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3 Cladistic Methods 

v. A. FUNK 

The authors in this volume have used the methods of phylogenetic 
systematics, also called cladistics, to develop phytogenies and examine 
monophyletic groups (referred to as cladesf, in a rigorous way. Thorough 
explanations of cladistics can be extremely complex. This discussion is 
not intended to be comprehensive; rather it is an introduction to the 
concepts and terminology necessary for the reader inexperienced in 
phylogenetic theory to understand the analytic aspects of the chapters in 
this volume. Additional discussions can be found in Hennig (1966), 
Nelson and Platnick (1981), Wiley (1981), Swofford and Olsen (1990), 
Wiley etal. (1991),Forey et al. (1992),Maddison and Maddison (1992), 
Swofford (1993), and references cited therein. 

Cladistics seeks to answer the following question: Given any group 
of more than three taxa, which taxa are more closely related to one 
another than to any other taxa? Retatedness is identified by the sharing of 
one or more uniquely derived characters that other taxa outside the group 
do not possess. For example, within vertebrates the unique derived char- 
acter "feathers" identifies all birds as being most closely related to each 
other. The branching pattern of the tree that illustrates this relatedness is 
formed by the distribution of the unique characters in the way that 

/ 

Most of the clades identified in this book do not have formal taxonomic names and, 
for emphasis, art given in italics and without capitalization (unless derived from a proper 
name). 

30 
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FIGURE   3.1.   Cladogram. Let- 
ters represent taxa, whereas let- 
ters in brackets are hypothetical 
ancestral taxa. Numbers repre- 
sent apomorphic characters of 
the transformation series; those 
with single bars are apomorphic, 
and those with double bars are 
independently derived. Group X 
is paraphyletic, a grade. Group Y 
is monophyletic, a clade. 

Group X Group Y 

requires the least amount of convergent or parallel evolution and charac- 

ter loss. A tree formed solely by these unique characters can be called a 

cladogram but is also called a phylogenetic tree or tree (Figure 3.1). 

Cladograms are characterized by the fact that their information is con- 

tained in the branching sequence and not in the physical proximity of the 

terminal branches. For instance, Figure 3.2 shows the same branching 

sequence as Figure 3.1, and as far as information content is concerned, it 

is identical. In Figure 3.1, B is next to D, but in Figure 3.2 B is next to F 

Neither of these physical locations gives the correct relationship because 

the branching sequence of both figures shows that the actual relationship 

is one of B being most closely related to the group of taxa DGF (see 

discussion on Venn diagrams below). A cladogram in which the branch 

FIGURE  3.2.   Cladogram 
with the same branching se- 
quence and the same informa- 
tion content as Figure 3.1. 
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TABLE   3. l. Character M; icrix for Figures 3.1 to 3.3 

Transformation series 

Taxon" 1 2 3 4             5 6 7 

OG 
B 
D 
F 
G 

0 
1 
1 
1 
1 

0 
0 
1 
1 
1 

0 
0 
0 
1 
1 

0             0 
0             0 
0 0 
1 0 
1         1 

0 
1 
0 
1 
0 

0 
0 
1 
0 
0 

[A] 10 0 0 0 0 0 
[C] 110 0 0 0 0 
[E] 11110 0 0 

"B, D, F, G, and the OG (outgroup) are actual taxa, whereas A, C, and E are hypothetical 
taxa whose character data are inferred from the most-parsimonious tree. 

and internode lengths reflect the number of characters on that branch or 
intern ode is called a phylogram. 

Cladistics has as its basis three concepts: apomorphy, monophyly, 
and parsimony. An apomorphy is a uniquely derived evolutionary charac- 
ter. Hennig (1966) called these apomorphous characters, but various 
other permutations of the term now include apomorpbic character and 
apotipic. There are related terms; for instance, every apomorphy either is 
found in one taxon, an autapomorphy (Figure 3.1, apomorphic char- 
acters 5 and 7; Table 3.1), or is shared by more than one taxon, a 
synapomorphy (Figure 3.1, apomorphic characters 1 to 4). A synapo- 
mOrphic character, in the true sense, is one that has evolved once in the 
ancestor of a group of taxa marking a common evolutionary history for 
that group. Every apomorphous character is paired with the character 
from which it is derived, the plesiomorphous character (or plesiomorphic 
character or plesiomorphy). In the bird example, "feathers" is the apo- 
morphic character, and because feathers are believed to be derived from 
scales, then "scales" becomes the plesiomorphic character. 

The apomorphic and plesiomorphic characters together form an 
evolutionary transformation series (often abbreviated TS} (Hennig, 1966; 
Wiley et al., 1991). The transformation series can contain more than one 
apomorphic character, provided they are evolutionarily homologous. 
Some authors refer to individual characters as character states and trans- 
formation series as characters, and both systems are used in this book. 
However, this alternative terminology necessitates placing apomorphic 
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and plesiomorphic character states into characters rather than transfor- 
mation series. Unfortunately, users of the term character state sometimes 
incorrectly shift to the term character in the discussion section. To be 
unambiguous, the transformation series concept is preferred. 

The terms apomorphy and plesiomorphy are dependent on their 
relative position on a cladogram. A character that is synapomorphous 
at a node when one is discussing group Y (Figure 3.1, apomorphic 
character 3) will be plesiomorphous if one is discussing the characters 
that delimit tax on G- When characters are found in more than one 
taxon, they are considered to be evolutionary or phylogenetically 
homologous (Patterson, 1982, 1988). If what appears to be the same 
apomorphic character is found in two unrelated groups, it is consid- 
ered to be nonhomologous and therefore not a single apomorphy 
(Figure 3.1, apomorphic character 6} and is referred to as a homo- 
plasious character. If a character occurs as a synapomorphy on a 
cladogram and is subsequently lost in one or more taxa, then it is a 
character loss (also referred to as a reversal, but this term can be 
confused with genetic terminology). Homoplasious characters and char- 
acter losses may obscure the phylogenetic pattern. These seemingly con- 
tradictory characters are referred to as character conflict. Such conflicts 
are resolved by parsimony analysis, and once they are recognized and 
understood, become apomorphic characters themselves. 

The parsimony criterion governs how cladograms are constructed. 
It is nearly identical to Hennig's Auxiliary Principle: "Never assume 
convergence or parallel evolution, always assume homology in the ab- 
sence of contrary evidence" (Hennig, 1966, according to Wiley et al., 
1991; Farris, 1983). This principle does not preclude the possibility of 
convergent or parallel evolution; it simply states that when there is no 
reason to think otherwise, two characters that appear to be the same are 
treated as homologous. This means that the character has the potential 
for grouping taxa if it is apomorphous. When characters support conflict- 
ing groups (Figure 3.1, apomorphic character 6), the explanation that is 
the simplest is chosen (i.e., the one that requires the smallest number of 
homoplasious characters and character loss). Therefore, the user of parsi- 
mony is not making any statement about the process of evolution. 

A monophyletic group is a group of taxa that share a common, 
ancestor and includes all descendants of that ancestor, also referred to as' 
a clade. On a cladogram, this translates into any group that includes all 
taxa that share at least one synapomorphy (Figure 3.1, group Y). Fig- 
ure 3.3 is a Venn diagram for Figures 3.1 and 3.2; each ellipse represents 
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FIGURE   3.3,   Venn dia- 
gram of Figure 3.1. 

a monophyletic group so that one can easily see three such groups, FG, 
DFG, and the whole clade, BDFG. However, the concept of monophyly is 
far more than a definition of a group of taxa. Concomitant with it is the 
notion that the only groups that are evolutionary meaningful (natural) 
are monophyletic ones. Therefore, in this view, the only groups that can 
be recognized in formal classifications are monophyletic ones. The justifi- 
cation for this position lies in the nature of the groups. If groups include 
an ancestor and all its descendants (monophyletic), then the groups 
reflect a common evolutionary history and can be used to study specia- 
tion, biogeography, pollination biology, and other evolutionary concepts. 
Non-monopbyletic groups are of two types (Farris, 1974). In Figure 3.1, 
A is the ancestor of taxa B, D, F, and G. Group X contains the common 
ancestor A, but only two of the descendants, B and D, and so it is not 
monophyletic. Such a group, one that includes some but not all of the 
descendants (Figure 3.1, group X), is called parapbyletic, which is also 
referred to as a grade. Polypbyletic groups have been defined several 
ways, but, in general, they consist of taxa taken from more than one 
monophyletic group. Under certain circumstances, it is difficult to sepa- 
rate parapbyletic and poiyphyietic groups, so often authors simply refer 
to any group of taxa that does not satisfy the criterion of monophyly as 
non-monopbyletic. 

Both monophyly and parsimony depend on apomorphous charac- 
ters; therefore, apomorphies are the central concept of cladistics. The 
process of assigning the status of apomorphy to a character is called 
determining polarity. Using an outgroup (or outgroups) is the most com- 
mon way of determining which characters are apomOrphic (Watrous and 
Wheeler, 1981; Farris, 1982; Maddison et ah, 1984). Characters found in '' 
the outgroup as well as in some of the taxa of the group being studied (the 
ingroup) are considered to be plesiomorphous. Those characters found 
only in some of the taxa of the ingroup but that are absent in the rest of 
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the ingroup and in the outgroup are considered to be apomorphous. 
Many exceptions and extenuating circumstances to be considered when 
using the outgroup criterion cannot be covered in this brief discussion. 
Additional information can be found in the general references listed in the 
first paragraph and in Watrous and Wheeler (1981), Farris (1982), and 
Maddison et al. (1984). An outgroup can be, but is not necessarily, the 
taxon most closely related to the ingroup, the sister group. In Figure 3.1, 
DFG is the sister group of B. The outgroup) s) should be a closely related 
taxon that does not contain large numbers of autapomorphous charac- 
ters. Sometimes a specific outgroup cannot be identified, and a composite 
outgroup is constructed by evaluating each transformation series sepa- 
rately to determine which character(s) was apomorphic. Authors in this 
volume who use this approach have discussed how the composite out- 
groups were formed. Another method that is occasionally used to assign 
polarity is ontogeny (Patterson, 1982). 

The process of tree construction has changed greatly in the past two 
decades. Instead of the manual constructing of small character trees for 
each transformation series, which necessitates examining each character 
to decide if it is apomorphous and then looking for groups of taxa that 
can be nested, computer programs are now used. These programs con- 
struct networks based on the distribution of shared characters without 
assigning polarity or evolutionary direction, then root the tree based on 
the characters present in the outgroup(s), either by using the outgroup(s) 
as part of the analysis or by attaching it to the network after the analysis 
is completed. The two most commonly used programs are PAUP (Swof- 
ford, 1993) and HENN1G86 (Farris, 1988). These computer programs have 
increased the speed and accuracy of cladogram production. Moreover 
these programs have introduced many options that give the user a power- 
ful resource for investigating the phylogeny of the taxa in question. 
Another program available for analyzing characters and cladograms is 
MacClade (Maddison and Maddison, 1992), which also has a broad 
array of options. On occasion, different programs will give different 
answers to the same questions. It is the user's responsibility to make sure 
she or he understands and endorses the assumptions that underlie the 
options in all the programs; otherwise, the results will be misleading (at 
best) or erroneous. 

For years, many phylogeneticists have tried to measure the robust- / 
ness of data used to construct cladograms, to find a way to assign a value 
that would indicate how "robust*' the cladogram was. The simplest 
measure is the tree length, or total number of steps. The tree length is 
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equal to the total number of characters actually on the tree, including all 
conflicting characters. The first index, and still the most popular, is the 
consistency index (CI) (Kluge and Farris, 1969). Currently, the index is 
calculated using only synapomorphies and taking the minimum number 
of steps necessary if all the data agreed and dividing it by the actual 
number of steps. The other commonly used index is the reseated consis- 
tency index (RC) (Farris, 1989), which multiplies the CI by the retention 
index (RI; ratio of apparent synapomorphy to actual synapomorphy). 
The RC excludes characters that do not contribute to the "fit" of the tree 
by excluding autapomorphic characters as well as totally homoplasious 
ones. The CI and the RC can be used for each individual transformation 
series (character) as well as the cladogram as a whole. Several other 
indices have been proposed (e.g., F-ratios, d-measures) (Wiley et ah, 
1991) but are not used in this volume. Each index has certain strengths 
and weaknesses, and no one index has been found that really gives us the 
information we seek, the answer to the question "How good is this 
cladogram?" 

"Whereas the indices give information on the tree as a whole (or on 
the individual transformation series), there is another approach to esti- 
mating the value of a particular cladogram with respect to the data and 
that is by placing confidence limits on the individual branches. Some 
authors provide such values based on bootstrapping. This technique 
involves randomly sampling with replacement the character information 
from a data set to build many "bootstrap" data sets of the same size as 
the original data set, which are then analyzed to give one or more trees. 
The percentage of occurrences (usually out of 100) that a particular 
monophyletic group appears among the trees of the sample data sets can 
be considered an index of support for that monophyletic group. This 
technique does not result in true confidence limits in a statistical sense. 
One of the biggest problems is that the values can be related to the size of 
the data set. Also, it takes three synapomorphies at an intern ode for a 
confidence level of 95% to be reached, and these could all be homo- 
plasious char :ters that occur many times on the tree. There are addi- 
tional problems with the assumptions required by bootstrapping that can 
cause either over- or underestimates of confidence (for further discussion, 
see Sanderson, 1989). 

As data sets grow, there is an ever greater chance of the analysis ] 

resulting in more than one equally parsimonious tree. A method of 
working with multiple trees is the implementation of consensus trees 
(Wiley et ah, 1991; Swofford, 1993). Two types of consensus trees are 
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common in the literature, strict and majority rule. Strict consensus trees 
reflect only the groups that are found in all the equally parsimonious 
trees. Majority rule consensus trees show the branching sequences that 
are found in most of the trees. Both consensus tree methods have the 
potential of producing unresolved areas or branching patterns on the 
consensus tree that are not found in any of the equally parsimonious 
trees. Although consensus trees are useful in identifying the areas of 
agreement and conflict among the competing trees, unless a consensus 
tree is identical to one of the equally parsimonious trees, it cannot be used 
as a phylogeny beyond the point of agreement found in all trees. For 
instance, polytomies (nodes with more than two branches) that are the 
result of conflicting branching sequences in competing trees and are not 
found in any of the competing equally parsimonious trees should not be 
used as part of the phylogeny. One should consider selecting one of the 
equally parsimonious trees for use as a phylogenetic tree. Another option 
for dealing with multiple trees that was used in this book is successive 
weighting, an a posteriori weighting based on the fit of the characters to 
the trees (Farris, 1989; Swofford, 1993). There are several types of a 
priori weighting as well, but none were used by the authors in this 
volume. 

When many equally parsimonious trees are produced, especially 
with molecular data sets, the methods of bootstrapping and majority rule 
consensus trees are often combined to produce a tree. Extreme caution 
must be used with such a tree, for there is no way to gauge what 
relationship it holds with any of the equally most-parsimonious trees. 

Once a phylogenetic tree has been produced, one of the most 
interesting things to do with it is to use it to study evolution. Indeed, the 
ability to ask questions about evolution is why many researchers are 
interested in producing phylogenies in the first place. One technique used 
in this book to facilitate such evolutionary studies is optimization or 
mapping. The method is examined in detail in Funk and Brooks (1990), 
Brooks and McLennan (1991), and Maddison and Maddison (1992); a 
simplified explanation is offered here. Once a cladogram has been con- 
structed, any feature or condition is selected to be examined in the light 
of the phylogeny of the group. Examples include habitat, habit, chromo- 
some number, and home range. The condition of each terminal taxon is 
identified on the cladogram, and hypothetical conditions are assigned to / 
the nodes that reflect the most-parsimonious arrangement of those condi- 
tions at each node. This allows one to determine the potential ancestral 
conditions. In this volume, the method is primarily used to examine 
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biogeography, but other features examined include special ion and habitat 
evolution as well as adaptive radiation and coevolution. Of all these 
features, only biogeography has its own special term: A cladogram in 
which the terminal taxa have been replaced by their respective distribu- 
tions is called an area cladogram. 

Phylogenetic systematics is an interesting, growing, and constantly 
changing field of study. This brief discussion is an introduction in the 
hopes that the reader will be able to better understand the chapters in this 
volume. 
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