der to see how the “neons” are re-
lated either among themselves or to
other tetras (as was implied by the
classification of the time).

The evidence led us to the conclu-
sion that the features traditionally
used by characid systematists, such
as numbers of tooth rows, are simply
not informative about relationships
in this particular case. Instead, we
found several synapomorphies
shared by the three species and
placed them together in the genus
Paracheirodon. Unfortunately, we
were unable to determine how they
are related among themselves, be-
cause we could not assess whether
the pertinent features were apomor-
phies or plesiomorphies. In order to
do that we need to know more about
the relationships of other characids.

Our classification of the “neons” in
the same genus emphasized our con-
clusion that the traditional method of
classifying characiforms is in serious
trouble, for two major reasons. The
first is that the groups it recognizes
are not natural, or monophyletic, and
thus do not represent evolutionary
history. Even Carl Eigenmann, a pio-
neer of South American ichthyology
and the major architect of the cur-
rent classification, knew that the sys-
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tem he devised was partly an artifi-
cial one that did not reflect
evolution. But faced with such a
large, poorly known fauna, he had to
give up an evolutionary classification
and instead produced a “sorting” de-
vice in which he could give new spe-
cies names and catalogue them. In
the more than 75 years since Eigen-
mann’s work, so many new species
have been collected that even his
“sorting” device no longer works very
well. Many new species have been
found whose characters overlap the
taxonomic boundaries erected by
Eigenmann, and it is often difficult to
fit these fishes into the old system.
After our assessment of the tradi-
tional classifications and the poten-
tial benefits of the phylogenetic sys-
tem, we concluded that characins
need a thorough reworking. Until
that is done, really fruitful compara-
tive evolutionary work cannot be
done with members of the group. Our
modest contribution with the neon
tetras serves as a simple example of
how the reworking can take place.

Not surprisingly, our paper evoked
some criticism. People who are com-
fortable with a traditional system
don’t want to have to learn a new one,
and some are rather resistant to
change (like humans in general). Un-
fortunately, virtually all of the criti-
cism about our work so far has been
marred by misunderstandings of
what we did and of the underlying
principles of phylogenetics. Since
one of our critics, Jacques Géry, is
well known to readers of Tropical Fish
Hobbyist, and has recently com-
mented on our paper in this maga-
zine, we think it appropriate to point
out where our differences lie. We of-
fer our comments in the spirit of sci-
entific inquiry, since it is through
criticism of ideas that science brings
positive changes.

Géry has discussed our recent work
in two aquarium journals (1984, 1986).

Since he agrees with our placement
of the neon and cardinal tetras to-
gether, his criticisms are primarily
aimed at our reclassification of the
green neon with them. We think that
his criticisms stem from misunder-
standing of the basic principles we
outlined above. As evidence we note
that in his 1984 article he stated that
phylogenetics is based on several
easily refutable “principles:” mono-
phyly, dichotomy, irreversibility, and
parsimony. We do not have room to go
into great detail to answer his state-
ments, but note that the objections he
raises have long ago been dealt with
in scientific journals such as System-
atic Zoology. Nevertheless, it is worth
pointing out where we think he has
erred in each of these topics.

Géry (1984:57) objected to mono-
phyly, that is, the inclusion in a group
of an ancestor and all its descendants
on the basis that some species origi-
nate through hybridization. The pos-
sibility of speciation through hybrid-
ization is well known, although its
occurrence in vertebrates (including
fishes) is rare. Presumably Géry as-
sumes that the “compound” nature of
the ancestor of a group violates the
concept of its monophyletic origin.
However, the ancestor itself is a sin-
gle species, regardless of its hybrid
origin, and it can be classified with
its descendants to form a mono-
phyletic group. The phylogenetic
analysis of hybrids and their classifi-
cation is discussed by Wiley (1981) in
his popular textbook on systematics.

Géry also objected to the idea that
phylogenetics requires that evolution
take place only through dichotomous
speciation, that is, one species
evolves into two species at once but
never into three or more at the same
time. This is a misunderstanding of
the early literature, where that posi-
tion was maintained mostly as an an-
alytical method rather than a biologi-
cal assumption. Modern
phylogeneticists not only recognize
the possibility of multiple speciation,
but have conventions to show it in
phylogenetic trees and classifica-
tions. Indeed, the best evidence for
the rapid evolution of a group, such
as the African rift lake cichlids, is a
“sunburst” of many species lineages
coming from a single branch in a phy-
logeny. -

Another objection Géry raised is
that phylogenetics does not take into
account reversals of characters dur-
ing evolution. By reversal we mean
the expression in an organism of a
feature that resembles the primitive

Tropical Fish Hobbyist






