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2 Tools of the Trade

In this book we will focus on the use of the comparative method to
unveil patterns of biological diversity in ecological and ethological settings
and to help study the mechanisms underlying these patterns. Although com-
parison is one of the cornerstones of biological investigation, the “compara-
tive method” has been approached from several directions (e.g., Ridley 1983;
Clutton-Brock and Harvey 1984; Bell 1989). For ope _group of researchers
this method consists of comparing distantly related species living in a com-
mon environment and explaining am@lﬂiwgr}t_gaﬁ_wls
to that environment. For other researchers, the comparative method embodies

reconstructing the phylogenetic relationships within a group of species, then
using those relationships as a template for explanations about the evolution-
ary origin and diversification of other characters (see also Coddington 1988).
The attraction of the first approach lies in the assumption that the evolutionary
history of the test groups is unimportant. However, because the decision that
two groups are “distantly related” is often highly subjective, this apprqach
may fail to distinguish similarity due to common environments from sim}lar-
ity due to common inheritance. The second approach will distinguish various
kinds of similarity but requires a direct estimate of phylogeny. Since a robust
methodology for estimating phylogeny is available in the postulates of phy-
logenetic systematics (Hennig 1950, 1966; see also Eldredge and Cracraft
1980; Nelson and Platnick 1981; Wiley 1981, 1986a,b,c,d,e,f), we advocate
using the second form of the comparative method because of its greater ex-
planatory scope.

Comparative biologists often use “similarity” as an indicator of “relation-
ship.” Hennig, noting that there are different kinds of similarities and rela-
tionships, emphasized that the primary goal of systematics should be the de-
lineation of a special type of similarity (homology) that, when used to
reconstruct relationships, would provide a general reference system for com-
parative biology. Hennig reasoned that this system should be based on recon-
structing phylogenetic relationships from shared homologous traits because
all homologies covary with each other and with phylogeny. Other types of
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similarity (homoplasy), although evolutionarily interesting, are not phyloge-
netically informative because homoplasies need not covary with anything.
Evolution, with its underlying assumption of the preeminence of genealogical
ties, has been the unifying biological principle since the emergence of Dar-
winian ideas, so Hennig’s perspective would seem conceptually unobjection-
able. However, response to this new perspective was reserved, originating, in
part, from a long-standing problem with the relationship between homology
and phylogeny. Specifically, if homology is both defined by phylogeny and
required to reconstruct phylogeny, then a researcher needs to adopt an Or-
wellian doublethink strategy in order to “know the phylogeny, obtain the
homologies, and build the phylogeny.” This relationship makes phylogenetic
reconstruction irreducibly circular.

Hennig’s solution to this problem stemmed from his belief that genealogi-
cal influences in evolution are so pronounced that homologous characters will
outnumber covarying homoplasious characters within any given group. He
suggested that researchers begin with the assumption that all characters that

ci

conform to nonphylogenetic criteria for homology, such as those proposed by /Q ey
Remane (1956), are, in fact, evolutionarily homologous. In some cases this o

will lead to the incorrect, and initially undetectable, identification of homo-
plasious traits as homologues. When a phylogeny is reconstructed by group-
ing taxa according to their shared homologies, these misidentifications will
be revealed because the homoplasious characters will not covary with the
majority of the other characters. These traits can then be recognized, using
the phylogenetic hypothesis, as homoplasies. The distinction between the
non-Hennigian and Hennigian approaches is a subtle but vital one. Consider
the following example. Suppose, while describing the behavior of four dif-
ferent avian taxa, you notice that all of the males perform the same type of
mock-preen display during courtship. A non-Hennigian systematist would
say, “Since this display looks the same in these four taxa and is performed
by different members of a closely related group (‘birds’), it is a homologous
trait. We can use this trait to assess the phylogenetic relationships among
these birds.” A Hennigian systematist would say, “Since this display looks
the same in these four taxa, it is the same (is homologous). We can use this
trait to assess the phylogenetic relationships among these organisms.” In the
first case, homology is assumed because of similarity among characters,
coupled with presumed relatedness among the taxa bearing the characters.
Hence, there is an underlyi i i ledge of phylogeny.
In the second case, homology is assumed solely on the basis of similarity
among characters (the Wiley criterion “if it looks like a duck and quacks, it’s
a duck”). Hence, the approach advocated by Hennig is not circular because

_homologies, which indicate phylogenetic relationships, are determined
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without a priori reference to a phylogeny, while homoplasies ich are
inconsistent with phylogeny, are determined as such by reference to the

phylogeny. .
Hennig recognized that there are three types of homologous charac

shared general characters, which identify a collection of taxa as a group;

n. . shared special characters, which indicate relationships among taxa within the

group; and unique characters, which identify particular Faxa within the group.
In addition to these three categories of homology there is a separate category,
homoplasy or “false homology,” which tells us nothing about .relatlonshlps
among taxa. Since only shared special homologies denote pargcular phylo-
genetic relationships within a study group, characters must be assigned to one
of the three homology categories before their usefulness in a p_hylog.cnetlc
study can be determined. Once again, the risk of circularity is high: “if two
taxa are related, then a character that they share in common is a shared special
homology; therefore, this character can be used to determine if the taxa are
related.” Hennig suggested that this determination be made bz comparing the
state of each character in the study group to the state of the s_zfﬁig_éﬁaﬁcters
in one or more species outside the study group (outgroups). In this way, each

character is independently assigned a particular iomology status (gt:,n-
eral, special, or unique) depending upon properties of species for which
the phylogenetic relationships are not being assessed (the outgroups).
This “outgroup comparison” distinguishes among traits that are shared be-
tween the outgroups and at least some members of the study group (shared
general traits), traits that are restricted to some members of the study group
(shared special traits), and traits unique to single members of the study group
(unique traits). _

In the remainder of this chapter we will present a detailed discussion of the
basic methods involved in phylogenetic systematics adapted largely fror'n
Wiley et al. (1991). More-advanced applications of phylogeneti.c systematic
methodology pertinent to historical ecology will be introduced in chapters 5
and 7.

Terminology

There is a perception that researchers are required to learn an inor-
dinate number of new and specialized words before their initiation into phy-
logenetics can be completed. This apprehension is based, in part, on the
incorporation of numerous old terms such as monophyly, ancestor, homology,
and homoplasy into the field of phylogenetic systematics. Since most evolu-
tionary biologists are familiar with these terms, this is not really so daunting
after all. There are of course some new words to learn, apomorphy and ple-
Wy being the most important and, for many researchers, the most
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(a) (b)
Fig. 2.1. The endpoints of speciation. Letters = species. (a) Cladogenesis: species D is produced

by the division of an ancestral species into two new daughter species C and D. (b) Reticulate
speciation: species B and C hybridize, forming species D.

perplexing. We hope that, by the end of this chapter and definitely by the end
of this book, these words will no longer be fraught with such mystical con-
notations. There are two reasons for adopting the terminology, both the old
and the new, that we will use in this book. First, the terms used in any em-
pirical field should be as unambiguous as possible because hypotheses and
explanations are framed within this terminology. Second, because evolution
is a genealogical process, it is critical that systematic data be incorporated
explicitly into evolutionary explanations.

Groups of Organisms

A taxon is a group of organisms that is given a name. The relative position
(or rank) of a taxon in the Linnaean hierarchical System of classification is
indicated by the use of categories (e.g., “family,” “genus”). You should not | |
confuse the rank of a taxon with its reality as a group. For example, the taxon | -
Aves includes exactly the same organisms whether it is ranked as a class, an
order, or a family. A natural taxon is a group of organisms that exists as a
result of evolutionary processes. There are two kinds of natural taxa: species
and monophyletic groups. A species is a lineage, a collection of organisms
that share a unique evolutionary history and are held together by the cohesive
forces of reproduction and development. Every species originates from a
single Wn through either cladogenesis, the division of one an- Y
cestral species into new daughter species (fig. 2.1a), or reticulate speciation, ““2
the formation of a new species through the hybridization of two ancestral L
species (fig. 2.1b).

A monophyletic group, or clade, is a group of taxa encompassing an
ancestral species and all of its descendants (fig. 2.2). Members of a mono-
phyletic group are bound together by common ancestry relationships that they
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Fig. 2.2. Monophyletic groups on a phylogenetic tree. Letters = species. Species within boxes
are part of the following monophyletic groups: (a) ancestor 2 and all its descendants (ancestor 2
+ species A + B); ancestor 3 and all its descendants (ancestor 3 + species C + ancestor 4 +
species X + Y + Z); (b) ancestor 1 and all its descendants (ancestors 1 + 2 + 3 + 4 +
species A + B + C + X + Y + Z); ancestor 4 and all its descendants (ancestor 4 + species
X+Y+ 2.

do not share with any other taxa. Each monophyletic group begins as a single
species, the ancestor of all subsequent members of the clade. Because of the
nature of speciation, groups of species cannot give rise to other groups or to

5\/ a single species. In brief, the various processes involved in speciation allow
K

one species to give rise to another (or two species to produce a new taxon of
hybrid origin), but there are no documented processes that can produce a
genus from a genus (“geniation”) or a family from a family (“familiation”).
This occurs because species are the largest units of taxic evolution; they are
real, evolutionary entities (we will discuss this in more detail in chapter 3).
Higher-level categories, on the other hand, are artifacts of our propensity to
classify our surroundings. As figments of our collective imaginations, su-
praspecific taxa have no evolutionary substance, whereas species, and the
array of speciation processes that form them, lie at the very heart of “descent
with modification” or evolution.

An artificial taxon represents an incomplete or invalid evolutionary unit.
E’araphyletic groups are artificial because one or more descendants of an
ancestor_are om_the group, making such groupings incomplete
units (fig. 2.3). For example, most researchers think that Homo sapiens
shares a common ancestor with the African great apes (chimpanzees and go-
rillas). A group within a classification comprising the African great apes plus
orangutans and gibbons (the Asian great apes) while excluding humans would
be paraphyletic.

Polyphyletic groups are artificial because taxa that are separated from
each other by more than two ancestors are placed w

sion of all the _descendants of that common ancestor (fig. 2.4). Since the -
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relationship between the two taxa is so distant, this type of grouping misrep-
resents the evolutionary relationships that have arisen from speciation events
following the divergence of the shared common ancestor, making th'e group-
ing an invalid evolutionary unit. A classic example of a polyphyletic group
would be a classification that placed bats and birds in the same taxon.

The ingroup is any group of theoretically closely related organisms of
interest to an investigator (see fig. 2.5). Choice of the ingroup is constrained
only by the rule that it must contain more than two species because it is

ancestor 4

ancestor 3

ancestor 2 ancestor 3

ancestor 1

(a) (b)
Fig. 2.3. Paraphyletic groups on a phylogenetic tree. Letters = species. (a) Two groups have
been distinguished: group 1 includes ancestors 1 + 2 + 3 + 4 + speciesB + C+ X + Y +
Z; group 2 contains species A. Species A should be included in group 1 because it shares ances-
tors 1 and 2 with that group. (b) Two groups have been distinguished: Group 1 includes ancestors
3 + 4 + species C + X + Y and group 2 contains species Z. Once again, Z should be included
in group 1 because it shares both ancestors with that group.

(a) (b)

Fig. 2.4. Polyphyletic groups on a phylogenetic tree. Letters = species. (a) Species B and C are
grouped together because they “look the same” even though they do not share a recent common
ancestor (you have to count back through two ancestors before arriving at an ancestor, marked
with an asterisk, that the taxa share). (b) Species B and Z are placed together; you have to count
back through three ancestors before arriving at a common link between the two taxa.
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Fig. 2.5. Components of a phylogenetic tree. On this diagram, the internode is the common
ancestor of the sister group and the ingroup, the node represents the speciation event that gave
rise to species Y + Z, and the branch refers to species X. In all, there are six nodes, five
internodes, and seven branches on this particular tree.

impossible to determine phylogenetic relationships for only two taxa. For
example, an investigator studying the genealogical relationships between ti-
gers and gorillas can only say that, by virtue of their status as biological
entities, they are related. However, add lions to the picture, and we increase
our degrees of freedom from none to three, because there are four possible
hypotheses of relationships: they are all equally related to one another, goril-
las are more closely related to tigers, gorillas are more closely related to lions,
or lions are more closely related to tigers. A sister group is the taxon that is
most closely related genealogically to the ingroup (see fig. 2.5). For example,

Old World monkeys are the sister group of the great apes. The ancestor of the

ingroup cannot be its sister because it is a member of the ingroup. An out-
group is any group used for comparative purposes in a phylogenetic analysis
(see fig. 2.5). Since outgroups are used to assess the evolutionary sequence
of appearance of homologous characters independently, choice of the out-
group is constrained by the rule that it cannot contain any members that are
part of the study group. Because genealogy is so important in evolution, it is
not surprising that the most important outgroup in any study is the sister
_group to the taxa being investigated. So, if we were interested in studying the
phylogenetic relationships within the great apes, we would use the Old World
monkeys as our outgroup.

Relationships of Taxa

.

In phylogenetic systematics the term relationship refers strictly to connec-
tions based on genealogy. In other systems “relationship” may be equated
with “similarity” without evolutionary implications or with the implication
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that taxa that are more similar to each other are more closely related evolu-
tionarily. The latter system, based on the a priori assumption that things that
“look the same are the same,” can lead to the recognition of polyphyletic
groups because it lacks a rigorous methodology to test the validity of the
assumption. Degree of similarity is never equated with degree of relatedness
in the phylogenetic system. Genealogical descent at the taxic, rather than the
individual, level is based on the proposition that ancestral species give rise o
daughter species through speciation. A phylogenetic tree is a branching dia-
gram depicting the sequence of speciation events within a group. As a graph-
ical representation of genealogy, a phylogenetic tree is a hypothesis of the
genealogical relationships among taxa. Since phylogenetic trees are hypoth-
eses and not “facts,” they are dependent upon both the quality and quantity
of data that support them. A tree is composed of several parts (fig. 2.5): a
branch point, or node, sometimes highlighted with a circle, representing an
individual speciation event; a branch, the line connecting a branch point to
a terminal taxon, representing the terminal taxon; and an internode, the line
connecting two speciation events, representing an ancestral species. The in-
ternode at the bottom of the tree is given the special term root.

Classifications

A natural classification contains only monophyletic groups and is thus
consistent with the phylogenetic (evolutionary) relationships of the orga-
nisms. In other words, the genealogical relationships depicted on the phylo-
genetic tree can be reconstructed from the classification scheme. An artificial
classification contains one or more paraphyletic or polyphyletic groups, ren-
dering it inconsistent with the phylogeny of the organisms. In such cases the
phylogenetic tree cannot be wholly reconstructed from the classification
scheme. An arrangement is a classification of a group whose phylogenetic
relationships have not yet been delineated, so it can be either a natural or an
artificial classification. The overwhelming majority of current classifications
are arrangements, serving as necessary but interim vehicles for classifying
organisms until their phylogenetic relationships have been determined. Nei-
ther artificial classifications nor arrangements have been constructed via a
rigorous, phylogenetic methodology. It is therefore inappropriate to convert
such classification schemes into phylogenetic trees, because you cannot as-
sume a priori that taxonomic relationships are consistent with phylogenetic
relationships.

The category of a taxon indicates its relative place (or rank) in the hier-
archy of the classification. The Linnaean hierarchy is the most common tax-
onomic classification scheme. Within this scheme, the formation of category
names occupying specific places in the hierarchy is governed by rules con-
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tained in various codes of nomenclature. It is important to remember that the
rank of a taxon does not affect its status in the phylogenetic system. All mon-

ophyletic taxa are equally important and all paraphyletic and polyphyletic o «¢ > 1
taxa are equally misleading to the phylogeneticist. ¢ » 2

Features of Organisms (a)
A character is any observable part, or attribute, of an organism. Charac- LB

ters have two evolutionary options: they can either remain the same and be
passed on genetically from ancestor to descendant unaltered, or they can 0
change in one species and be transmitted in the new form to its descendants.
If a trait changes, it is transformed from its existing (ancestral) condition into o D1 —> 2
an evolutionary novelty. Two characters found in different taxa can thus be
assigned homologous status because they are either the same character that is 1 4———p 2
found in the common ancestor or they are different characters that are ge- (¢)
nealogically linked by passing through the transformation from an ancestral Fig, 8.6 Types oF shamates fnsfomiation sies, A Dt . ( d ) .
condition to a novel condition. The ancestral character is termed the plesio- : pathway; no information about direction. Character modiﬁfizo;li;lEOII:S Ze-g; m(f)ormanon about
morphic character (plesio = close to the stem; morpho = shape), while to 1 to 0. (b) Unordered, unpolarized: no information about eithe}r’ dil’:(ltti(:; ort0 ;lattt:ivz’ g
the descendant character is termed the apomorphic character (apo = away 1 glrfg':;;it,ioiolaszedé .mfo.rm:ation_ about b‘oth pathway and direction. (d) Unordereg, Polzg,i.zécci?
from the stem; morpho = shap ¢). A homoplasy is a character shared among ‘ R kn?:) v:])l;t/h ;r;:;::uc)}rlzrr;ztxnforrg?ftilon. about pathway. Zero is the plesiomorphic state, but
taxa that is similar but does not meet either of the two preceding criteria of s 1 and 2 arose independently fro;r(;r-lo ification moved from 0 to 1t0 2, or 0 to 2 to 1, or whether
homology.

A transformation series is a collection of homologous characters: two
homologous characters produce a binary transformation series, while three or
more homologous characters create a multicharacter or multistate transfor-

\ mation series. An ordered transformation series is a hypothesis of the par-
ticular pathway a character travelled during 1ts e@w&gﬁ);
however, without further information we cannot tell which direction the char-

can become very complicated. Binary characters are much simpler bec

they are all automatically ordered (but not necessarily polarized!) e
Charactgr argumentation is the logical process of deterr.ninin which

characters in a transformation series are plesiomorphic and which fre apio-'

morphic based on a priori deductive arguments Usiiig OUtgroup COMpPArison

Frequently termed “ izi S Thia :
acter moved along the pathway. If a transformation series is unordered, there phylo engt‘ polanizing t_he characters,” this is the pivotal process in"
ylogenetic systematics. Polarity refers to the plesiomorphic or apomorphic

are several possible routes open to explain the character changes. Information status of each character. Ch: s

about the evolutionary direction of character change is provided by polariza- guments concerni - Lharacter optimization consists of a posteriori ar-

: : . : ., relati : i : cerning how particular characters should be polari ;

tion. For polarized transformation serles, the relative apomorphic an i polarized given a
: > - particular tree topology.

plesiomorphic status of characters has been determined, so we have a hypothi-

esis of which character state represents the ancestral condition and whicirthe l

derived condition. And finally in unpolarized transformation series, ture . !

direction of character evolution remains unspecified. There are thus four pos- '

sible types of character transformation series based on the amount of infor-

mation available concerning the pathway Wvoluﬁonary t

Phy!ogcneti; systematists are quickly converting to computer-assisted
analysis of their data. Such analyses require the production of a data matri
corflposed of tran.sformatiM series and taxa. Each character in the matfixni:
?}?mgi‘u@ a numc?rlcal code. By ?onvention, the code 0 is usually assigned to

e plesiomorphic character, while 1 is reserved for the apomorphic character

: , of a transformation series if i i
change: ordered, unpolarized (Aig. 2.6a); unordered, unpolariz g (fig. 2-6b); (hypothesized) by Outgfz?ll; Ct(l:; p:rlizgty OIff W aca T el i
ordered, polarized (fig. 2.6¢); and unordered, polarized (fig—2 -4d). Not sur- p ns. If a transformation series consists

Of more haIl WO ChaIaC €1 he S. ua .()]l bGC()Ille more C()]“p X, aS we w
s

prisingly, ordering and polarization of multicharacter transformation series discuss later in this chapter.
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Hennig Argumentation: Building Trees

Phylogenetic systematists assume that all organisms, both living and
extinct, occupy a unique position on one phylogenetic tree rooted at the origin
of life on this planet. Since characters are features of organisms, they should
have a place on this tree corresponding to the point at which they arose during
evolutionary history. So ultimately we are seeking to reconstruct phylogenetic
trees in which the taxa are placed in correct genealogical order and the char-
acters are placed where they arose. For example, consider the tree for some
major land-plant groups (fig. 2.7). This diagram provides us with a hypoth-
esis of the genealogical ties between plant groups (i.e., tracheophytes and
mosses are more closely related to each other than either is to hornworts). It
also provides us with a hypothesis of the evolution of specific characters.
Notice that characters are depicted on the phylogenetic tree at their hypothe-
sized point of origin. This is the shorthand notation for stating that “the
ancestor in which character x arose, and all of its descendants, display char-

acter X, unless it is modified again later in the evolutionary. history of the

group.” For example, the phylogenetic hypothesis states that xylem and
phloem originated in the common ancestor of mosses and tracheophytes. In
other words, these characters arose in an ancestral species between the time
of origin of the hornworts and the speciation event that produced the mosses
and tracheophytes. Since xylem and phloem are postulated to be homologous
in all plants bearing these tissues, each trait appears only once, at the level
on the tree where it is thought to have arisen as an evolutionary novelty.
Now, even without a phylogenetic tree we might suspect that all plants
bearing xylem and phloem shared a common, unique ancestor because both
characters are morphologically and developmentally similar in these plants.

Liverworts Hornworts Mosses Tracheophytes

SPECIATION EVENT
origin of xylem
origin of phloem

Fig. 2.7. The phylogenetic relationships of four groups of plants. Xylem and phloem originated
in the ancestor of the mosses and tracheophytes. (Redrawn from Bremer 1985; cited in Wiley et
al. 1990.)
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In the phylogenetic system such detailed similarity is always considered as a
priori evidence that the characters are homologous. This concept is so impor-
tant that it has been termed

Hennig’s Auxiliary Principle: Never assume convergent or paral-
lel evolution; always assume homology in the absence of contrary

gvidence,

The principle is a powerful one. Without it we could assert that all char-
acteristics “probably” arose multiple times by convergent evolution. Of
course, just because we use Hennig’s auxiliary principle we do not necessar-
ily believe that convergences are rare or nonexistent. Convergences are facts
of nature and rather common in some groups. But, in order to pinpoint con-
vergence without invoking ad hoc assumptions, you must first have a tree,
and without Hennig’s auxiliary principle you will never get one. So back to
the xylem and phloem: with Hennig’s auxiliary principle you can deduce that
plants that have xylem and phloem shared a common ancestor not shared with
other plants. Of course, you don’t make such a deduction in a vacuum. You
“know” that “more primitive” plants lack these characters, and thus it is a
good guess that the development of xylem and phloem is the derived state.
This deduction is a primitive sort of outgroup comparison (we will discuss
the ins and outs of outgroup comparisons in more detail later).

This principle represents the first step in Hennig argumentation. Basically,
Hennig proposed that the phylogenetic puzzle should be solved by investi-
gating individual characters and then combining the information from each
character according to a set of rigorous rules.

Grouping Rule: Only synapomorphies (shared special homolo-
_gies) provide evidence of common ancestry relationships. Symple-
siomorphies (shared general homologies) and convergences and
parallelisms (homoplasies) are useless in this quest.

Convergent and parallel characters (both termed homoplasies) are useless
indicators of common ancestry relationships because they evolved indepen-
dently in each taxon that displays them (fig. 2.8a). The futility of using ple-
siomorphies in an attempt to reconstruct a particular phylogeny is more prob-
lematical. After all, plesiomorphies are homologies, so why can’t they be
used to seek common ancestry relationships? In fact, the answer is quite
straightforward: depending upon the level of your analysis, these characters
can be used because, since evolution is an ongoing process, the plesiomor-
phic or apomorphic status of a character is a relative condition. All plesio-
morphies begin as evolutionary novelties (autapomorphies). So, a symplesio-

————
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Fig. 2.8. The quest for phylogenetic relationships. Letfers = taxa; boxes = the color of each
taxt;n below. (a) Taxa A and E are both red, and other members of the group ar'e blue; however,
clustering A with E would be incorrect because, according to the phy‘logenetlc tree based ;)ln
numerous other characters, red arose independently in both taxe}. (b) Since alllmembers of the
Donidae are red, that character does not tell us anything about mdlyldual relations among tax:
A, B, C, and D (symplesiomorphy). (c) On a larger scale the Donidae sh.are the c.ha:acter re
with ,grOI’lp Z (the tree is supported by many other characters); therefore red is useful in determin-
ing sister-group relationships at this level (synapomorphy).

morphy (character possessed by all members of the ingroup). cannot ShO\X
common ancestry relationships within the group you are studying beczilése i
originated earlier than any of the taxa in your study group (fig . 2.8b). ! you
increase the temporal scale of your investigation, say by examining ’rlel .atlon-
ships among genera within one family instead of among species within one
genus, this character will eventually prove to be usc?ful (ﬁg.'2.8c). -
Finally, we have to consider how to combine thc? 1nformz'\t10n 'from ifferen

transformation series into hypotheses of genealoglcal relatlonshlps.‘ Thczlre arz
several ways to accomplish this. For now, we will use an old—fasl;llolne (a?ic
perfectly valid) grouping rule that returns us to the roots of phylogene

methods.
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Inclusion/Exclusion Rule: The information from two transforma-
tion series can be combined into a single hypothesis of relationship
if that information allows for the complete inclusion or the com-
plete exclusion of groups that were formed by the separate transfor-
mation series. Overlap of groupings leads to the generation of two
or more hypotheses of relationship, since the information cannot be
directly combined into a single hypothesis.

The inclusion/exclusion rule is directly related to the concept of logical
consistency. Trees that conform to the rule are logically consistent with each
other, while trees that do not are logically inconsistent with each other. You
can get an idea of how this rule works by studying the examples in figure
2.9. In figure 2.9a we have four characters and three potential trees. The first
tree contains no character information, and since it provides no resolution of
the phylogenetic relationships within the group, it is logically consistent by
default with any tree that has character information. The second tree states
that B, C, and D form a monophyletic group based on characters from two
transformation series (1 and 2). The third tree states that C and D form a
monophyletic group based on two additional characters (3 and 4). Note that
the group C + D is completely included within the group B + C + D.
Based on this distribution of characters, we hypothesize that the tree for these
taxa includes C + D as a monophyletic group enclosed within a second
monophyletic group B + C + D. Figure 2.9b shows the result of the inclu-
sion of two monophyletic groups (A + B and C + D) within a larger mon-
ophyletic group (A-D). In this case, the groupings are consistent because A
+ B and C + D completely exclude each other. Finally, the example pre-
sented in figure 2.9¢ violates the inclusion/exclusion rule. Although both C
+ B and C + D can be included within the group B + C + D, the trans-
formation series for characters 2 and 3 groups C + B and excludes taxon D,
while the transformation series for characters 4 and 5 groups C + D and
excludes taxon B. Thus, the phylogenetic information gleaned from these
characters conflicts and the groups overlap (C is included in two different
groups), producing two equally parsimonious trees that are locally inconsist-
ent with each other.

The relationships of ABCidae

1. Transformation series (TS) 1 is composed of characters in the first col-
umn of the data matrix (table 2.1). Recall that plesiomorphies are coded as
zero, synapomorphies are coded as one, and relationships among taxa are
reconstructed based on shared derived traits or synapomorphies (the grouping
rule). Given this, we can draw a tree with the groupings implied by the syn-
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D A B C D

Fig. 2.9. The use of the inclusion/exclusion rule for combining inforr_nation fro;n differerclt ];:hz(a;;
ac%e.r t;'a;lsformation series into trees. (2) The group BCD completely mc.h}ll(.iest }:i Se ir:;upmup. i
The group ABCD completely includes the groups AB and CD, and, within this, g

tely includes the groups CD and
completely. exctudes the group AB. (¢) The group BCD completely in

CB, but groups CD and CB overlap because they both contain C. This results in the production

of two different trees.

i : i ies (fig. 2.10a). We can then

hy found in the first transformation series ( Ve can t
12”15:::2? rtllze )Il)rocess for TS 2 (fig. 2.10b). Both trees, based on the distributions
of two different characters, imply the same groupings; therefore, we can say

tical, or isomorphic. Combining trees a

that the trees are topologically iden ‘ ' .
anall b according to the inclusion/exclusion rule produces the tree depicted in

figure 2.10c (i.e., both characters support the group ABC to .the lcong)dlie;e
exclusion of X). We can calculate a tree length for tree ¢ by simply a g
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Table 2.1 Data matrix for determining the relationships among taxa A, B, and C.

Character
Transformation Series
Taxon 1 2 3 4 5 6 7
X (outgroup) 0 0 0 0 0 0 0
A 1 1 0 0 0 0 0
B 1 1 1 1 0 0 0
C 1 1 1 1 1 1 1

Notes: The matrix is composed of seven character transformation series and four taxa, the
outgroup X, and the ingroup A + B + C. Synapomorphies are in bold type.

the number of synapomorphies that occur on it. In this case, the tree length
is two steps.

2. Now, repeat this procedure for TS 3 and 4. Inspection of the data matrix
reveals that the synapomorphies for these characters have identical distribu-
tions, implying that B and C form a monophyletic group (fig. 2.11a and b).
If we combine the information from both characters, the results should look
like the tree in figure 2.11c. This tree is also two steps long.

3. Only taxon C has the apomorphies listed in TS 5, 6, and 7. Apomorphic
characters that are unique to one taxon are termed autapomorphies. Al-
though they can tell us nothing about relationships among different taxa (fig.
2.12), such characters are useful diagnostic traits for identifying a particular
taxon. For example, if we were to collect individuals displaying the autapo-
morphic state for characters 5, 6, and 7 (denoted by a one in the data matrix),
we would assign those individuals to taxon C. On the other hand, collecting
organisms bearing the synapomorphic condition for character 4 (also denoted
by a one in the data matrix) only tells us that they are members of either taxon
B or taxon C. Autapomorphies also count when figuring tree length, so the
length of this tree is three steps.

X A B C X A B c ¥ & B &
+ =
2
1 ’ U free b
B siey
(a) (b) (c) (Clxar,.:.fﬂr T

Fig. 2.10. Trees for the ABCidae, based on characters 1 and 2. (a) Tree produced by applying
the grouping rule to character transformation series 1. (b) Tree produced by applying the grouping
rule to character transformation series 2. (c) Tree produced by applying the inclusion/exclusion
rule to the information provided by both characters.
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(a) {(b) (c) '
Fig. 2.11. Trees for the ABCidae, based on characters 3 and 4. (a) Tree produf:edtl})ly apply%ng
the grouping rule to character transformation series 3. (b) Tree produce.d by apl.plymg' e grolup%nxg;
rule to character transformation series 4. (c) Tree produced by applying the inclusion/exclusiol
rule to the information provided by both characters.

~

Fig. 2.12. Tree for the ABCidae, based on characters 5, 6, and 7. Since autapomorphies are not
useful for grouping, this tree shows no resolution of relationships among the taxa.

4. We now have three different tree topologies (ﬁgs. 2.10c, 2.11c, and
2.12). If we examine these trees more closely, we dlscover.th'at, 'filtfhough
they are topologically different, they do not contain any conflicting 1 or$a-
tion. For example, since TS 5-7 only imply tha? C 1s.d1fferent from the other
three taxa, this tree (fig. 2.12) does not conflict w.1th the other.tw.o tr'ees.
Further, the distributions of TS 1 and 2 do not conflict with the distributions
of TS 3 and 4 because TS 1 and 2 imply that A, B, and C form a m9nophy—
letic group, while TS 3 and 4 imply that B and' C form a monophyletic gro;(p
without saying anything about the relationships of A or .the outgroup, “.
Trees that contain different but mutually agreeabl'e grou.pmgS are lqglca y
compatible or fully congruent. They can be combined without chaxllg}ng iny
hypothesis of homology, and when combined the length of the resulting tree
is the sum of the lengths of each subtree. For example, all of the mformzfuon
in the data matrix can be combined to produce one tree (fig. 2.13) ertrl;fa
length of seven steps, exactly the number of subtree §teps €2 + 2 +233. ‘ tﬁz
example produces a pattern similar to the one depicted in f}gure l.d:.s the
group ABC completely includes the group BC and completely exclu

taxon X._
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X

Fig. 2.13. Combining all the information in the data matrix (table 2.1) produces one hypothesis
(tree) of the phylogenetic relationships within the ABCidae. This is the best estimate of the
relationships, based on the available data. The tree proposes that taxa B and C are sister groups
bound together by the possession of synapomorphies for characters 3 and 4, and that ABC is a
monophyletic group based on the common shared characters 1 and 2.

The Relationships within the RSTidae

1. The data matrix for TS 1 and TS 2 (table 2.2) implies that R, S, and T
form a monophyletic group (fig. 2.14).

2. TS 3 and TS 4 imply that S and T form a monophyletic group (fig.
2.15).

3. TS 5, 6, and 7 imply that S and R form a monophyletic group (fig.
2.16).

4. At this point you should suspect that something has gone wrong. TS 3
and 4 imply a monophyletic group that includes S and T but excludes R,
while TS 5-7 imply a monophyletic group that includes R and S but excludes
T. There must be a mistake, since we have violated the inclusion/exclusion

rule. ch a situation we invoke the first principle of phylogenetic analysis:
there is only one true phylogeny. Thus, one or moré o i ust

Table 2.2 Data matrix for determining the relationships among taxa R, S, and T.

Character
Transformation Series

Taxon 1

2 3 4 5 6 7
X (outgroup) 0 0 0 0 0 0 0
R 1 1 0 0 1 1 1
S 1 1 1 1 1 1 1
T 1 1 1 1 0 0 0

Notes: The matrix is composed of seven character transformation series and four taxa, the
outgroup X, and the ingroup R + S + T. Synapomorphies are in bold type.
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" = 8 - thf: “plesiomorphic” condition. We must consider both types of homoplasy in
this example. Recall that our first tree (fig. 2.17a) neglected to include ct}llar-
acters 3 and 4. There are potentially two ways to portray the distribution of
| these characters on the tree: either 3 and 4 arose independently in taxa S and
/ T (fig. 2.18a), or 3 and 4 arose in the common ancestor of the group RST
! and were subsequently “lost” in taxon R (reversal to the ancestral [plesio- 7
morphic] character conditions, fig. 2.18b). Examination of the distributions
of characters 5, 6, and 7, which are missing on the second tree (fig. 2.17b)
Fig. 2.14. Tree for the RSTidae, based on characters 1 and 2. This tree was produced by applying | oS, B SUIAF YEEm o Somaplasy: wiiber S, 6, Ml 7 o .in(ie en:
the grouping rule to character transformation series 1 and 2, then combining this information via dently in taxa R and S (fig. 2.18c), or 5, 6, and 7’ arose in the co "
s Sl e R : ancestor of the group RST and taxon T subsequently reverted to the an::nn‘::) I;
| (plesiomorphic) character conditions (fig. 2.18d). o
; 6. The question now becomes, Which of these trees should we accept?

N el

Fig. 2.15. Tree for the RSTidae, based on characters 3 and 4. This tree was produced by applying
the grouping rule to character transformation series 3 and 4, then combining this information via

the inclusion/exclusion rule.
Fig. 2.16. Tree for the RSTidae, based on characters 5, 6, and 7. This tree was produced by

applying the grouping rule ; .
be wrong. Fortunately the auxiliary principle keeps us going until we can information Vig: th ingclusion?eigﬁlr;?zr&?sformmon series 5, 6, and 7, then combining this
demonstrate which of the groupings is incorrect. We are now faced with the
problem of trying to differentiate between two logically incompatible trees ;
(fig. 2.17). Note that there is some congruence between the trees based on
their possession of the apomorphies from the first two TS (characters 1
and 2).

5. You have probably guessed by now that each of the trees in figure 2.17
is incomplete. Tree a lacks the transformation series 3 and 4, while tree b o
lacks the transformation series 5, 6, and 7. Leaving characters out of an |
analysis is not acceptable. In fact, eliminating characters that do not “fit”
your hypothesis ranks among the top W

netics” (the other two being grouping by symplesiomorphies and equating

taxonomy with phylogeny). Adding the missing characters into both trees
requires that we postulate that some of the evolutionary changes within this e, P Ty (a) (b)
' i - 2.17. Two logically incompatible tr . o
group are due to homoplasy (fig. 2..18) . There are basically }MM (table 2.2). Taxon S (marked witl;l " aste:;:i )pirsoglxced fl;rlom.the information in the data matrix
\ + homoplasy: a character may have tisen independently more than one time R, while characters 3 and 4 group it with T. Both t:es“’l em: characters 5, 6, and 7 place it with
convergent or_parallel character evo 5 Thight be a reversal to g the s forinuer charactes: 1 ard’ s cluster RST together based on possession
(\_ .
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“ occurs because the topology of a tree is determined by synapomorphic rela-
tionships, not by the distributions of hemaeplasies. The same i3 true for trees
! ¢ and d. So, as previously shown (fig. 2.17), we really have only two phy-
logenetic trees for this group. When you count the number of steps on each
tree you discover that tree type 1 (fig. 2.18a and b) has nine steps while tree

type 2 (fig. 2.18¢ and d) has ten steps. We accept tree 1 as the best estimate

i of phylogeny because it has a shorter leneth and thus incorporates the greatest

T

! number of homology statements and the fewest numbe state-
ments for the data set. Note that such statements are relative only 1o trees

Mﬂ%&&m&m_&. The auxiliary principle coupled with the
principle that there is only one phylogeny of life carried us to this point.
Methodologically, we have employed the principle of parsimony. In the phy-
logenetic system the principle of parsimony is nearly synonymous with the
auxiliary principle. At the moment, we cannot choose between the different
sequences of character evolution postulated by trees a and b because both
trees are equally parsimonious (the same length). This requires the use of
criteria other than tree length. The examples we present in subsequent chap-
ters of this book will not require such assessments. For those who are inter-
ested in these matters, we refer you to Wiley et al. (1990).

7. Finally, we ¢an evaluate the performance of each character My 7
coded as a synapomorphy by calculating a consistency index (CI) for it. T‘E
(c) TREE TOPOLOGY 2 (d) ; Cl of a character is simply the reciprocal of the number of times that character

| appears on the tree; therefore, true homologues (real symapomorphies) havel 2
a CI of 1.0. The CI (usually reported as a percentage) is a favorite summary
“statistic” in computer programs such as PAUP and MacClade, so it is worth-

1 = reversal to ancestral (plesiomorphic) condition whilt? practicing some hgnd calculations t.o Temove some of the corpputer "

= ti e i G, b L ety Il 1 mystique! For example, in our most parsimonious 'tree (topology 1 in fig. M
Fig. 2.18. Alternate hypotheses ofr 3t © 364 in taxa S and T. () Characters 3 and 4 revert to the ! 2.18), the apomorphy coded one in TS 3 appears twice on the tree, so CI =
Aateis. (/Co nveri‘-}? e‘igl:‘;:::l(;z (:)nConvergem evolution of 5, 6, and 7 in taxa S and R. (d) " 1/2 = 50%. Based on this CI, we can see that this character is not really a
gﬁ:ﬁiﬂ:gff lsn,cec,o:né 17ofevert to the Aplesiomorphic condition in taxon T. synapomorphy. Of course, our best estimate of a true homologue is an a
posteriori test because we can only calculate the CI after we have determined
our best estimate of common ancestry relationships. There is no way to know

B - apomorphic character state 072774 = convergence/parallelism

That turns out to be a rather complicated question. If we adhere to the auxil-

. that includes the greatest number of 1 in advar.lce that.a particular derived simﬁlarity w'ill turn up Yvith a C¥ le_ss‘than

iary principle. we should strive for a tfr;e lasies. Although these qualities ‘ 1. The interesting point about calculating consistency indices for individual

. number of homoplasies. f . \E““\.g—\_
homologies and ‘the fewest ther (i.c., the tree with the greatest number i characters {sﬂi_at if you ' tree before ou, it is completely unneces

are usually consistent with each other @.e., : sary. Examination of the tree will tell you everything you need to know about

PR . r of homoplasies), C : ' :
of synapomorphies is also the tree with the fewest numbe P , the number of times a particular character a5 € evolution

. i d homopla- - -
you can find exceptions. Fortunately, numbers of homologies an . _of your group. This calculation is simply @ Tumerteat-convenienceMore

: : otice that | : . A . . 3
sies are related to tree length. Before we begm.qou;ltlrtlgﬂslzgs;r:es aré the i important to considerations of choices among multiple trees is the CI for the T~
trees a and b (fig. 2.18) have the same topology; in fact, these trees are i ‘ entire tree (Kluge and Farris 1969). Basically, this is a goodness-of-fit mea-

. : j the RSTid taxa ; iy s :
same hypothe;is ( treeb) of ;hﬁlff;;eet,’; ;;Z?ZZ;ZI;ZZZ;ZZW change. This sure designed to indicate the degree of support for a particular tree by a
“even though they are based o
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particular data set. The CI ranges from 0 to 100%, with a value of 100%
indicating that all characters support the tree (no homoplasy). Once again,
the calculation is very simple.

_ aumber of characters in the data matrix % 100
total number of characters on the tree

So, for the trees shown in figure 2.18, the consistency indices would be 7/9
= 77.8% (fig. 2.18a and b) and 7/10 = 70% (fig. 2.18¢c and d). For a given
data set, trees that have the same length have the same CI. Tree length gives
an indication of the quantity of character support, whereas the CI gives an
indication of the quality of character support for a given tree. )

Hennig (1966) and Brundin (1966) characterized the essence of phyloge-
netic analysis as the “search for the sister group.” They recognized that if you
could find the closest relative or close relatives of the group you are working
on, you have the basic tools for deciding which characters are apomorphic
and which are plesiomorphic in a transformation series. The argument goes
something like this: You discover that members of a group have two different
but homologous courtship characters, “zigzag dance” and “pummel dance.”
As a phylogeneticist you realize that one of these characters (the apomorphic
one) might provide information about relationships within your study group,
but that both cannot be equally informative because you cannot group taxa
based on plesiomorphic characters (recall fig. 2.8b). If you find zigzagging
in the sister group or in closely related groups (outgroups) of the taxon you
are studying, then it is fairly clear that this dance type is older than pummel-
ing; so zigzag dance must be the plesiomorphic character in the transforma-
tion series. The characteristics of members of related groups are thus vital
components to decisions regarding the polarity of characters within the study
group. The simplest rule for determining polarity is the

Relative Apomorphy Rule (outgroup comparison): Homologous
characters found in the members of a monophyletic group and in
the sister group are plesiomorphic, while homologous characters
found only in the ingroup are apomorphic.

Actual polarity decisions can be more complicated than our simple example.
For example, what if (1) we don’t know the exact sister group but have only
an array of possible sister groups, (2) the sister group also has both charac-
ters, (3) either the ingroup or the sister group is not monophyletic, or (4)
zigzagging evolved in the sister group independently? Answers to these ques-
tions depend on our ability to argue character polarities using some formal
rules. We think the best discussion of these rules was published by Maddison,
Donoghue, and Maddison (1984;21, although the issues have been discussed
widely (see, e.g-, Ross 1974; Crisci and Stuessy 1980; de Jong 1980; Stevens
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1980; Watrous and Wheeler 1981; Wiley 1981, 1986a; Farris 1982; Patterson
1982; Donoghue and Cantino 1984; de Queiroz 1985). We will ;’)resent the
case de\{eloped by Maddison, Donoghue, and Maddison (1984) for groups i
YVthh. s1ste'r—group relations have already been determined. Beforeg rocp " (lin
ing with this discussion, however, we need to add some more ft 7 it
phylogenetic vocabulary. M
The ingroup is the group on which we are working. For purposes of char
x;ro E;lilgsau(%n a;ggnents, the ancestor of the ingroup is depicted as ar;
' e (fig. 2.19a; note: the ingroup node = the ingroup, or ancestral
internode). We are basically on a quest to de } & 7
looked like in this ancestor becauseqit representtse rtri:znpelev:i}:;:tot:whicc'h?maer
cestra! ) cona.Yition of the character for the ingroup. The outgrou pnodeo'r (tll’:-
node immediately below the ingroup node (fig. 2.19a). Characteprs are 1l:u: g
where‘taxa are usually labeled. Letters are used purely as a heuristic geviz
to avoid connota?ions of “primitive” and “advanced.” The ingroup is indicatez
by a polytomy since we presume that the relationships among these taxa are

characters of a
transformation series X X

ingroup node

outgroup ingroup internode

node

(a)

OGs IG OGs _IG X X X, Z z X X, Z
;l § 5[ E ;l Ex ;! Ex, z
Fi(sz; ‘ (c) (d) (e)
ingr.ou. (I.Gl;nmer for chaljacter polarization. Lowercase letters = characters. Members of the
p are enclosed in a box. (a) Examples of some general terms used in character polar-

ization. (b) Outgroup (OG) relationships are known. (c) Outgroup relationships are unknown

(d ) State of the character at the out; TOup no o
g P I de is known (Z) State of the character at the outgloup
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Table 2.3 Matrix for characters found within the ingroup (Annidae), its sister group (the
monophyletic group P + Q + R), and other outgroups.

Taxon
Character TS M N O P Q R Annidae
1 b a a b b a a,b
2 b b a b b a a,b
3 a b b b b a a,b
4 a a, b a b b a a, b

Note: In this matrix the taxa are in columns and characters are in Tows.

unknown. Note that this method applies only when the study group has both
characters (otherwise there would be no need to polarize the character states).
The relationships among outgroups can be either resolved (fig. 2.19b) or
unresolved (fig. 2.19¢c). A decision regarding the character found at the out-
group node may be either decisive, which provides us with a best estimate of
the condition found in the ancestor of our ingroup (fig. 2.19d: x is plesio-
morphic and z is apomorphic in the ingroup), or equivocal, which does not
allow us to postulate the direction of the character change (fig. 2.19e: we are
not sure whether x or z is plesiomorphic).

Maddison, Donoghue, and Maddison (1984) began the quest for character
polarities by attempting to determine the character state at the outgroup node.
They reasoned that because this precedes the ingroup node, it will give us
information about the character state in the common ancestor of the ingroup.
Simple parsimony arguments are used in conjunction with an optimization
routine developed by Maddison et al. (modified from earlier routines of Farris
and Fitch). There are two cases: the relationships of the otitgroups are known
relative to the ingroup, and the relationships of the outgroups are either un-
known or only partly resolved. The first case is the simplest, so we will begin
by examining character evolution within the hypothetical taxon Annidae, its
sister group P + Q + R,and other outgroups M, N, and O.

Character polarity in the group Annidae

1. Draw the phylogenetic tree of the ingroup and outgroups. We cannot
reconstruct the tree on the basis of the characters in table 2.3, because these
characters apply to the resolution of relationships within the ingroup, not to
the relationships between the ingroup and the taxa in the outgroup. Presum-
ably, then, we have access to a phylogeny for these taxa before beginning our
investigation (fig. 2.20).

2 Inscribe each of the branches with its corresponding character from the
first transformation series (i.e., the first row in the data matrix: fig. 2.21),
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::Slingdhicate the six nodes. The lowest node on the tree is the root node
. . . . 2
o oluep nf, éleo.de connecting the Annidae to its sister group (PQR) is the out-
3. Label the two nodes, other than the root node, that are farthest from the
outgroup node in the following manner: (1) Label the node “a” if the t
closest nodes or branches are either both a or a and a, b. Notice that “closW(;
f}odes” refers to the nodes that are adjacent to the I';Ode in question wh?lS
closest branch” is defined as any adjacent branch at the equivalent l,evel oi
lower on the tree than the node in question. (2) Label the node “b” if the t
closest nodes or branches are either both b or b and a, b. (3) If the cl W(i
Brancl:es/nodes have different labels (one a and the oﬂ;er .b) label the ziils
a, b.” Note that the lowest node, termed the root node, is, not labeled. Iﬁ

" N 9 P Q@ R ANNIDAE

Fig. 2.20. Relationships of the Annidae clade to its closest relatives.

ANNIDAE
b b a a,b

TAXA M N (0] P Q R
CHARACTERS b a a

Fig. 2.21.
apgm 1-21;‘5haracter states from the first transformation series in table 2.3, listed under the
prop! axon. In order to determine the state of the character (either a or b) at the outgroup

llOdC, we must work towards it based on the infor ‘mation available at other, more-accessible nodes
F 5
( ) ! h T,


http://www.fineprint.com

) The Basic Issues
AXA M N O P Q R  ANNIDAE
e
CHARACTERS b a a b b a a, b
b
a,b

3g. 2.22. First and second polarity decisions for character transformartliﬁn tserief)d l.i:)f;tl)z;z;l
E = | ; = polarity decisions. The top node

; — closest branches and nodes; bold letters = po :  LHES .

‘etf't’e:)icause its closest branches are both b; the bottom node is labeled “a, b” because one of its

slosest branches is a and the other is b.

TAXA M N O P Q R ANNIDAE
CHARACTERS b a a b b a ab

Fig. 2.23. Third and fourth polarity decisions for character transformation seriesdl..Olttz;l)ir;:;dl
s = | : = polarity decisions. The top node 1s labe

= closest branches and nodes; bold letters = polarit . ed

g‘eanel:f’ because its closest branch is a and its closest node is b; the bottom node is labeled “a

because its closest branch is a and its closest node is a, b.

order for us to label the root, we would qced ar}other outgroupilsfmce :v:bzflet
primarily interested in relationships within the ingroup, we w1h' orge b

this node. So, label the furthermost two nodes 'accordmg to tl t1)s t};lr%c ; Q
The node connecting P + Q is given the notation b, because bo +a; b
have the character b. The node connecting N with O + P +bQ R
Annidae is given the notation a, b because M has character b an

character a (fig. 2.22).
4. Continue working tow
2.23).

ards the outgroup node in the same manner (fig.
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5. The analysis is over when we reach a decision concerning the outgroup
node. In this example, the assignment is a decisive a (fig. 2.24).

Repeating this procedure for character transformation series 2 of the matrix
eventually produces an equivocal decision at the outgroup node (fig. 2.25).

One last thing. Each of these decisions is made one transformation series
at a time, and thus the polarization of every character occurs independently
of every other character. This does not mean that equivocal decisions based
on single characters examined in vacuo will remain equivocal at the end of
the analysis. The final disposition of character states is subject to an overall
parsimony analysis which combines all of the information gleaned from each

TAXA M R D P Q R ANNIDAE
b a a b b 5 5.9

CHARACTERS

Fig. 2.24. Assignment of polarity to the outgroup node for character transformation series 1.
Outlined letters = closest branches and nodes; bold letter = polarity decision. The outgroup
node is labeled “a” because one of its closest nodes is a and the other is a, b.

TAXA M N O P Q R  ANNIDAE
CHARACTERS b b a # b . -

Fig. 2.25. Assignment of polarity to the outgroup node for character transformation series 2. The
outgroup node is labeled “a, b” because both of its closest nodes are a, b.
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of the separate character analyses according to the grouping and inclusion/
i S.
ex;llllilscig?scr)lrlll,eDonoghue, and Maddison (1984) discussed situations in which
the relationships between the outgroups are either not resolved or only partly
resolved. Since this watershed article is readily available,. we will only men-
tion two important observations: (1) Whatever the Fesplupon of the outgroup
relationships, the sister group is always dominant in its 'mﬂuence on.the po-
larity decision. If the sister group is decisive for a parum:llar statg .(1.e., a),
no topology of outgroups further down the tree can result in a decisive 13 2)
If you are faced with no sister group, but only an unresolved polytgmy below
the group you are working on, the frequency of a partncylgr“cﬁér‘écter among
the outgroups in the polytomy has no effect on the decision at tl.1e outgroup
node. For example, you could have ten possible, unresp_lved sister groups
with character a and one with character b and the decision would still be

“plesiomorphic” in the phylogenetic system. ‘ ‘ .
Hennig argumentation was the original phylogenetic algOI'ltl:lIIl, and its ap-
plication is still widespread. Working through the argumentahon process for
each character in a simple phylogenetic reconstruction is not overly dl'ﬁicult.
But, even with relatively few taxa and characters, it is often l'aborlous to
reconstruct all of the character trees and the logically in'compatlble alterna-
tives. We have good news and bad news about this situatlon..The gqod news
is that computer algorithms have been designed to perform this laborious task
(Kluge and Farris 1969; Farris 1970; Farris, Kluge, and Eckmdt 1970). The
bad news is that the ease with which computers perform this task may seduce
us into forgetting that the results coming out are only as gqod as the data
going in (Presch 1989). Increasing the amount of homoplasy in your da_ta set
increases the number of equally parsimonious pathways open to explain the
evolutionary origins of these characters (i.e., increases the number of equally
parsimonious trees). By contrast, increasing the number of ho'molo.gous char-
acters in an analysis decreases the number of equally parsimonious trees,
because homologous characters correspond to a single phylogenetic tree.ri
the number_of homologies has been greater than the number of covarying
homoplasies in evolution, then the most biologically robust method of deal-

ing with multi 0 collect more data:

Character Coding for Building Trees

/ equivocal at the outgroup node. Thus, “common” does not equate with

A character code is a numerical or alphabetical symbpl that repre-
sents a particular character. We have already encountered codes in the preﬁfad-
ing section. Using these characters and their codes‘ has taugt.lt you somet ing
about the basics of tree reconstruction using classical Hennig argumentation
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and some of the approaches to determining the polarity of characters through
outgroup character argumentation. In this section you will be introduced to

l. some of the different kinds of derived (apomorphic) characters encountered
in phylogenetic research and some of the problems associated with assigning
codes to these characters. The ultimate goal here is to Sformulate rules for
coding characters so they can be used to reconstruct phylogenetic relation-
ships among taxa.

Multistate Transformation Series

All of the derived characters we have considered thus far are qualitative
characters and are parts of binary transformation series. A binary transfor-
mation series consists of a plesiomorphy and its single derived homologue.
Binary transformation series present no problem in coding. You simply code
each character according to the information available from outgroup argu-
mentation and produce a matrix full of zeroes and ones. Complications can
arise if you encounter polymorphic taxa, taxa that have both the plesiomor-
phic and the apomorphic characters; however, this problem is critical only
when both characters are found in asingle species. Considerable controversy -
surrounds the coding of such characters, espe?ﬁﬂy when biochemical traits
are used. There are two ways of handling this:.code the taxon as displaying
only the apomorphy and discount the plesiomorphy, because the plesiomor-
phic_trait arose in an ancestor of the taxon (qualitative coding), or code

. g T — . - !
. according t frequency of each character. There is considerable contro-

versy about which of these two approaches is appropriate for phylogenetic
analysis. (For excellent recent discussions of this problem, see Buth 1984,
Swofford and Berlocher 1987, and Murphy 1988.)

Investigators working on a large group, or even a small group that has
undergone considerable evolution, may discover that there are several differ-
ent homologous characters in one transformation series. For example, if you
were working on the phylogenetic relationships of fossil and recent horses,
the transformation series for the number of toes on the hind foot would con-
tain a goodly number of characters: four toes, three toes, and one toe in the
ingroup, and five toes in the outgroup. Such a large transformation series,
encompassing a plesiomorphic character and two or more apomorphic char-
acters, is termed a multistate transformation series.

Multistate transformation series can be grouped according to the amount
of information available concerning the pathway and direction of evolution-
ary change. As discussed earlier, this produces four possible types of multi-
state transformation series (see fig. 2.6): ordered, unpolarized; unordered,
unpolarized; ordered, polarized; and unordered, polarized. Binary characters
are much simpler because they are all automatically ordered (but not neces-
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O—H— 4B
(X, A) B, C, D) (E, F) (G, H)

Fig. 2.26. A simple linear character tree for four characters. Taxa displaying each character are
listed in parentheses below the character. X = outgroup; A-H = ingroup taxa.

polarized). A linear transformation series, consisting of characters related
to one another in a straight-line fashion, is the simplest multistate transfor-
mation series (fig. 2.26). The relationships of these characters can be termed
a character tree, and in this particular case you can see that there are no
branches on the tree. Notice that this character tree is both ordered and polar-
ized. At the moment we are not concerned with how to reconstruct the char-
acter tree, but rather with how to code the information presented in this tree
for use in reconstructing a phylogenetic tree (we will return to the question
of just how these transformation series*are derived at the end of this section).
It is important to understand that a character “phylogeny” is not the same
as a phylogeny of taxa. A character tree only contains information about
the relationships among characters. It is not a hypothesis of the underlying
phylogenetic relationships of the taxa. This is a critical, and often misun-

derstood, distinction.

A simple linear transformation series

The data matrix for the linear transformation series (fig. 2.26) can be coded
|. in one of two basic ways, First, we can simply code the characters in a linear
fashion, assigning a value to each character based on its position in the se-
quence. For example, we have chosen to code rounded square as zero, square
as one, black-and-white square as two, and black square as three. Each value
is placed in the data matrix in a single column (table 2.4). Every apomorphy
will contribute to the length of our forthcoming phylogenetic tree in an ad-
ditive fashion. We use the term “additive” because each instance of evolu-
tionary modification requires one step along the tree and counting all of the
steps in a straight line shows exactly how much the transformation series
added to the overall tree length. Indeed, such transformation series are often
termed additive multistate characters. o
We could also use additive binary coding, a method that breaks the char-
acter down into a numters that are each represented
by their own column of information. For example, we can consider both
black-and-white square and black square as subsets of white square, since
each is ultimately derived from white square. The first additive binary column
in the data matrix reflects this fact, coding rounded square as the plesiomor-
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Table 2.4 Data matrix for the four char acters and nine taxa in the linear tr ansformation series

Taxon Linear Coding Additive Binary Coding
X (outgroup) 0 0 0 0
g (1) 0 0 0
1 0 0

g 1 1 0 0 Ha
. 1 1 0 0 ‘“’W
) 2 1 1 0 uw
A 2 1 1 0 Fow
o 3 1 1 1

3 1 1 1

phic character (0) and white square plus all of its descendants as apomorphic
(1).. I'\Iow,.black square is a subset of black-and-white square. The second
additive binary column contains the codes for this next level of comparison:
both roynded square and white square are plesiomorphic relative to black:
and-})vhlte square, so they receive a zero, while the black-and-white square
and its flescendant black square receive a one. Finally, on the last level (ll)lack
square is apomorphic relative to all the other characters in this linear ,series

so it is coded one in the third column and everything else receives a zero,
Three colms now represent the transformation series. You can double;
chec.k your binary coding by adding all the ones together in each row and
ple.lc.mg tl}em in a single column. You should find that you have replicated the
original linear coding column. Either method of coding produces exactly the
same cl?aracter sequence and thus contributes the same information to a phy-
logenetic reconstruction (fig. 2.27). .

f you choose additi i coding, it is i t to remember that you,
alrle dealin ologous character series, and not three independent
¢ ta.lga(fters. If you count each state as an independent character, you may
a[- 0 . . . 3

1t Elall 1 ey ing nd overestimate the degree of sup-
port for your tree. So bear this in mind if you are using a computer program

to analyze your data, because computers cannot differentiate between a single

;nultl state transformation series and independent binary transformation series
or each of the derived states in the multistate transformation Seties.

A branching transformation series

: A br:.mchmg t}'ansformation series (nonadditive or complex transforma-
10n series conta}ns cl?aracters that are related to each other in a branching
'rather than a straight-line, fashion (fig. 2.28) Notice ischaracter e’
is both ordered and polarized. Since the characters are not related in a linear
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fashion, simple additive coding will result in errors in translating the trans-
formation series into a phylogenetic tree.

Labeling the characters of a branching transformation series in a simple
linear fashion will obviously result in some misinformation, so how can we
display these complex relationships? There are two_basic methods: additive *.
binary coding and mixed coding. Since we are already proficient at binary -
coding, let’s turn to this method first.

We arrived at the additive binary codings in the data matrix (table 2.5) by \.
working through the following steps. First, code the first additive binary col-
umn: square, which is ancestral to all other characters in the character tree,
is apomorphic relative to circle; therefore, square and all of its descendants
are coded as apomorphic (1), while circle is coded as plesiomorphic (0). The

2 relationship between square and circle is a simple linear one. Moving to the

next comparison, the relationship between square and its most immediate

1) ! modification brings us to a branch point on the tree, because both black

square and white rectangle are directly derived from square. We deal with

branch points by examining the derived states one at a time. Second, code

(b) | the second additive binary column: black squaré is denived directly from

tree constructed from the linear character tree in figure 2.26. (a) Simple square; therefore square is coded as plesiomorphic (0) and black square as

3

Fig. 2.27. Phylogenetic . X ) i I N . |
litliar coding }l;reiks the character into four parts, the plesiomorphic state (0), which need not be : apomorphic (1). Notice that only the taxa displaying either the apomorphic

represented on the tree, and three apomorphic states (1, 2, and 3; one character, four states). (b) character or any of its modi : anes il ailer

Additive binary coding breaks the linear series into three independent characters, then groups 1axa receive a zero. In this case. black square has no modifications and Is

i h orphic states (1) of those characters (three characters, two states each). - . o 2 " . o

;Ci%rdl‘;%h:)‘; S’ :fi%‘;’i‘r‘lg“;resem the phylogenetic information in the character intact and thus ‘ only present in taxon C (it is an autapomorphy). Third, code the third additive
oth m

{1l produce the same phylogenetic tree ‘ binary column: rectangle is derived directly from square; therefore square is
o . ‘ . e L

" ‘ coded as zero and rectangle as one. Again, the taxa bearing either the apo-

‘ morphic condition or any of its modifications are assigned a code of one, so

F) (H) taxa E and G (apomorphic state rectangle) and F and H (bearing the descend-
(C) | ants of rectangle) receive a one; all other taxa receive a zero. Fourth, code
- % 7 4 the fourth additive binary column: speckled rectangle is directly derived from

series in figure 2.28.

? ; rectangle and is an autapomorphy for taxon F; therefore F is assigned a one
E ' | Table 2.5 Data matrix for the six characters and nine taxa in the branching transformation

? & G) Taxon Additive Binary Coding Mixed Coding

‘ X 0 0 0 0 0 0 0 0

B. D) A 0 0 0 0 0 0 0 0

B 1 0 0 0 0 1 0 0

: o 1 1 0 0 0 Sqrrenst 21 1 0

$ D 1 0 0 0 0 ) 1 0 0

| E 1 0 1 0 0 2 0 0

(X. A) F 1 0 1 1 0 3 0 0

O ; G 1 0 1 0 0 M {2 0 0

Fig. 2.28. A complex branching character tree for six characters. Taxa displaying each character i H 1 0 1 0 1 bl PL& 2 0 1
are listed in parentheses. : 51\4“"*“"” ‘ Recthe “OL ! $ir s ’u-\

luck ;
)t
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for this character and everyone else gets a zero. Finally, code the fifth additive
column: striped rectangle is directly derived from rectangle and is an auta-
pomorphy for taxon H; therefore, only H receives a one for this character.

Mixed coding, also called nonredundant linear coding, is a hybrid be-
tween additive binary coding and linear coding. By convention, the longest
straight-line_branch of the character tree is coded in a_linear fashion, thén
branches off this linear tree are coded in an additive binary fashion. Depend-
ing on the asymmetry of the character tree, this qtrategyMtantially
reduce the number of character columns. Returning to the character tree, the
longest sequence of character modifications is circle, square, rectangle,
speckled rectangle (note: we could also have chosen the sequence circle,
square, rectangle, striped rectangle; however, since nodes can be freely ro-
tated on a tree, the choice between the “sister characters” speckled rectangle
or striped rectangle is completely arbitrary and does not change the outcome
of the analysis). We place the codes for this section of the tree (0, 1, 2, 3) in
the first mixed coding column of the data matrix (table 2.5). Branches from
this sequence, the autapomorphies black square and striped rectangle, are
then each assigned a code of one in a separate column as described in the
preceding section.

Polarization Arguments and Multistate Transformation Series

As promised above, we will now return to the methods involved in deter-
mining the evolutionary sequence of multistate characters. Sometimes the
ordering of these transformation series can be determined using biological
data, such as information about developmental sequences (Nelson 1978; Nel-
son and Platnick 1981; Patterson 1982; Voorzanger and van der Steen 1982;
Brooks and Wiley 1985; de Queiroz 1985; Kluge 1985) or directions of bio-

J¢ chemical pathways (Seaman and Funk 1983). More often, though, these data

are not available or are not reliable.

What can phylogenetic systematic analysis tell us in the absence of this
information? For example, suppose we wish to examine a group of mammals
that includes species that do and do not have forelimbs modified into wings.
Furthermore, extensive research has revealed that there are two types of
wings (let us say short and long, just for this example). Using all other mam-
mals as outgroups reveals that “no wings” came first (is plesiomorphic), but
from that point, the evolutionary pathway of wings could have been (1) short
to long, (2) long to short, or (3) short and long arising independently from
the “no wings” condition. For these species, simple outgroup comparison
does not resolve the polarity of the apomorphic states because they do not
occur among members of the original outgroups. In order to resolve the trans-
formation series for apomorphic states restricted to the ingroup, it is neces-
sary to find outgroups that possess at least one of these states. In such cases,
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hylogeneticists determine character polarities by using a method that pre-

serves the logic of outgroup comparisons. This method, developed by Wa-
trous and Wheeler (1981), is called functional outgroup analysis.

Let us begin with an ingroup (taxa A-E), a set of outgroups, and three
f:haracters (table 2.6). One binary character supports the monophyly of the
ingroup. Two characters, one binary and the other multistate, help us resolve
relationships within the ingroup.

Table 2.6 Distribution of states for one multistate and two binary characters among five
members of an ingroup (A-E) and a set of outgroups.

Characters
Taxon Binary Multistate
Outgroups 0 0 X
A 1 0 X
B 1 0 ¥
C 1 + y
D 1 + z
E 1 + z

Note: The first binary character supports the monophyly of the ingroup.

1. Use the second binary character to produce a partial phylogenetic tree
for the ingroup. Figure 2.29 depicts the distribution of states for this character
among the outgroup and ingroup taxa.

2. State 0 is clearly supported as the plesiomorphic condition by outgroup
comparison. Hence, taxa C + D + E are united as a group within the in-
group by the shared possession of the derived (synapomorphic) state + (fig.
2.30). Because C + D + E is a putative clade, we can consider it to be a
“functional ingroup.” A and B then form the “functional outgroups,” because
their logical relationship to C + D + E is the same as the relationship of the
outgroupsto A + B + C + D + E.

3. Use the original outgroups and the functional outgroup to polarize the
multistate transformation series. First, place the corresponding character
states X, y, and z at the tips of the branches for the outgroup and ingroup taxa
(ﬁg. 2.30). Polarization via the “outgroup” taxa indicates that character state
X is plesiomorphic to either y or z. Now, examine the functional outgroups.
One of them (A) exhibits state x, while the other (B) exhibits state y. One of
the functional ingroup members (C) exhibits state y, while the other two (D
and E) exhibit state z. Because state y occurs in both the functional ingroup
and the functional outgroup, we conclude that state y is plesiomorphic to state
z. The original outgroups tell us that x arose first, while the functional out-
group tells us that y arose next. Consequently, state z arose last, and the
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[ ---- OUTGROUPS ---- | | (FSENSEEREIRERERE N[00 ]0) - JRN—— ]
+
g;I;JAAR}{AYCTER 0 0 0 0 0 + +
STATES & H " 2 &
1

Fig. 2.29. Starting point for phylogenetic anaiysis of ingroup A-E using three outgroup taxa.
Synapomorphy 1 supports the monophyly of the ingroup. Distribution of states (0 and +) for the
binary character are indicated at the tips of each branch.

transformation series for this multistate character is the linear sequence x to
y to z. .

4. Combine the information from the binary and multistate characters. Out-
group comparisons for the binary character support .the' interpretation that
state 0 is plesiomorphic and state + is apomorphic, linking tax.a C + D +
E as a clade. Functional outgroup analysis suggests that state x is plesiomor-
phic for the ingroup, that state y is apomorphic to x, li.nking B+C+D+
E as a clade, and that state z is apomorphic to y, linking D + E as a clad.e.
Invoking the inclusion/exclusion rule results in a fully resolved phylogenetic
tree (fig. 2.31).

To return to our example of winged mammals, we use some characters to
tell us that one group of mammals (ingroup) is distinct from Qtpe‘r mammals
(outgroup). We then use other characters to give us enough divisions among
the winged members of this ingroup (functional in- and outgroups) to estab-
lish the sequence in which short and long wings evolved. -

The use of functional outgroup comparisons (the logical .]uStlﬁcatIOI-l of
which is called “reciprocal illumination”: Hennig 1966; Wiley 1981) strikes
many people as being circular. Although the distinction is a ﬁn.e one, We
believe that the curse of circulatory is avoided because the groupings Mflthll’l
the original ingroup that allow us to determine polarities ff)r the multzstat.e
“Character are determined a priori by reference to other traits. Of course, if
we do not have very many other characters, the robustness of our assessment
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of multistate polarities is not very great. Consequently, W
worry about using multistate characters at all. In a complementary manner,
other phylogeneticists worry about problems associated with freafing states
of an evolutionary sequence as independent characters. For example, if we
treated X, y, and z as three binary characters, we would be able to use the
original outgroups to determine that “x present,” “y absent,” and “z absent”
were plesiomorphic conditions. The states “y present” and “z present” would
be interpreted as synapomorphies of B + C and of D + E, respectively.
Considering “z present” as a synapomorphy of D + E would not conflict
with other data (i.e., the second binary character), but considering “y pres-
ent” to be a synapomorphy of B + C would conflict. In this case, breaking
X, ¥, and z into independent characters would result in unnecessary postulates
of homoplasy (violating Hennig’s auxiliary principle). This is the reason phy-
logeneticists study each character carefully, argue transformation series as
independently as possible, often considering both binary and multistate op-
tions, and constantly seek additional data in an effort to provide the besf
possible hypothesis at any given time.
“——'—_‘—'—_——'—“\

[----- OUTGROUPS ----- 1 [ wmemmmemm e INGROUP ------cemmemmmmeeeee
MULTISTATE [— FOG —-] H FIG
CHARACTER X X X X y y z
STATES
A B C D E
+
1

Fig. 2.30. Partial resolution of phylogenetic relationships among members of ingroup A-E,
based on distribution of states for one binary character. Outgroup comparisons support the inter-
pretation that state + is apomorphic, linking taxa C + D + E into a clade within the ingroup.
This clade now serves as a functional ingroup (FIG) within the original ingroup, with the other
members of the original ingroup (A and B) serving as functional outgroups (FOG). The distri-

bution of states for a multistate character (x, ¥, and z) among members of the ingroup and
outgroup is indicated above the taxa.
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A B C D E

: ; -
Fig. 2.31. Phylogenetic tree for taxa A—E, based on outgroup comparisons for two binary char

i i haracter.
acters and outgroup and functional outgroup COmpal’lSOIlS for one multistate ¢l
i

Summary

Operationally, phylogenetic systematics can pe summanzeil in mf(())Illlr
steps. First, use nonphylogenetic criteria to assess similarities in trai sua; roug
species and assume homology whenevelr p;:ss;l;;lles‘p eScei:;:{)na_dI;dussiq?l egh om;:

isons to distinguish shared general, s are X ‘

f)(l):)rgll'::sr.lsiu'_r(_i_, groupgaccording to shared 'spe.cnal' homologies, rlnszgnbga:il
traits onto the resultant tree to show the dlsmbytlon of th;: t:ota e ar;
Fourth, interpret inconsistent traits , as 1flstancte:1 (:h (.)nhltcixgl . ())fn é)hy_
allel and convergent evolution); that is, as caYsg in whic eh¥n1 R PP
logenetic homology criteria were misleadlr'xg Tpe .result of this p
a hypothesis of the phylogenetic relationshlps'wnl.nn the study.groupjbio10

The number of branching diagrams appe;iu(\ig‘ }nl ;(1112 ger\;;);;{t’l'olrll(a:rwyever ngg;

i is growing. Many of these are called "¢ ' ; he 4

Llltf:)?‘t];:s; d%agramgs are constructed using phylogenetlc systgrgati;: n:,t:l?:;;
The information presented in this chapter will help you critically

these diagrams, for gnly trees produced in accordance with {)hyloglenfztzc ;l{s;
tematic principles provide the robust estimates of genfzalogzca% relationship
That are the necessary precursors for historical ecological studies.

Answers to Some Common Questions and Misconceptions

What happens if you change the ouigroup?
Wﬁnmmwaﬁg
characters in the ingroup. So changing the outgroup could potentially ca
one of the following things to happen to your tree.

There might be no change. This occurs when all the outgroups share

with the ingroup the same plesiomorphic state for a given character.

(ZjThere might be a change in the polarity of some transformation series.

PDF created with FinePrint pdfFactory Pro trial version http://www.fineprint.com

e ot e A

——

SR——

63 Tools of the Trade

This would happen if the outgroup and the ingroup share numerous homopla-
sious, apomorphic characters. In this case you look for a consensus state
among outgroups and hope that you have enough other characters to provide
a tree that highlights the homoplasy. If you do not, you will get multiple trees,
and this, in turn, indicates that you need to collect more data.

3. There might be a loss of resolution. If the new outgroup is distantly
related to the ingroup, the groups might not share enough similarities for
comparison, and this will lead to an increase in the number of unresolved
polytomies in the tree. This produces an incomplete, rather than an “incor-
rect,” estimate of phylogeny.

That changing outgroups will change the phylogenetic tree is an important
and common misconception about phylogenetic systematics. Figure 2.32
shows a series of trees based on twenty-seven behavioral characters for the
gasterosteid fishes (sticklebacks). Characters were polarized in the following
manner: first, using the sister group of the Gasterosteidae, the Aulorhynchi-
dae, or tubesnouts (fig. 2.32a); second, using a more distantly related spe-
cies, the pipefish. Sygnathus typhle (fig. 2.32b); and third, using a very dis-
tantly related species, the salmonid Onchorhynchus nerka (fig. 2.32c).
Interestingly, although all outgroups polarized some characters differently, the
three tree topologies are consistent with one another; in fact, the trees based
on the tubesnouts and the salmonid are identical. Although the phylogenetic
relationships are retained, the number of informative characters decreases
with use of the other outgroups. Overall, then, the distinction is not one of
“correct” versus “incorrect” but rather one of the relative degrees of infor-
mation available from the particular outgroup chosen. The more robust a tree
proves to be in response to changing the outgroup, the greater confidence is
instilled in it.

By now you are probably asking, “But even if you don’t change the tree
topology, haven’t you changed some of the character transformation hypoth-
eses by using different outgroups?” This is a critical question because, as the
distribution of traits in figure 2.32 demonstrates, changing outgroups can
change the hypothesized transformation series for some characters, and this,
in turn, will affect our evolutionary hypotheses for those characters. Because
of this, it is important to follow one cardinal rule: never use the characters
that are part of the evolutionary hypothesis under investigation to build your
Phylogenetic tree. Rather, these characters should be mapped onto an existing
tree. We will discuss methods for mapping characters (optimization) in chap-

ter 5.
Is outgroup comparison an exercise in circular reasoning?

No. You do not have to have the sister group to polarize characters, so you
do not have to have a phylogenetic scheme a priori in order to determine the
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Apeltes Pungitius  Culaea G. wheatlandi G. aculeatus

22 2) 25 (2) 18

1(1),6(0),
7 (1) ek

A. flavidus Spinachia

Fig 2.32 (continued)

O. nerka Spinachia Apeltes Pungitius Culaea G. wheatlandi G. aculeatus
15, 16, 26, 27 ‘
5, 6, 7(2), 11 '

(a)

S. typhle Spinachia Apeltes Pungitius Culaea G. wheatlandi G. aculeatus

(c)

Fig. 2.32. What happens if you use a different outgroup? (a) Polarizations using the sister group,
the tubesnout Aulorhynchus flavidus. (b) Polarizations using a member from the next most closely
related order, the pipefish Sygnathus typhle. Characters in bold type are polarized differently
using this outgroup. Characters 1, 2, 7, 8, 13, 15, 16, 17, 18, and 23 cannot be polarized using
! this outgroup; therefore, they are eliminated from the analysis. Note that although there is a loss
of resolution in the polytomy among Pungitius/Culaca + Gasterosteus wheatlandi + G. aculea-
tus, the overall topology of this tree is compatible with the first tree. (c) Polarizations using a
distantly related teleost, the salmonid Onchorhynchus nerka. Characters 1, 7, 8, 11, 13, 15, 23,
and 26 cannot be polarized. This tree is identical to the first tree. * = homoplasious characters;
numbers in parentheses = the state of a multistate character.

(b)

outgroups, and the polarizations for each character are argued independently ;

i i Toups. 5 ; ; ; ;
based upon comparisons with the outgroup Isn’t parsimony an assumption of evolutionary mechanism?

Does the method assume or rely on any particular evolutionary | Parsimony is a scientific principle used by scientists to make decisions
mechanism? about ambiguous data. Basically this principle can be stated in the following

i he utility of manner: when there are conflicting hypotheses for a given data set, accept the
. It assumes only that evolution has occurred.ﬁn fact, t _ ‘ .

ks i t t}'lcs in evolutionary biology stems from its indepen- hYPOthFSIS that is support by thf: gljeatest amount of datle. The use of parsi-
phyloge;letlc sys 'emlal it mechanisrilj ‘ mony in phylogenetic sysfematics is no different from its use in any other
dence of any particular evolutionary : |

= s
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branch of biology or any other science, does not invok? any pgrtiCItJlllar evo-
lutionary mechanism, and does not mean that syst‘e‘:matls,'fs behevej atfe;l(i:
lution is parsimonious or that “parsinpny” equals trpth. m_c%@_%?
principle simply gives us a starting p oint .for comparative stL.1d1es.‘ ro;n. eb ;
any author who prefers a less parsimonious tree must justify this choice by
providing corroborating biological evidence.

Are phylogenetic trees tests of evolutionary mechanisms?

Phylogenetic trees are not tests of evolutionary mechanisms, the‘y are .dei
sc'ri'ptions about patterns in nature. From these patterns we can obtain critica )

evidence about some evolutionary principles, which, in. turn, may hf:lp us to
design an experiment to test the existence of a hypothesized mechanism.

When do you have enough characters?

The reconstruction of phylogeny is an open-ended process, so in principle
you never have enough characters. In practice, you stop when you stop g};lct—
ting different answers or different resolutions when you add data.hEver(l1 then
it is possible for someone else to come along and modify what you have done.

Is there any inherently preferred data type?

No. It is expected that any data, analyzed.phylogenetically, will give tl?c
same or highly similar answers because organisms are th.e result of a dyngmllc
interaction among genetic, developmental, phys1ologlc§1, morphologlfza A
and behavioral systems through time. There is no a priori reason to. behe%ve
that one system contains more information about evolutlonary relationships

than any other.

If you rotate the branches about a node on a phylogenetic tree, do
you change the implied phylogenetic relationships?

No.

What's wrong with equating a taxonomic classification with
phylogeny?

It is inappropriate to use a taxonomic classification as a phylogeny because
many classifications portray paraphyletic (or polyphyletic) taxa as n.lonophyli
letic groups. Evolutionary explanations based on such cla}s51ﬁcat10ns wi
overestimate the importance of adaptive plasticity, because dlagnc?ses ‘for ptz;r-
aphyletic groups list synapomorphic traits more than once. This gives ni
impression that these traits are actually examples of parallel or converge:
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Fig. 2.33. Why is it incorrect to equate “classification” (or taxonomy) with “phylogeny”? (a)
Phylogenetic tree reconstructed for species A-E based upon phylogenetic systematic methods.

(b) Tree reconstructed from a taxonomic classification scheme that includes the paraphyletic
group A + B + C. This forces us to postulate that characters 2, 3, 4, and 5 evolved twice.

evolution, and such homoplasy, in turn, is often considered strong evidence
of adaptive evolution.

Consider the following example. Figure 2.33a depicts the phylogenetic tree
for a group of hypothetical taxa. Although the presence of five synapo-
morphic traits (characters 6-10) distinguishes species D and E from species
A, B, and C, these taxa are all members of a monophyletic group character-
ized by the presence of traits 1-5. Now suppose we have a classification
scheme that places species D and E in one taxon because they are so distinct,
and places species A, B, and C in another taxon. Reconstruction of phylo-
genetic relationships based on this classification will produce the tree in figure
2.33b. This arrangement forces us to postulate that characters 2—5 evolved
twice, overestimating the amount of adaptive evolution. Since most com-
monly accepted classifications include paraphyletic groups, they cannot serve
as independent templates for estimating the origins, elaborations, and asso-
ciations of ecological characters through evolutionary time. Unfortunately,
given the current dearth of available phylogenetic trees, many researchers
have been forced to utilize classifications in their preliminary analyses of
behavioral/ecological evolution.

Cladograms only represent branching points in evolution and
cannot represent the relative degree of evolutionary divergence
among lineages, can they?

If we have a large sample of characters, it is possible that the relative
degree of evolutionary divergence among lineages can be estimated. This
could be obtained by comparing the relative numbers of apomorphic trans-
formations between sister groups on the phylogenetic tree. What we lack at
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the present are protocols for letting us know when we have a proper sample
of characters.

Why aren’t there primitive and advanced species, just like there are
primitive and advanced characters?

Because not all characters evolve at the same rate and to the same degree
in different lineages. As a consequence, all species are mosaics of plesiomor-
phic and apomorphic traits, and it is inappropriate to speak of plesiomorphic
and apomorphic species. One can speak of sister-group relationships or of
relative position in a phylogenetic tree.

Can’t you just manipulate the data to get the answer you “want”?

Of course, but this problem is one of scientific ethics and not unique to
either phylogenetic systematics in particular, or biology in general. In fact,
phylogenetics may be slightly more open to scrutiny because you have to
report both the character descriptions and codings in each publication; there-
fore, the original data are more accessible to reanalysis than, say, a table of p
values.
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