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Systematists often use qualitative descrip-
tions of shape in phylogenetic analyses, but
several biologists object to phylogenetic ana-
lyses using quantitative descriptions of those
same shapes (Pimentel and Riggins, 1987;
Felsenstein, 1988; Mickevich and Weller,
1990; Garland and Adolph, 1994). In a previous
paper (Zelditch et al.,, 1995), we argued that the
problem with phylogepetic analysis of quanti-
tative shape data lies in the particular methods
traditionally used to quantify shapes, not in
quantification per se. In addition, we demon-
strated that some of the more serious ob-
jections to using morphometric data in
phylogenetic analyses are removed by using
landmark-based morphometric methods devel-
oped by Bookstein (1991). Although we de-
monstrated that phylogenetic analysis of
quantified shape variables is valid in theory,
some practical problems remain. In this paper,
we address the major remaining problem, that
of coding: specifically, the problem of recogniz-
ing divergent character states.

Even a brief survey of the literature shows
that coding is a complicated task in which
several obstacles must be overcome (see
Mickevich and Weller, 1990; Mabee and
Humphries, 1993; Wilkinson, 1995). In this
paper, we focus on one particular obstacle: eva-
luation of the diversity of a feature to determine
which sets of taxa are similar in that feature.
These judgements of similarity (and differences)
are the foundations on which inferences of
homology and monophyly are based. If these
judgements employ inappropriate criteria, then
those inferences are apt to be misled, and the
resulting phylogeny is likely to be wrong.

Several biologists have argued that there can
be no valid criteria for dividing quantitative
data into discrete states because quantitative
traits are inherently continuous (Pimentel and
Riggins, 1987; Felsenstein, 1988; Garland and
Adolph, 1994). In fact, they claim that coding
quantitative data introduces artificial distinc-
tions even if the observed distribution is dis-
continuous. This claim has even been parlayed
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into arguments against cladistic parsimony
(Felsenstein, 1988; Garland and Adolph, 1994),
or against phylogenetic analysis of all mor-
phometric data (Pimentel and Riggins, 1987;
Mickevich and Weller, 1990). Therefore, we
begin this paper by showing that the argu-
ments against coding quantitatively described
traits are not supported by theory. Rather, the
obstacles posed by continuity are only practical
problems and are not unique to quantitative
data.

In the remainder of this paper, we address
the practical problems of recognizing different
states. Several systematists have proposed
methods of coding that are designed to recog-
nize states despite the lack of discontinuities
between taxa. We review some commonly
used methods and show that the criteria most
methods employ to delimit states are not
appropriate for phylogenetic analysis. Con-
sequently, the character states produced by
these methods do not support hypotheses of
homology. We did find one method that is
suitable for phylogenetic analysis, which we
illustrate by using it to code features of adult
body shape in six species of piranha. We prefer
this method because it does not rely on arbi-
trary distance criteria or on statistical hypoth-
eses that are irrelevant to the inference of
homology.

CONTINUITY

Thiele (1993) suggested that some objec- -

tions to coding quantitative data can be
removed by making a distinction between
terms that indicate how the trait was described
and terms that indicate how the trait varies.
Four terms, (qualitative, quantitative, continu-
ous, and discontinuous) indicate how a trait is
described. As did Wiley (1981), Thiele argued
that quantitative should mean only that the
trait was described by a numerical scale, i.e.,
by counting or measurement. In contrast, qua-
litative should mean only that the trait was
described by using words. Continuous charac-
ters are a subset of quantitative characters, spe-
cifically those described by using an infinitely
divisible numerical scale (e.g., real numbers).
Discontinuous refers to the subset of quantita-
tive characters that are described by using a
numerical scale that is not infinitely dtvisible
(e.g., integers). Used in this way, these terms

imply nothing about how a trait varies. They
imply nothing about biology because they
refer only to our measurement scales.

~ Objections to coding morphometric data are
not really concerned with the use of a contin-
uous quantitative scale, but with what Thiele
called “overlapping;” i.e., the range of variation
of a trait in one taxon contains values that are
also within the range of variation of that trait in
another taxon. The contrasting pattern is dis-
junct, meaning that none of the values within
the range of one taxon lie within the range of
the other taxon. The words overlapping and
disjunct can be applied whether the trait is
described quantitatively or qualitatively; how-
ever, the comparison of ranges of qualitatively
described features is necessarily subjective.

Morphometric data are usually reported as
though the measurements were taken on a con-
tinuous scale. In reality, the scale of any instru-
ment is discontinuous (e.g., 0.01,0.02,0.03,...),
reflecting the limit of the resolving power of
the instrument. A report utilizing the instru-
ment’s discontinuous scale is interpreted as an
approximation to a continuous scale, not as an
indication of steplike behavior of the character.
Traits that are customarily reported on a dis-
continuous scale are counts for which fractional
values are excluded conceptually (e.g., the
number of teeth, for which incompletely form-
ed teeth are either counted or not counted).

Thiele’s discussion of the semantic issues
clarifies the point that chains of overlapping
ranges are the primary obstacle to coding
morphometric traits. However, Thiele, as did
Stevens (1991), also pointed out that this prob-
lem is not unique to quantitative data. In fact,
Thiele and Stevens argued that this is one of
many of the problems that are the same for
quantitative and qualitative data. For example,
one issue that must be resolved for every fea-
ture is the comparability of that feature across
all taxa in the study; another is the recognition
of distinct conditions of the feature. Thus,
Thiele and Stevens argued for applying the
same criteria to quantitative and qualitative
data, and for making the criteria explicit for
all data.

Pimentel and Riggins (1987) were quite
explicit. They argued that features with over-
lapping ranges should not be coded as having
distinct states. This position is evident from
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their definition of a cladistic character as “a
feature of organisms that can be evaluated as
a variable with two or more mutually exclusive
and ordered states” (p. 201, emphasis added). It
is also clear that this definition was meant to
apply to all kinds of data, because Pimentel and
Riggins stated it at the beginning of the paper,
and again, in their discussion of quantitative
data (p. 207). In the latter context, they elabo-
rated on the requirement that characters have
mutually exclusive states and argued that the
only valid basis for coding any character is a
gap, a hiatus in the distribution of a character,
such that no individuals are observed to have
those values. In their view, the ideal case would
be a gap between ranges (Thiele’s “disjunc-
tion”). Pimentel and Riggins did allow coding
if a few taxa contain individuals that are on each
side of the gap (these taxa would be poly-
morphic), but no taxon can have individuals
within the gap. For Pimentel and Riggins, the
gap is absolutely required for coding because it
unambiguously demarcates mutually exclusive
sets of values, without any statistical or math-
ematical manipulation. They characterized
these gaps as “natural” (p. 207), implying that
any distinction which is not based on disjunc-
tion in the raw data is artificial.

Felsenstein (1988) agreed that division of
overlapping ranges into separate states creates
artificial distinctions. However, he argued that
coding based on observed gaps also imposes
artificial distinctions. Felsenstein claimed this
argument is supported by theoretical predic-
tions that polygenic characters will exhibit gra-
dual, incremental change. Thus, even if a trait
evolves rapidly, it still passes from one value to
the next with no values skipped (i.e., saltation
does not occur). This implies that a descendant
population will overlap the immediately an-
cestral population. From this implication,
Felsenstein inferred that disjunction of terminal
taxa represents missing data (e.g., unrecovered
fossils), because if all the ancestral populations
were known they would form links in an unbro-
ken chain connecting the terminals. Felsenstein
argued that observed gaps between terminals
are not real and should not be used as the foun-
dation for any coding scheme.

Felsenstein’s argument about the reality of
gaps overextends a legitimate theory. That the-
ory describes anagenetic change, transforma-

tion in a single unbranched lineage. However,
lineages branch (speciation occurs), and the
branches are genetically and evolutionarily
independent. Because they are independent,
the chains representing the descendant lineages
will eventually become distinct from each
other, as individuals within the lineages acquire
novelties. This divergence is simply a conse-
quence of independent evolution within sepa-
rate lineages. The unbroken links of the chain
connect ancestors to descendants, not terminal
taxa to each other.

We conclude that there is no obstacle in
theory to coding taxa with overlapping ranges.
In fact, Felsenstein’s argument provides
grounds for us to argue that phylogenetic sys-
tematists need an approach to coding that does
not require gaps. The ranges of populations
representing nascent branches can be expected
to overlap each other and the range of their
common ancestor. Obviously, a gap would
be useful, but a lesser amount of differentiation
can also indicate evolutionary independence.
The goal of phylogenetic systematics is to
infer evolutionary independence (branching)
from evidence of divergence. When divergence
is relatively small and ranges overlap, the real
obstacle to coding is distinguishing between
differences due to poor sampling and differ-
ences due to evolution. We address this pro-
blem below.

METHODS OF CODING

In this section, we review some of the most
widely used methods of coding. For each
method, we focus on the criterion used to
divide a series of taxa with overlapping ranges
into smaller groups, and on the validity of that
criterion as a basis for inferring homology.

We begin with gap coding (Mickevich and
Johnson, 1976), both because it is one of the
oldest methods of coding and because most
newer methods of coding are intended to
improve on gap coding. This method is illu-
strated with the five hypothetical populations
shown in Figure 1. The smallest mean is
assigned state 0. The next largest mean is
assigned a new state only if the difference
between means is greater than the value of
the pooled standard deviation (sp). Then the
third mean is compared to the second, and so
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on, until all pairs of adjacent means have been
evaluated. In this context, “gap” refers to the
difference between means, not the disjunction
between ranges.

The principal problem with gap coding is
that it provides a small amount of unreliable
information from which to judge the similarity
of taxa. The information is the similarity of
means, as indicated by s,. This information is
unreliable because variances of taxa are often
dissimilar, making s, a poor indicator of the
actual overlap between two taxa. Some will
overlap more than expected; others, less. Gap
coding also misrepresents the amount of over-
lap when distributions are skewed or otherwise
deviate from normality. For these reasons, we
do not recommend gap coding as a basis for
inferring similarity of taxa.

Most critiques of gap coding focus on other
problems (e.g., Thorpe, 1984; Archie, 1985;
Chappill, 1989). One common complaint is
that taxa may be quite different but still be
assigned the same state because they are ends
of a long series of closely spaced taxa. This
problem is illustrated in Figure 1 by taxa B, C,
and D. The distance between B and C is small
(<sp), as is the distance between C and D.
Consequently, all three taxa are assigned the
same state, even though the distance between
B and D is large (>s,)

To solve this pro Ii)lem Archie (1985) pro-
posed a method of defining subsets of taxa
and a method of coding overlapping subsets.
To define a subset, Archie used the mean of a
taxon (x;) and sp to define an interval (x; to
x; + 8p). The subset includes all taxa with
means in that interval. For Figure 1, the subsets
would be {A}, {B, C}, {C: D}, {D}, and {E}.
The method of coding begins by deleting any
subset that is completely included in another,

0 1T 11 2 coding

p

distributions

0

FIGURE 1.
(A-E).

Gap coding of five idealized populations

such as {D}. Then, state 0 is assigned to the
subset that includes the lowest mean, {A}.
Codes increment by 1 at the beginning or
end of a subset (or by 2 if the subsets are dis-
junct). Thus, the Archie coding for Figure 1
wouldbe A=0,B=2,C=3 D=4, E=6.

Archie’s methods solve the problem of long
series, but still rely on the dubious information
provided by the mean and s,. More impor-
tantly, Archie’s methods have a serious pro-
blem of their own. Farris (1990) criticized
Archie’s methods because subsets are defined
by some criterion in the first step, but then that
criterion is ignored in the second step. In the
example above, B and C are placed in the same
subset because they are not different from each
other, but are assigned different states because
Cisnot different from D. The inconsistent logic
is particularly clear when subsets are defined by
statistical analyses, as in homogeneous subset
analysis (Simon, 1983; Farris, 1990). Using
Archie coding on these subsets would assign
different states to taxa despite statistical tests
showing that their means are not significantly
different.

A somewhat different solution to the pro-
blem of long series is incorporated in methods
proposed by Colless (1980), Thorpe (1984),
and Chappill (1989). In these methods, the mor-
phometric distance between the most widely
separated means or individuals is divided into
two or more equal segments. The segments are
numbered in order, and the code assigned to a
mean or individual is the number of the seg-
ment in which it is located (Fig. 2). In effect,
segment coding rescales the original measure-
ments to a smaller number of larger increments.

Segment coding solves the problem posed
by long chains of closely spaced means. How-
ever, it replaces that problem with a more fun-
damental one. It distorts the similarities and
differences among the taxa. Means or indivi-
duals near the limits of a segment may be more
similar to those in the adjacent segment than
they are to the ones in their own segment. In
Figure 2, Cis no closer to B thanitis to D, but B
and C are assigned the same state and D is
assigned a different state. Because segment
coding does not reflect similarity, it cannot be
used as a basis for inferring homology.

Archie coding and segment coding create
bigger problems than the one they solve. This
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FIGURE 2. Segment coding of five idealized popula-
tions (A—E).

is because these methods are designed to solve
the wrong problem. That problem, failure to
distinguish between taxa at the ends of a long
series, does not arise froma defect of gap coding;
rather, gap coding reveals the reality that some-
times intermediate taxa bridge the difference
between the ends. This problem does not have
a solution. Any consistent method that evalu-
ates ranges of variation will encounter cases in
which intermediate taxa form a bridge between
taxa that would otherwise be considered differ-
ent. Such cases may bring attention to the criter-
ion used to judge whether ranges are similar or
different, but they are not grounds for replacing
evaluation of similarity with computation of
arbitrary distance metrics.

Farris (1990) argued that the criterion of
similarity used in gap coding (s,) should be
replaced with explicit statistical tests of the dif-
ferences between means. Then, a series of pair-
wise tests (with appropriate adjustments for
multiple comparisons) is used to construct
homogeneous subsets: groups in which no
two sample means are statistically significantly
different (Simon, 1983). Because homogeneous
subset coding uses an explicit statistical test of
similarity, rather than ah unreliable indicator of
overlap, it eliminates one source of error that
affects gap coding. In addition, this method
eliminates some ambiguity by using a statistical
test, rather than a proxy for a statistical test.
Taxa in mutually exclusive subsets can be as-
signed different codes because the mean for
each taxon in one set is significantly different
from the mean of each taxon in the other set.
Equally obvious, homogeneous subsets that
intersect (share taxa) cannot be assigned differ-
ent states because the means of the shared taxa
cannot be distinguished from the means of any
taxa in either set.

The improvements incorporated in homoge-
neous subset coding are important, but the flaw
it retains is more important. Like gap coding,
homogeneous subset coding uses a minimal
description of the variability within each
taxon: the mean and standard deviation. Con-
sequently, both methods of coding are prone to
errors when the observed distribution within a
taxon departs from the expected normal distri-
bution. This is not a trivial or purely formal
objection. Several factors may account for
deviation from normality, and many of them
are commonly encountered in systematic stu-
dies (e.g., allometry, geographic variation, sex-
ual dimorphism, biased collecting methods).
Additional sources of biased distributions may
be encountered when multiple species are com-
bined into higher taxa (e.g., in studies of evolu-
tionary trends or differential extinction). Given
these common sampling problems, it is crucial
that a method of coding uses as much informa-
tion as possible about the distribution of indivi-
duals within each taxon.

Almeida and Bisby (1984) also recognized
that coding should be based on more informa-
tion than a comparison of means and standard
deviations. They used box plots to show the
entire range of each species divided into quar-
tiles. Figure 3a shows box plots for five hy-
pothetical taxa similar to those in Figure I.
Almeida and Bisby used the box plots to find
regions where there was no overlap (Fig. 3a,
zone a) and regions where only the outer quar-
tiles of the taxa overlap (Fig. 3a, zone b). These
regions delimit the sets of taxa that can be
assigned the same character state code for
that trait.

Almeida and Bisby’s use of quartiles is an
improvement over the other methods because
it conveys some information about deviations
from normality. However, it produces a coarse-
grained analysis, in which taxa that overlap as
much as 25% can be assigned different charac-
ter states. Almeida and Bisby were uncomfor-
table with allowing this much overlap (p. 408),
as are we. This problem could be remedied by
using a different cutoff (e.g., outer 5th percen-
tiles), but a more important problem would
remain: the lack of any a priori justification
for applying a fixed standard to all compari-
sons. Unfortunately, the use of a fixed standard
is probably unavoidable when the distribution
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FIGURE 3. Coding based on overlap of taxon ranges.

(a) Box plots dividing ranges inte quartiles. (b) Dot plots
of individual scores. The paired lines denote: a) the gap
between taxa D and E, b) the overlap between taxa A
and B.

is represented by a range bar divided into cate-
gories, as done by Almeida and Bisby. Such
graphs omit the number and distribution of
individuals in each sample, forcing systematists
to base coding decisions on the number and
size of the overlapping categories. Without a
rule for these decisions, systematists are likely
to base coding on subjective impressions of the
pattern of overlap among all taxa, which iseven
less justified (Gift and Stevens, 1997).

To improve Almeida and Bisby’s method,
we suggest using dot plots (Fig. 3b), which
are essentially symmetrical histograms with
large numbers of small intervals. These dia-
grams illustrate the spread of individuals rather
than the clustering shown by conventional his-
tograms. Dot plots produce finer-scale descrip-
tions, which allow coding decisions to be based
on analysis of the individuals in the study, not
on the numbers of individuals within coarse
classes.

Almeida and Bisby’s approach, with our
modification, puts the coding of quantitative
data on the same footing as traditional analysis
of qualitative data: The diversity within each
group is evaluated and then is compared with
the membership of other groups to see if there
is overlap. Then, the overlap is evaluated to
determine whether a hypothesis of evolution-
ary transformation is justified. Our preference
is to determine whether the density of indivi-
duals decreases near the edge of the observed
range of a taxon, which would be an indication
that the edge of the observed range is close to
the edge of the actual range. If overlap involves
only individuals from these fringes, then we
would recognize different states. Other sys-
tematists may prefer different criteria; one
advantage of the dot plots is that readers can
apply their own criteria to the same data.

One problem that is not solved by using
dot plots is the one caused by intermediate
taxa overlapping the ranges of taxa that do
not overlap each other. In Figure 3b, the ranges
of taxa A and C do not overlap, but the range of
taxon B overlaps both. This problem cannot be
solved by any method that consistently applies
a criterion for recognizing differentiation. If B
cannot be distinguished from either A or C, the
character should be considered phylogeneti-
cally uninformative for those taxa.

Some systematists may prefer a method of
coding that incorporates a rigid, automatic cri-
terion for recognizing different states. We have
not proposed any such rules, because none can
be realistically applied to all cases. Several of
the methods discussed above represent at-
tempts to employ rules; their failures demon-
strate that the rules do not apply universally.
We see no reason to obey rules to code quan-
titatively described traits when we would not
obey those rules to code the same traits if they
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were qualitatively described. Instead, we sug-
gest that the coding of each trait should be
decided on its own merits, by examining the
distribution of individuals in each taxon.

ANALYSIS OF PIRANHAS
Methods

Below, we illustrate overlap coding of data
from real populations rather than the hypothe-
tical constructions used above. Most of these
data come from analyses of the ontogeny
of piranha shape (Fink and Zelditch, 1995;
Zelditch and Fink, 1995). Descriptions of the
morphometric methods, including a selection
of landmarks, are presented in those papers
(see also, Bookstein, 1989, 1991; Zelditch et
al, 1992; Swiderski, 1993). Because our pur-
pose is to demonstrate the coding method,
not the morphometric methods, here we pre-
sent only a brief description of the morpho-
metric methods, highlighting departures from
previous studies or details that are particularly
relevant to coding.

Fink and Zelditch (1995) analyzed ontoge-
netic shape change in five species: Pygopristis
denticulata, Serrasalmus gouldingi, Pygocentrus
cariba, Pygocentrus nattereri, and Pygocentrus
piraya. In this study, we use the adults from
that study, and add new data by including the
adults of a sixth species, S. elongatus. We define
adults as specimens with centroid size >100
(corresponding to a standard length >75 mm,
which is approximately the size at which the
juvenile phase of growth ends (centroid size is
defined by Slice et al., 1996). We restricted this
study to adults because many studies are lim-
ited to adults, given the difficulties of obtaining
juveniles, and because the description of onto-
genies adds several problems that are beyond
the scope of this demonstration (cf., Zelditch
et al., 1992; Mabee and Humphries, 1993; Fink
and Zelditch, 1995).

Shape was described by using the thin-plate
spline analysis, which can be implemented
with either of the following programs: F. J.
Rohlfs TPSPLINE or J. M. Humphries
JSPLINE (both are available at http://life.bio.-
sunysb.edu/morph/).

Each adult in this study was compared to the
same starting form, an average juvenite of the
outgroup, Pygopristis denticulata, Even in stu-

dies of allometry, comparison of adults to the
juvenile of an outgroup is unusual, but we do it
here because the starting form defines the vari-
ables used in the morphometric analysis (prin-
cipal warps). By using the same starting form
that was used in the ontogenetic studies, we
insure that our descriptions of adult shape can
be compared to the descriptions of shape onto-
genies.

Principal warps differ from conventional
measurements in many ways (see Bookstein
1991; Zelditch et al, 1992, 1995; Swiderski,
1993), but one difference that is particularly
relevant here is that principal warps are two-
dimensional variables. The observed values,
called partial warps, reflect not only the magni-
tude of shape change, but also its direction with
respect to the organism. Partial warps com-
monly are reported as x, y coordinate pairs,
representing amounts of change in two direc-
tions of an orthogonal grid system. We aligned
the starting form so that x is the anteroposterior
axis and y is the dorsoventral axis.

The results of the spline analysis, the partial
warps scores, are presented in two formats for
coding. The first format is one-dimensional,
and describes the anteroposterior and dorso-
ventral components separately. In this format,
the distributions of individuals are displayed by
dot plots, as suggested above. The second for-
mat is two-dimensional, in which the dot plots
are replaced with scatter plots showing the dis-
tributions of the anteroposterior (x) and dorso-
ventral (y) components jointly. (Other methods
of coding can also be adapted for use with two-
dimensional data, by computing a set of ellipses
or computing an appropriate multivariate test
statistic. The logic of our argument favoring
overlap coding was not contrived so as to
favor the only method that could be applied
to two-dimensional data.)

Results

Figure 4a shows the pattern of landmark dis-
placements for the largest-scale principal warp
of the starting form. In this pattern, landmarks
near the middle move in one direction, and
landmarks near the ends move in the opposite
direction. This pattern is illustrated with an
arbitrarily chosen +y multiplier to show the
proportions of relative displacements that this
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component would represent. This pattern of
landmark displacement can be described verb-
ally as a change in dorsal convexity. Figure 4b
shows the observed scores for this dorsoven-
tral component of shape change for each indi-
vidual in this study. A score of zero indicates
that, in this component, the specimen is not
different from the average juvenile Pygopristis
denticulata. Figure 4b indicates that the ranges
for these six species are very similar. Based on
their broad overlaps, we infer that there has
been no differentiation of this feature in the
dorsoventral direction.

The scores in Figure 4b represent only one
component of the changes described by the
pattern in Figure 4a. The same pattern oriented
in the anteroposterior direction (all arrows
rotated 90° clockwise) represents a graded pat-
tern of change in which one end of the body is
expanded relative to the other end. Positive
scores represent anterior elongation; negative
scores, posterior elongation. Figure 4c shows
the distribution of scores for this feature. There
is a broad overlap between Pygocentrus and
Serrasalmus. Line A marks the edge of the
Pygocentrus range, and a third or more of each
Serrasalmus species is on the left of this line.
Serrasalmus also overlaps P. denficulata: Two
specimens of S. elongatus are on the right of
line B and two Pygopristis denticulata are on
the left of the line. This distribution could be
interpreted as indicating two evolutionary
transitions, one across each line, but neither
line unambiguously demarcates two sets of
taxa. In both cases, the source of ambiguity is
uncertainty about the limits of the Serrasalmus
species. For example, at line B the density
of Pygopristis denticulatat specimens drop
abruptly, and the two individuals to the left
of the line can be reasonably interpreted as
lying on the fringe of the distribution. In con-
trast, the two S. elongatus on the right of the line
cannot be interpreted as lying on the fringe of
their distribution, because the sample size for S.
elongatus (13), is too small to reliably infer the
distribution of within-group variation. The two
S. elongatus on the right of the line may only
appear to be unusual because variation within
that species is not adequately described. Con-
sequently, we do not feel that these distribu-
tions justify an inference of separate character
states for this shape feature.

Figure 4d shows the two-dimensional distri-
bution of shape changes described by the pat-
tern in Figure 4a. A specimen with coordinates
(0,-0) would not be different from the average
juvenile Pygopristis denticulata in this feature in
any direction. Coordinates of (+x, +y) would
indicate that the specimen differs from the juve-
nile Pygopristis denticulata in both greater ante-
rior elongation and greater dorsal convexity.
As in the previous plots, the two-dimensional
plot shows that this component of shape varies
almost entirely in the anteroposterior direction,
and that the species ranges overlap too broadly
to recognize separate states. The ranges of the
three Pygocentrus species are nearly identical.
Most specimens of the two Serrasalmus species,
and all specimens of Pygopristis denticulata lie
outside of the Pygocentrus range, but several
specimens of both Serrasalmus species lie within
the Pygocentrus range. More importantly, some
Serrasalmus are found near dense clusters of
Pygocentrus individuals, well beyond the edge
of the Pygocentrus range. Few Serrasalmus are
found near clusters of Pygopristis denticulata, but
the widely scattered S. elongatus surround much
of the P. denticulata range. The relatively sparse
distribution of S. elongatus suggests that addi-
tional samples should be expected to have indi-
viduals that fall within the P. denticulata range.
Consequently, we conclude that S. elongatus
bridges the gap between Pygopristis and
Pygocentrus, and that this shape feature is not
phylogenetically informative.

Figure 5a shows the pattern of landmark dis-
placement for a small-scale feature localized to
part of the head. The dorsoventral scores for
this feature (Fig. 5b) show broad overlaps for all
species. The anteroposterior scores (Fig. 5¢)
indicate that there is some differentiation
between Pygopristis denticulata and the other
species along this axis (relative length of the
snout and jaws). The two-dimensional plot (Fig.
5d) provides better evidence of a shape change.
All Pygopristis denticulata but one are on the left
of the line, whereas all Serrasalmus and all
Pygocentrus but one are on the right of the
line. In addition, a sparsely populated space
lies to the right of this line. Based on the
space between the two groups and the small
number of specimens that have crossed that
space, we recognize two states for this shape
feature (one unique to Pygopristis denticulata).
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the anteroposterior axis. A marks one edge of the Pygocentrus range; B separates most Pygopristis denticulata from most
Serrasalmus. (d) Bivariate plot of anteroposterior and dorsoventral partial warp scores.

These two states could not be recognized in the
.one-dimensional plot because the direction of
change is not aligned with the anatomical axes.

Figure 6a illustrates a small-scale feature that
describes changes in the region extending from
the base of the dorsal fin through the caudal
peduncle at the base of the tail fin. The one-
dimensional plots for this feature have been
omitted; the two-dimensional plot (Fig. 6b)
again indicates a change that is not aligned

with the anatomical axes (across line B).
However, the main reason we show this feature
is because it appears to have transformations
in two different directions. The ranges of
Serrasalmus and Pygocentrus are completely dis-
junct. Both overlap the range of Pygopristis den-
ticulata, but from different sides, and neither
overlap is enough to prevent recognition of
distinct states. Based on these distributions,
we infer two independent character changes.
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Variability of a small-scale principal warp. (a) Pattern of landmark displacement. (b) Partial warp scores for

displacement along the dorsovéntral axis. (c) Partial warp scores for displacement along the anteroposterior axis. (d)
Bivariate plot of anteroposterior and dorsoventral partial warp scores. The line delimits the sets of taxa inferred to have

different character states. Symbols as in figure 4.

The anteroposterior transformation of Ser-
rasalmus is primarily a relative elongation of
the region between the dorsal fin and the caudal
peduncle. In contrast, the dorsoventral trans-
formation of Pygocentrus is primarily a relative
thickening of the caudal peduncle.

There are several other features we could
show, but these three are sufficient to demon-
strate the approach we advocate, for both one-
dimensional and two-dimensional characters.
Our preliminary analysis of the_distribution

of 14 shape features indicates there may be
more than 10 shape transformations among
these six species. Six of the changes are in fea-
tures that underwent two changes. Some of the
changes may be autapomorphies, but at least
half are potentially informative for resolving
phylogenetic relationships.

SUMMARY

Thorpe (1984) and Chappill (1989) argued
that selection of a coding method should be



518

SYSTEMATIC BIOLOGY

VOL. 47

« ° L4
° .
L]
!
003 . . : - r
A
002 | 4
. 001 | 4
54
@ 000 | §
B
£
2 -001 F A
3
5
© 002 | g
-008 g
: : . : L

(b)

-004
-004 -003 -002 -001 000 001 002 003

Anteroposterior Scores

FIGURE 6.  Variability of another small-scale principal
warp. (a) Pattern of landmark displacement. (b) Bivariate
plot of anteroposterior and dorsoventral partial warp
scores. Lines A and B delimit sets of taxa inferred to
have different character states. Symbols as in Figure 4.

based on the purpose of coding. In our view,
the purpose of coding is dictated by the prin-
ciples of phylogenetic systematics. The foun-
dation of phylogenetic systematics is the
observation that monophyletic groups can be
recognized if homologous character states,
shared evolutionary novelties, can be identified
(Hennig, 1966). Unfortunately, characters do
not have labels indicating their homology.
Instead, a systematist must propose a hypoth-
esis of homology and evaluate its congruence
with independent hypotheses based on other
traits. In this context, the purpose of coding is
to represent those hypotheses.

The major obstacle to coding is that the a
priori groups under analysis (i.e., taxa) often
have ranges of variation that overlap to some
degree. This is true whether traits are described
qualitatively or quantitatively. One advantage
of quantitative description is that it permits a
more detailed analysis of how much the ranges
of variation overlap. It may seem appropriate

to use statistical methods to summarize the
amount of overlap and even to decide objec-
tively (on a priori grounds) whether taxa are
similar or different. Above, we demonstrated
some of the problems resulting from these uses
of statistical analysis. In our view, the most
important problem is the implication that simi-
larity of the feature across taxa is the basis for
inferring homology. The similarity that is rele-
vant to phylogenetic analysis is not proximity
in morphospace, but shared novelty. Statistical
methods can describe proximity, but they
cannot recognize novelty.

The method of coding we recommend uses
graphical displays of individual values. Coding
decisions are based on all of the individuals in
each taxon, not on summaries derived from
models of expected distributions. Then, the
evidence for inferring divergence is indepen-
dently evaluated for each pair of overlapping
taxa. Coding decisions are not based on a priori
rules that have no bearing on recognition of
evolutionary novelty. This is the same
approach that is used to code qualitatively
described traits.
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A phylogenetic method is inconsistent if it
converges to an incorrect tree as characters
(e.g., the columns or sites in a DNA sequence
data matrix) are added to a phylogenetic
problem. Inconsistency was first identified as
a potential problem in phylogenetics by
Felsenstein (1978) who showed that parsimony
and compatibility methods could become
inconsistent for four taxa under a restricted
set of circumstances. However, the ificonsis-
tency problem was later shown to occur

under less stringent conditions by Hendy and
Penny (1989) who demonstrated the inconsis-
tency of parsimony for trees of more than four
species when the data obeyed a molecular
clock. Other methods of phylogenetic estima-
tion were later shown to be inconsistent under
some conditions (DeBry, 1992; Huelsenbeck
and Hillis, 1993; Gaut and Lewis, 1995;
Huelsenbeck, 1995a; Waddell, 1995; Yang,
1996). For example, when the assumptions of
distance and maximum-likelihood methods are



