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Abstract Morphological structures are likely to undergo more than a single change during the course
of evolution. As a result, multistate characters are common in systematic studies and must be dealt
with. Particularly interesting is the question of whether or not multistate characters should be treated
as ordered (additive) or unordered (non-additivej. in accepting a particular hypothesis of order,
numerous others are necessarily rejected. We review some of the criteria often used to order character
states and the underlying assumptions inherent in these criteria.

The effects that ordered multstate characters can have on phylogenetic reconstruction are
examined using 27 data sets. It has been suggested that hypotheses of character state order are more
informative then hypotheses of unorder and may restrict the number of equally parsimonious trees as
well as increase tree resolution. Our results indicate that ordered characters can produce more, equal or
less equally parsimonious trees and can increase, decrease or have no effect on tree resolution. The
eftect on trec resolution can be a simple gain in resolution or a dramatic change in sister-taxa
relationships. In cases where several outgroups are included in the data matrix, hypotheses of order can
change character polarities by altering outgroup topology. Ordered characters result in a different
topologv from unordered characters only when the hierarchy of the cladogram disagrees with the
investigator's a priori hypothesis of order. If the best criterion for assessing character evolution is
congruence with other characters, the practice of ordering multistate characters is inappropriate.

Introduction

Two fundamental prerequisites for a robust cladistic analysis are good data and a
proper treatment of such data. The search for proper analytical methods has fostered
many of the classic debates in phylogenetic systematics such as methods of character
polarization (Maddison et al., 1984; Meacham, 1984, 1986; Donoghue and Maddison,
1986), the validity of character weighting (Neff. 1986; Wheeler, 1986), the use of the
principle of parsimony (Farris, 1970) and methods of cladogram construction. Another
significant debate centers on the treatment on multistate characters. Specifically, the
controversy centers on whether multistate characters should be ordered or unordered.
Because of the commonality of multistate characters, the decision of how to treat such
characters is far from trivial. Some of the theoretical aspecis of this question, and 1t
underlying assumptions, have been examined by previous authors {Mickevich, 1982:
Mabee, 1989a; Mickevich and Weller, 1990). In this paper, we explore the meaning of
an ordered character, review criteria often used to order multistate characters and
examine the effects that ordered characters can have on phylogenetic reconstruction
through the examination of 27 data sets.
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Ordered vs. Unordered Characters

Because a given structure can undergo more than a single evolutionary change.,
multistate characters will be encountered in most phylogenetic studies and must be dealt
with by systematists. Current phylogenetic computer programs allow multistate

Charactgrs to be trea ‘gr‘l as nrr‘]PrPr] n']rha”v ordered (h\ means of a ten mafn“ or

as orde partially ordered (by means of a step mat
various other coding methods) or unordered. Mabee (1989a) lists three ty pes of ordered
character state hypotheses (Fig. 1): reticulate, branched, and the most common form,
linear. The branched and reticulate forms impose only a partial ordering; a linear form
imposes total ordering.

In its various forms. an ordered

ms, In

multistate hnrnr‘ter nnhmwpd by Wagner

parsimony (Kluge and Farris, 1969; Farris, 1970) can be referred to as a character

phylogeny (Zimmermann, 1937, 1940, 1953), character state tree (Farris et al., 1970),

morphocline (Maslin, 1952} or transformation series (Hennig, 1966). An ordered

character represents a specific hypothesis regarding the evolutionary relationships
tis

[—

:;.
[

e Is a restrictive statement that excludes all other possible

among the character states.
hypotheses of character state order [Fig. 2(a}]. The number of alternative hypotheses of
order rejected increases with the number of states in a multistate character. When a
multistate character is ordered, the distance between non-neighboring states is always
more than one step in a linear transformation series and is generally more than one step
in the reticulate and branched forms. An unordered multistate character, optimized by
Fitch parsimony and based on the Fitch minimum mutation model (Fitch, 1971}, is also
a specific statement about the evolutionary relationships between the individual
character states as well as the distances between those states. It 1s, however, a less
restrictive statement because all possible character state trees are initially seen as equally
probable. As such, the distance between any state, whether it is a neighboring state or
not, is a single step [Fig. 2(b)]. Both hypotheses of order and unorder make certain
assumptions about character evolution: hypotheses of order assume that a particular
character state sequence is more probable than any alternative sequence while
hypotheses of unorder assume all possible character state trees are equally likely.

It is important to recognize that ordered multistate characters are not directly
equivalent to a set of non-additive binary characters. To illustrate this point, consider
the following hypothetical set of binary characters: (1) presence or ahsence of structure

A -4—p B @—p C at—p D

Linear
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Reticulate Branched
Fig. 1. Three types of ordered characters (from Mabee, 1989a).



ORDERED CHARACTERS 235

(a) Ordered (- Additive)
Selected hypothesis of order Aiternative hypotheses of order
chosen g priori on the basis rejected by investigator

of some criterion

| step
1
O~ |2 2~ 0 - |
| 0 -2 |
2 steps
(b) Unordered {=Non-additive)
All possible hypotheses of order
equally likely
| step
[—
0 - | - 2
L i
Istep

Fig. 2. Ordered and unordered characters differ in how the distances between states are defined and the
degree of restrictiveness. Ordered characters (aj are more restrictive than unordered (b), and require more
than a single step between non-neighboring character states.

A; and (2) structure A large or small. One way these two characters can be depicted in
multistate form is “‘structure A absento smallo large’”. Operating under the
assumption that structure A is primitively absent, it can be demonstrated that ordering
the character states forces an assumption not present in the non-additive binaryv or
unordered forms. In Fig. 3(a), the character state changes of the non-additive binary
form are depicted on a hypothetical cladogram. Note that only two steps are required
regardless of whether the initial change in structure A is “large” or “small”. The same
number of steps results when the binary characters are recoded as an unordered
multistate character. The nature of both the non-additive binary and unordered codings
make no restrictions on the sequence of structure A’s size; an absent s large
transformation is equally parsimonious as an absent «» small one. If the multistate form
is ordered linearly (0 e 1 & 2), however, a specific assumption is made regarding the
sequence of the derived states that results in an additional character state change [Fig.
3(b)]. Treating the character in additive binary form would result in the same number of
steps as the ordered form. Thus, a non-additive binary character is equivalent to an
unordered multistate character and an additive binary character is equivalent to an
ordered multistate character.

There has been some confusion regarding the meaning of the term “‘unordered™
{ Mickevich and Weller, 1990: 146):

“Further, ‘unordered’ is a misnomer, because the states [of a multistate character] must be ordered to

be used in a phylogenetic analysis, and this method does postulate an order of transformation”.

This explanation fails to recognize the fundamental difference between an ordered
and unordered character. Ordering defines the distances between states such that, in
most cases, only neighboring states are one step apart; in unordered characters, the
distance between all states is a single step. Second, the statement that muldstate
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2:(0) Small (1) Large

Fig. 3. Example illustrating the difference between ordered multistate and non-additive binary characters.
Treating the above transformation series as non-additive or unordered {a) results in two character state
changes. An ordered (or additive binary) treatment results in an additional character state transformation (b}.

characters must be ordered to be processed by current phylogenetic programs implies
tha the algorithms require that the distance between non-neighboring states be more

han one step. The evidence against this is prima facte, as the programs run perfectly
when all characters are treated as unordered. The idea that the programs postulate an
order of transformation reduces to saying that an unordered character has a particular
distribution on the resulting cladogram(s). This statement can be made about any
character, be it binary or multistate, ordered or unordered. 1t does not alter the faLI that
hypotheses of order and unorder define the distance between character states in
ways and often make different assumptions about evolutionary processes.

As has been pointed out by others {Mickevich, 1982; Swofford, 1985; Mabee, 1989a),
order and polarity are distinctly different concepts. Whereas hypotheses of order pertain
to the relationships among all the states, polaritv 18 simply the recognition of which state
is plesiomorphic-—-no specific statement is made with regard to the relationships of the
derived states. The distinction between ordered and unordered only has meaning when
applied to multistate characters because all binary characters, by definition, have only &
single transformation series. Hypotheses of polarity and order also have different effects
on phylogenetic reconstruction. When modern phylogenetic programs analyse
character state distributions, the initial result is an undirected tree. When an undirected
tree is rooted, usually at the ancestor, direction (or polarity) is forced and a particular
tree is produced. Hypotheses of polarity only affect the topology of directed trees.
Hypotheses of order, however, affect the topology of the undirected trees (Mabee,
1989a).

HyroTHESES OF ORDER AND PHYLOGENETIC RECONSTRUCTION

There is not a large literature on the effect of hypotheses of order (or unorder) on
phylogenetlc reconstruction. Much of the recent work focuses on various methods of
cters (O’Jradw apd neets ]QR7 nnlr‘]ma‘n ]QRR 1099 Farrl\
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90}. Only a few studies have addressed the relative merits of ordered characters
Meacham, 1984, 1986; Mickevich, 1982) and the questlon of how such characters affect

e
@

phylogenetic reconstruction (Mabee, 1989a; Mickevich and Weller, 1990). Mickevich
(1982: 467) made the following statement regarding the relative merits of the two

character types:

“Additive features distinguish groups of taxa and their interrelationships without the aid of the
cladogram, or information offered by other features. . .. 'The non-additive character .. . where all states
are equally related, suggests that each pair of taxa can be equally closely relaied. Compared to possible
alternative characters, this statement of taxonomic relationship is the equivalent of indifference™.

More recently, Mickevich and Weller (1990: 164) made a similar remark:

»Using the Fitch minimum mutations model [i.c. unordered] for all characters may lead to other
problems. First, the tree may have polytomies because the information available for tree construction is
simply that the taxa possessing these states are different ... The second concern is that the tree will be
unstable. The addition of new taxa or characters can and probably will result in large rearrangements
of clades. For simple, small data sets with low homoplasy. admittedly, rearrangement will rarely he a
problem. However, for large numbers of taxa, characters. and character states with some homoplasy.
this is « serious consideration against using this approach™.

'I“ e il ieatiom thas s Aavadd aracrtare o oo
LIIC 1 Xl}Jll( diluil tllat unorucicu Lhdl ac l(l\ iriay l\ d

ordered characters should result in an increase in resolution seems to stem from the
analysis of examples that deal with a single character. For instance, in Fig. 4, a single
multistate character is treated as both unordered [Fig. 4(a)] and ordered [Fig. 4ib].

{a) Unordered
A B C D
state | state 2 state 3 state 4
Consensus of 15 trees (length = 4)
In this case. the hypothesis of polority does
not provide any unombiguous hierarchy,
other than fo argue for the monophyly of
the group A+B+C+D.
,2,30r4
ib) Ordered
A B C D
state | state 2 state 3 state 4

\713
Single most parsimonious tree (length = 4)
2
Hierarchy 1s the direct result of hypothesis
of order

Fig. 4. Example, based on a single character, in which an ordered character (bi results in more resolution
than unordered character tay.
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Fig. 5. Histogram demonstrating the effect of hypothesized character state order on phylogenetic
reconstruction. As the number of staies and taxa increase, the relative constraine on phylogenetic
reconstruction increases {from Mabhcce, 1989a). W, total number of directed trees. [, number consistant with
hypothesis of linear order.

When treated unordered, the only unambiguous statement of relationship, the
monophyly of ABCD, is based on polarity alone. Fifteen equally parsimonious trees are
possible and the consensus tree is completely unresolved. Treating the character as
ordered, however, results in a single, completely resolved tree. The resolution, of course,
1s solely the result of the hypothesis of order. A different hypothesis of order would result
in a different tree.

Mabee (1989a) examined the effect of ordered characters on the number of equally
parsimonious trees. Her conclusion was based on an analysis of a single, linearly-ordered
multistate character. In her study, the number of character states of the multistate
character was equal to the number of taxa and each state was uniquely represented.
Data sets with three, four, five and six character states and taxa were examined. The
number of possible directed trees was compared to the number of trees consistent with
the hypothesis of linear order (Fig. 5). As the number of taxa and states increased, the
proportion of directed trees consistent with the hypothesis of order decreased
dramatically. Based on this, Mabee concluded:

“Ordered character state hypotheses  polarized or unpolarized  restrict the number of equally
parsimonious undirected trees, and consequently, the number of directed trees, because it is

information on order and not polarity that is used in undirected tree construction”. {Mabec,
1989a:153)
Because of the frequency in which multistate characters are encountered, and their

possible effect on phylogenetic studies, it is important to examine quantitatively the
effects that hypotheses of order and unorder can have on tree topology and tree
resolution.

Methods

We examined the validity of the above claims regarding the effect of ordered
characters on phylogenetic reconstruction. While random data sets are a useful tool in
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Table 1
A list of the 27 data sets examined in this study.

Citation Organisms studied Type of data

Sundberg (1983) Nermerteans Morphology
Meylan and Gaffney (1989) Turtes Morphology
Frost and Etheridge (1989} Lizards Morphology
Estes et al. 119881 Lizards Morphology
Bolick (1981 Plants Morphology
Bohick {1983 Plants Morphology
Green (19861 Frogs Karyological
Pregill {In press; Lizards Morphology
Caunnatella and de Quetroz (1989) Lizards Morphology
Ladiges et al. {1989) Plants Morphology
Crother et al. 11986) Lizards Morphology
Kluge {1989; Snakes Morphology and biochemical
Kraus (1988; Salamanders Morphology

de Queiroz (19874 Lizards Morphology
Sokal (1983: Caminalcules N.A. (Imaginary data set:
de Queiroz (1987b; Lizards Morphology
Gilmartin et al. (1989 Plants Morphology
Young {1981 Plants Morphology
Humphries 119813 Plants Morphology
Etheridge and de Queiroz (1988) Lizards Morphology
Drews 11984 Frogs Morphology
Arnold {1989 Lizards Morphology
Presch {1988 Lizards Morphology
Duellman and T'rueb :1986) Salaumanders Morphology
Presch (1980 Lizards Morphology

Les and Sheridan (1990 Plants Morphology
Farris 1968, Fish Morphology

examining many problems in cladistics, we have chosen 27 data sets from the literature
upon which to base our analysis. Most of the data sets utilized morphological characters
and dealt with vertebrates, primarily lizards, although some dealt with invertebrates
and plants (Table 1). The proportion of multistate characters in a given data set ranged
from 8V, to 95%.

The majority of the data sets were run on Farris’s Hennig86 (version 1.5) and
Swoflord’s PAUP [Macintosh version 3.0d). The heuristic and the Branch and Bound
algorithms were used in PAUP, depending on the size of the data set. Some of the data
sets, however, were run only on Hennig86 or PAUP because of difterences in program
performance. For instance, some of the large data sets ‘over 15 taxa) took 10-15 hours to
run on PAUP; Hennig86, however, could analyse the same data set in about 1-3 hours.
Thus, some of the data sets with 15 or more taxa were run on Hennig86 alone. On the
other hand, some of our runs on Hennig86 that dealt with smaller data sets often ran into
memory problems in that the number of equally parsimonious trees often surpassed the
computer’s storage capacity. In these cases, the data sets were analysed by PAUP, which
did not suffer from memory limitations to the same degree as Hennig86.'

Following Presch (1989), we provide the options used in the phylogenetic programs so
as to provide a basis for others to test our results: PAUP {Macintosh version 3.0d)
heuristic method: Addition sequence = random; number of replications = 10: Mulpars

" This limitation of memory is not an attribute of Hennig86 per se but rather a function of the particular
computer and the amount of memory available to the program.
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Table 2
‘Tabulated results of changes in tree measures and tree resolution resulting from treating the data sets from
Table I as ordered and unordered. See text for further explanation.

Characters  Tree length Number Consistency  Resolution
of trees index inumber
nodes

Total  No. Uno Ord Uno Ord Uno Ord Uno Ord

no.  multi

Presch (1988) 88 11 101 103 1 1 0-750 0-750 6 6
Pregill (In press) 38 12 114 121 12 9  0.430 0.410 11 13
Sundberg (1989) 38 7 63 68 3 10 0577 0.357 10 8
Green (1986) 13 3 17 18 1 2 1.000 0.917 3 3
de Qnueiroz (1987a)! 75 6 96 107 3 4 0.850 0.830 4 4
de Queiroz (1987h)* 21 3 27 27 72 12 0.867 0.882 6 5
Etheridge and de Queiroz

(1988) 49 26 305 386 1091+ 1090+ 0.280 0.220 35 23
Frost and Etheridge (1989) 67 11 204 214 288 2044  0.392 0.374 26 20)
Drewes (1984) 24 14 146 184 1005+ 1007+ 0.375 0.300 25 23
Ducliman and Trueb (1986) 30 8 66 76 37 3 0.603 0.519 6 1
Presch (1980) 24 2 58 59 730 194  0.460 0.450 5 7
Estes et al. {1988} 148 20 378 396 8 1 0.440 0.420 14 17
Cannatella and de Queiroz

(1989) 13 8 38 42 870 48  0.630 0.561 9 10
Gilmartin et al. {1989) 20 6 45 35 48 5 0643 0.519 3 5
Arnold (1989) 84 21 284 337 13914+ 13924+ 0.360 0.310 25 29
Young (1981)* 41 19 234 284 1072 37 0.240 0.198 6 13
Humpbhries (1981* 47 5 72 73 30 2 0.646 0.633 6 8
Kraus (1988) 32 8 46 98 25 6 0.833 (800 8 8
Crother ct al. (1986 30 6 41 45 3 3 0.688 0.679 2 2
Ladiges et al. (1989 26 12 72 82 8 11 0.620 0.543 11 10
Kluge (1989) 77 12 133 136 2 4 0.662 0.652 8 7
Sokal (1983)° 106 101 302 345 800+ 800+ 0.640 0.360 533 +2
Bolick (1981) 24 5 37 40 4 3 0759 0.706 7 7
Bolick (1983) 17 4 33 38 18 10 0.636 0.553 7 6
Les and Sheridan (1990) 29 19 139 189 34 1 0.489 0.358 3 24
Meylan and Gaffney (1989) 48 11 88 92 1 9 0663 0.641 14 7
Farris (1968 52 10 165 176 25 66 0.400 0.390 7 9

' Original data set had 95 characters. Autapomorphies were removed to produce 75 characters.

2 Qutgroup recoded: Galapagos iguanas, Jguana and Cyelura were condensed into a single O.T.U. as was
Disposaurus and Brachylophus.

1 Data sct taken for sample data files in PAUP (Macintosh version 3.0a}.

¢ Data set taken from sample data files in PAUP (Macintosh version 3.0a).

*> Pata set recoded by Presch.

in effect; TBR branch swapping; branches with zero length collapsed to form
polytomies. Hennig86: Mhennig* and BB {(heuristic branch swapping).

For each data set, all multistate characters were treated as linearly ordered or
unordered. Because the particular sequence of character state order is rarely provided,
we had no choice but to assume a simple numerical sequence (i.e.0—>1—2-3, etc.).
This assumption is not as precarious as it first seems because the default mode in PAUP
(Macintosh version) and Hennig86 assumes such a linear sequence when a character is
treated as ordered. In spite of this, because our goal is to assess the potential effects of
particular hypotheses of order on phylogenetic reconstruction and not to evaluate an
author’s systematic conclusions, it is not necessary to make our hypotheses of character
state order consistent with those of a published study. Whether or not we used an
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author’s hypotheses of order, our results are still valid. Certain alterations were made to
a few data sets for the sake of simplicity and these are mentioned in Table 2.

The tree length, number of equally parsimonious trees, amount of resolution, number
of multistate characters and consistency index were recorded for each data set (Table
2). We did not determine the number of trees that were common to both the ordered and
unordered runs. Because we compared the results of unordered runs to those that
assumed particular hypotheses of linear order rather than all possible hypotheses of
order, we are actually examining effects of specific, linear hypotheses of order on
phylogenetic reconstruction.

Results

ErFFecT oN REsorLtuTiON

In order to examine the claim by Mickevich {1982) and Mickevich and Weller ( 1990:
that the use of unordered characters may result in unresolved polytomies, a measure of
tree resolution must be utilized. We follow Kraus (1988) and measure the degree of
resolution by counting the number of resolved nodes present in the resultant tree. When
ouly a single equally parsimonious tree is discovered in both ordered and unordered
runs, determining the amount of resolution is straightforward. In almost every data set
we examined, however, at least one of the runs (ordered or unordered) had more than
one final tree. In those cases, resolution was determined by counting the number of
nodes present in the strict consensus tree. We recognize that a consensus tree is not a
phylogeny {Miyamoto, 1985), but rather a statement regarding the topologies common
in all the discovered trees. There were instances in which the amount of resolution in the
individual trees in the ordered and unordered runs was identical, yet the amount of
resolution in the strict consensus trees was different. While the number of nodes in a
consensus tree is, at best, only a rough estimate of tree resolution, we chose this method to
evaluate resolution for two reasons: (1) several of the data sets resulted in a large number
of equally parsimonious trees {over 1000 trees) in both ordered and unordered runs.
Counting the number of nodes in each individual tree would have required the
examination of at least 14 000 trees (see Table 1). While such a method would have been
more accurate, 1t seemed to us impractical. (27 The consensus tree allows one 1o see
which nodes were consistently resolved in all discovered trees. When a particular data
set results in more than one equally parsimonious tree, a consensus tree is usually
published because it represents resolution that is common to all the discovered trees.
Given this, the use of the consensus tree allowed us to measure the amount of
unambiguous resolution present in each data set. It is possible that our measure of
resolution may be affected by problems inherent to the way the algorithm formulates the
consensus tree, such that the amount of resolution common to the individual trees may
not be accurately captured by the consensus tree.

Our results do not support the notion that unordered characters tend to produce
unresolved polytomies while ordered ones are likely to increase resolution. Both ordered
and unordered data sets each produced a greater degree of resolution in 11 cases; in five
cases, there was no difference between treatments (Table 2). This distribution suggests
that the amount of resolution in a cladogram is not dependent on hypotheses of order
and unorder alone, but the interaction of such hypotheses with all the characters in the
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data set. Whether more or less resolution will be achieved cannot necessarily be
determined prior to analysis.

As mentioned parhpr the rpaennn'\ o bhehind th

greater tendency to produce polytomle% stems from examining the behd\lor ot a

idea that

single multistate character. The problem with examples of this type is that they are not
necessarily applicable to phylogenetic studies because most, if not all, published studies
deal with more than one character. When data sets with more than a single character are

Pv)mlnpﬂ 1t s {']P)Y‘ rh_ar h\fnnthf-‘epc nf‘nrHPr can rgcnlt mn nnrpsn]vpd nn]vtnmlec as \Nell.

ks ypPY CSs unrd

In Fig. 6, a simple data set of four characters, one of which s multistate, 1s treated as
ordered and unordered. The multistate character, number three, is depicted as having
two states (0) and 2). The 17 state has been excluded from the figure for the sake of
simplification; the example, however, suffices to illustrate our point. In the unordered

run, an unamblo 10US hypnrhpqm of relations hln is present, with the monnnhv]v oftaxa B
and C being supported by characters two and four. In the ordered run, however, this
unambiguous hypothesis 1s lost because the 0—2 transformation is interpreted as
requiring two individual transformations (0 — | and 1 - 2}. Thus, the character has the
effect of two binary characters. As a result, there is equal support for the monophyly of
taxa A+ B and B+ C, and a polytomy results in the consensus tree. Whether or not
ordered characters will increase or decrease resolution does not depend solely on the
nature of such characters but also on their interaction with other characters in the data

set.

We did not test Mickevich and Weller’s (1990) claim that unordered characters will
result in unstable trees. The fact that minor changes in a data matrix can substantially
alter cladogram topology is not new (Coombs et al., 1981). It seems to us, however, that

the effect on tree topology of adding characters or taxa has more to do with the amount
of character conflict in a given data set than with hypotheses of order and unorder.
Before any truly valid statements can be made on the notion of tree stability,
experimental addit of taxa and characters in ordered and unordered data sets must
be performed. Even lfunordered characters did result in consistently unstable trees, this
instability would not, by itself, be an argument against the use of unordered characters.
A stable cladogram is not necessarily more correct than one that is unstable. The
essential factor is not the stability of an ordered tree, but rather the validity of the criteria
used to order the characters that produce the stability.

Ordered Unordered

A B C A B C

I‘\uB% mC_hTIAIB<|:
:% o= Ch2j0 | |
= / e 222

wzzz Chalo | / -

O .
2| Result: Ambiguous hypothesis Result: Unambiguous hypothesis

of reloﬂonshlps of relationships
Consensus of 2 trees

/ /

Fig. 6. Example in which an ordered character results in an unresolved polytory.
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ORDERED CHARACTERS

Erfect oN TREE NUMBER

We do not argue with the logic of Mabee’s (1989a) example concerning the effect of
ordered characters on phylogenetic reconstruction (see Fig. 4). We point out, however,
that her example illustrates the effect ordered characters have on a data set composed of
a single character. Again, conclusions derived from such a limited data set are not
necessarily applicable to phylogenetic studies that utilize more than one character.

In our study, ordered characters resulted in fewer equally parsimonious trees in 13
data sets, while the unordered characters resulted in fewer trees in only eight (Table 2.,
In two cases, the number of equally parsimonious trees discovered did not vary. In four
data sets, the total number of trees could not be determined because of memory
limitations on Hennig86 and extremely long run times on PAUP. While the ordered
data sets resulted in fewer equally parsimonious trees in the majority of runs, we do not
feel this difference is sufficient to support the idea that ordered characters are more likely
to result in tewer equally parsimonious trees simply by virtue of the hypotheses of order,
As with tree resolution, the effect of ordered characters on tree number is, in part, based
on their interaction with other characters in the data matrix. Given this, the effect of
hypotheses of order and unorder on tree number is difficult to determine in an
exclusively a priori fashion.

In addition to testing effects on tree number and resolution, additional aspects of how
hypothese of order can affect phylogenetic reconstruction were examined, particularly
those dealing with the nature of the changes in tree topology. Specificallv. we
examined whether ordering multistate characters could produce changes in sister-taxa
relationships.

In Fig. 7, cladograms derived from treating a data set {Meylan and Gaffney. 1989
both ordered and unordered illustrate a case in which sister-taxa relationships were
substantially altered. In the ordered run, Hoplochelys is the sister-taxon to a clade
composed of Staurotypus + Kinosternon. In the unordered run, however, the sister-taxon to
Hoplochelys is Emarginachelys, while the Staurotypus + Kinosternon clade is nested in a more
inclusive clade. Changes of this nature, of which we found several examples, are of
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Fig. 7. Consensus tree derived from Meylan and Gaffney (1989) that demonstrates the effect of hypotheses
of order on sister-taxa relationship. Boxes highlight clades in which sister-taxa relationships are different
between the ordered and unordered trees.
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No 25 = Ambiguous

Fig. 8. Example illustrating the effect of ordered characters on polarity. Changes in outgroup topology in
the unordered and ordered trees result in changes in polarity decisions. Character numbers are those
used in the original study. Data from Ladiges et al. (1989).

particular interest to systematists because they can significantly affect the result of
evolutionary studies that rely heavily on sister-taxa relationships (i.e. biogeography, co-
evolution, etc.).

Changes in sister-taxon relationships as a result of hypotheses of order can also affect
character polarities when several outgroups are included in the data matrix. This
method is often employed when relationships among the outgroups is unknown because
it allows for the most globally parsimonious arrangement of the outgroups with respect
to the ingroup (Maddison et al., 1984). Changes in character polarity can occur when
hypotheses of order result in changes in topology between the outgroups, as was seen in
our analysis of the data from Ladiges ct al. (1989). Treating all multistate characters as
unordered [Fig. 8(a}] results in a different outgroup topology than when all multistate
characters are treated as ordered [Fig. 8(b)]. As a result, the polarity of two characters
{Nos 10 and 24) changed from ambiguous to decisive while another (No. 23) changed
from decisive to ambiguous. While no character underwent a reversal in polarity in this
particular data set, one can easily imagine situations involving three or more outgroups
in which character polarities could be reversed depending on how the multistate
characters were treated.

Up 1o now, we have examined the effects of hypotheses of order on phylogenetic
reconstruction when all multistate characters in a data matrix were treated as ordered or
unordered. However, treating only a portion of the multistate characters in any given
matrix as ordered or unordered can result in changes in tree topology and tree measures
that are more or less dramatic than those seen when all characters are treated in a
singular manner. In one data set (Frost and Etheridge, 1989), the number of equally
parsimonious trees ranged from 36 to over 4000 depending on which multistate
characters were ordered. Dramatic changes in tree topology resulted as well, including
the loss of monophyly for some groups.

Discussion

A variety of criteria can be used to determine the evolutionary relationships between
the states of a multistate character. Our attempt to categorize these criteria was
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hampered by the singular fact that, in the vast majority of studies examined, no explicit
discussion was provided regarding the criteria used to determine character state order.
In addition, only a few studies explicitly mentioned what the specific hypothesis ot
character state order was (l.e. 0162 or 1 240, etc.), the remaining studies
indicating only that a character was ordered. Despite this, we briefly discuss some of the
criteria that have been advocated to determine character state order. Our list, however,
is by no means exhaustive. Mickevich and Weller 11990) examine some criteria not dealt
with in this paper and the reader is referred to their study for additional discussion.

TRENDS

Patterns of evolutionary change, such as patterns of digit loss, change in body size 1¢.g.
Cope’s Rule), etc., seen in other taxa can be used to determine character state
relationships in the group under study. Ideally, the relevant trend would be based on a
rigorous cladistic study of closely related groups as this would offer some assurance that
the trend 1s phylogenetically valid. The fundamental problem with this approach is that
it assumes some homogeneity in pattern production: patterns found in one group are
likely to be found in a closely related group. This seems a rather dubious claim to make
prior to a cladistic analysis.

ONTOGENY

Most of the recent discussions involving ontogeny and systematics have focused on the
use of ontogeny to determine character polarity. Hailed as a ““direct” method of polarity
inference, its advocates have claimed thatitdoes not suffer from the central problem that
plagues the outgroup criterion, namely, the need for some a priori knowledge of
relationships. While the use of the ontogenetic method is supported by some ( Nelson,
1978. 1985: Nelson and Platnick, 1981; Rosen, 1982: Kraus, 1988; Wheeler, 1990 .
others have pointed out the theoretical problems associated with this method | Alberch,
1985; Brooks and Wiley, 1985; de Queiroz, 1985; Kluge, 1985; Kluge and Strauss, 1985:
Mabee, 1989a,h; Wake, 1989). Although others have discussed the problems
associated with the use of ontogeny to order character states { Mabee, 1989a1. it is useful
to discuss briefly the arguments pertinent to this issue.

Any use of ontogeny in phylogenetic reconstruction, and thus hypotheses of character
state order, rests upon certain assumptions regarding the nature of ontogeny see
Alberch, 1985). In general, the use of ontogeny to polarize or order character states
assumes that ontogenetic transformations are somehow reflective of phylogeny to the
degree that the transformations can provide phylogenetic information in isolation of
other forms of evidence. To this end, acceptance of some degree of recapitulation
{Haeckelian or von Baerian) is necessary (Wake and Roth, 1989; Mabee, 1989h,.

There is not a single “‘ontogenetic method” utilized by systematists. Some utilize a
strictly traditional Haeckelian approach and assume that the ontogeny of a given
character is altered at the terminal end; thus, the ontogenetic transformation and the
phylogenetic history of the character are identical (i.e. ontogeny recapitulates
phylogeny). Perhaps more common is the use of Nelson’s Law, which states {Nelson,

1978:327):

“given an ontogenetic character transformation, from a character observed to be more general o a
character observed to be less general, the more general character is primitive and the less general
advanced™.
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Inaccurate hypothesis of order using assumption

thot ontogeny is altered one step ot a time. Under

this assumption, state 2 is interpreted as more
primitive than state 3
Fig. 9. Examplc in which the simuitaneous cvolution of two ontogenetic states icads to a misicading
hypothesis of character state order. The transformation scries (h} is not an accurate representation of the
actual evolutionary history of the character states ia).

Nelson’s version is restricted to those cases in which the ontogeny proceeds from more
general to less general and is essentially von Baerian in nature. De Queiroz {1985)
introduced a slightly different version of the ontogenetic method that differs from both

the Haeckelian and Nelson version in that the ontogenetic sequence is considered
nt (de Queiroz, 1985:289):

02, 1I38J. 84007

“given that ancestral characters are retained in descendent ontogenies, ancestral characters are more

general than derived characiers™

The central problem with all of the above mentioned criteria is that, because it
appears that ontogeny can be altered at almost any point, certain alterations can
confound any attempt to use ontogeny to order character states. For instance, de
Queiroz (1985) and Mabee (1989a) pointed out that any change in an ontogenetic
sequence that involves the simultaneous addition or deletion of more than one state
would result in an inaccurate hypothesis of order. In Fig. 9(a), an ontogenetic sequence
is arranged in its proper evolutionary sequence (let us assume we know for certain what
the evolutionary sequence was). In taxon B, states 2 and 3 originated simultaneously; in
taxon C, state 3 is lost by paedomorphosis. In Fig. 9(b}, the sequence is arranged in
accordance with the assumptions inherent in all the ontogenetic methods discussed
above. The result is an hypothesis of order that fails to reflect the simultaneous
occurrence of states 2 and 3, instead forcing the latter state to evolve from the former.

If one accepts the notion that ontogeny can be divided into discrete states that are
hierarchical in nature, the problem of determining whether a given ontogeny was
aliered terminally, non-terminally, or whether two or more states within a sequence
were modified simultaneously still remains. We feel the most appropriate way to
determine the answer to these questions is to interpret the evolution of ontogenetic
transformations from a cladogram (O’Grady, 1985). In this way, all the character
mformatlon in the data matrlx can be brought to bedr on the problem. Treating
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best viewed as characters themselves whose evolutionary history is determined by a

cladogram (de Queiroz, 1985; Wake, 1989; Mabec, 1989a,b; Wake and Roth, 1989

SIMILARITY

The most common criterion used to order the states of a transformation series appears
to be similarity, based on gross morphology, between the derived states. This is also
known as morphocline analysis. This criterion is particularly amenable to meristic and
morphometric characters (see Farris, 1990 for discussion on the use of morphometric
characters in phylogenetic analyses). It is common practice for character states to be
arranged in a manner suggested by Maslin {1952), in which the amount of
morphological change between states is minimized. For example, if a multistate
character characterized various lengths of a bone. the states would be arranged small &
intermediate «> large. In other words, it is assumed that the states that are most similar
morphologically share a closer evolutionary relationship to each other than to some less
similar state (i.e. phenotypic intermediacy equals phylogenetic intermediacy’. While
this concept makes some intuitive sense, it operates under the assumption that the
process responsible for the character state change is phyletic gradualism (Mabee,
1889a; - a punctuated change in character state evolution is ruled out. The validity of
assuming a purely gradual mode of evolution, however, has been questioned (Fldredge
and Gould, 1972; Stanley, 1979; Wiley and Brooks, 1982; Brooks and Wiley, 1986.
While both gradual and punctuated modes of evolutionary change have undoubtedly
occurred, it seems unwarranted to restrict the interpretation of data to one or the other
processes in the absence of phylogenetic information. It has been argued that ordering
characters by overall similarity is more parsimonious in that it requires the fewest
evolutionary steps (Kemp, 1988). As Mabee (1989a) correctly points out, however.
parsimony provides no justification for such a position in the absence of phylogenetic
information. The a priori ordering of a transtormation series requires reference to a
particular evolutionary process.

Non-phylogenetic information also has bearing on this issue. In situations where the
states of a multistate character could be produced via heterochrony, such as in the bone
example above, current knowledge of development does not support the ordering of the
states on the basis of similarity. Bone length can be altered via a differential change in the
timing of bone growth onset or offset, as well as by altering the rate at which the bone
grows. A hone can stop growing at almost any time after a certain critical point, and can
grow at a variety of rates. There is no reason to assume, in the absence of phvlogenetic
information, that the rate or duration of bone growth is altered in a manner that
produces successively longer or shorter states. It seems apparent that the proper
interpretation of any heterochronic change requires phylogenetic information « Fink.

1982, 1988.

TRANSFORMATION SERIES ANALYSIS

TSA is described as an iterative procedure that seeks to determine the best corroborated
character state tree by means of reciprocal illumination with the cladogram (Mickevich,
1982). As such, it does not make assumptions regarding any particular process of
cvolutionary change. Recently, several authors have argued that this method is the most
appropriate for determining character state order (Michevich and Weller, 1990;
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Lipscomb, 1990; Pogue and Mickevich, 1990;. While we agree with TSA’s basic
premise, that transformation series should reflect the hierarchy of the cladogram, we
make the following observations. First, the topology of the initial tree can affect the
results of TSA (Mickevich and Weller, 1990). Therefore, if the data set of the initial tree
contains multistate characters, the decision of how to treat these characters must still be
made. Second, and most important, it is impossible to perform TSA on an unordered
tree. The iterative aspect of TSA is the result of initial hypotheses of order being talsitied
by the resulting cladogram. When the individual transformation series derived from the
resulting cladogram (i.e. cladogram characters) differ from those used inmitially to
construct the tree, the initial transformation series are replaced with the cladogram
characters. This process continues until all transtormation series used in the construction
of the tree are identical to the cladogram characters. However, when multistate
characters are treated as unordered, there is no initial hypothesis of transformation 1o be
falsified because the hierarchy of the tree determines the transformation series. Given
this, one would assume that TSA would converge on the same cladogram(s) produced
by an unordered data set. We analysed the data set from Lipscomb 11990} and found
that the unordered tree is, in fact, identical to the TSA tree. Pogue and Mickevich {19901,
however, report significantly different results between TSA and what they refer 1o as
the “‘unordered outgroup method™. That TSA and unordering should produce different
trees is puzzling. A thorough comparison of trees derived from TSA and unordering
would shed light on this problem.

The fact that hypotheses of order and unorder can have dramatic effects on tree
topology and/or tree measures prompts some important questions: (1) how should
multistate characters be treated; and (2) how does one choose between the ordered and
unordered trees” Below, we discuss some measures that are, in our opinion, not reliable
criteria for choosing between ordered and unordered trees. Subsequently, we will discuss
the validity of ordering multistate characters.

ConsisTENCY INDEX

Mickevich (1982) measured the ‘goodness™ of the TSA method by comparing the CI of
both the resultant tree and the multistate characters of the TSA tree and the Wagner
tree. Because TSA resulted in a higher CI for both of the tree itself and
the individual multistate characters, it was judged to be a superior method.

If one uses this criterion to choose between ordered and unordered trees, the decision
appears to be straightforward: in every data set but one in which the hypotheses of order
and unorder resulted in different tree topologies, the unordered trees as well as those
multistate characters that exhibit a non-sequential character state change, had a higher
consistency index. Part of the reason for this lies in fact that ordered multistate characters
that undergo a non-sequential character state change exhibit homoplasy in the
intermediate states, which results in a lower CI for the whole tree. Changes in tree
topology, however, can also affect the distribution, and thus the CI, of other characters
in the data set as well. It is therefore possible for an ordered tree to have a higher overall
CI if the distribution of several other characters is altered in such a way that the overall
amount of homoplasy is decreased. Only one of our data sets exhibited this condition (de
Queiroz, 1987h).

We do not advocate the use of the consistency index in choosing between an ordered
and unordered tree simply because the different assumptions inherent in hypotheses of
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order and unorder render the data sets themselves fundamentally different. In addition,
the use of the consistency index to determine confidence in a particular phylogenetic
hvpothesis has been criticized (Archie, 1989; Sanderson and Donoghue, 1989i. Above
all, the variation seen in the CI, or any other homoplasy index, is not the pertinent
issue -what must be addressed is the validity of the hypotheses that produced the
variation.

TREE LLENGTH

[f the length is argued to be a viable criterion to choose between unordered and
ordered trees, the choice in most cases would be straightforward: the unordered tree was
always shortestin every data set but one examined in this study, even when no change in
tree topology occurred. Due to the manner in which the distance between character
states 1s defined in current phylogenetic computer programs, an ordered tree can be of
equal or greater length than an unordered tree, but never shorter. However. we agree
with Mickevich and Weller (1990 that tree length is not a reliable measure for
determining which tree s a more accurate portrayal of phylogenetic history. One
reason, mentioned earlier, is that hypothesis of order and unorder render the data sets
intrinsically different. More significantly, tree length is not necessarily altered solely by
non-sequential changes in character state transformation. Tree length could also be
affected by altering patterns of homoplasy in other characters as a result of a change in
tree topology. As such, characters other than those ordered may be forced to undergo
maore or less character state changes than in the unordered tree.

REsoLuTION

It is tempting to choose the set of trees with the most resolution, perhaps hecause
publishing a final cladogram that is essentially unresolved is somewhat anticlimactic.
When choosing between trees on the basis of resolution, however, it is imperative that the
source of the resolution be identified and discussed. I an ordered tree is chosen because it
exhibits a greater degree of resolution in comparison to an unordered tree, the validity of
the added resolution is directly proportional to the validity of the criteria used to
determine character state order. As was pointed out earlier, it is often impossible to assess
this validity because no explicit mention is usally made regarding the criteria utilized.

SHouLp MULTISTATE CHARACTERS BE ORDERED?

When the preponderance of the evidence (i.e. the distribution of other, presumably
independent, characters) argues for a tree topology that is consistent with all the a prior
hypotheses of character state order, there is no change in tree topology. consistency
index, tree number or tree length. In such cases, there is no reason to choose between the
ordered and unordered runs. Changes in tree topology and other tree measures results
only when some or all of the investigators a priori hypotheses of character state order are
consistent with the tree topology as determined by the entire data set. In such a case, u
non-sequential character state transformation is required (e.g. 0 & 2) somewhere in the
cladogram. When a multstate character is forced to undergo a non-sequential
transformation, the hypotheses of order results in the differential weighting of that
character, a practice that is very controversial (see Wheeler, 1986; Neff, 1986; Sharkey,
1989; Bryant, 1989 for discussions). This can be demonstrated with a simple exampie
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Fig. 10. Example of differental weighting caused by non-sequential transformation in an ordered
character. Because of hypothesis of order, a change from 0— 3 requires three steps. Thus, G and H are sister-
taxa despite the presence of two characters that argue for the monophyly of ¥ and G. Numbers in parentheses
correspond to character states present in the taxa.

(Fig. 10). In the cladogram, the monophyly of the group G 4+ H is supported by state
three of character one. However, two binary characters support a sister-group
relationship of F + G. Because character one is ordered, it is assumed that the actual
evolutionary transformation is 0 —» 1, 1 -2, and finally 2—- 3. Thus, there are three
character transformations supporting the monophyly of the group G+ H. The two
binary characters that argue for the monophyly of F 4+ G are seen as homoplastic. If one
unorders the multistate character, the transformation 0+ 3 is seen as a single step and
would be interpreted as homoplastic and the monophyly of F + G would be supported.
Depending on the number of intermediate steps involved, a multistate character can be
equivalent to a single-state change (a change between neighboring states) or several
state changes. In some cases, the differential weighting will not be sufficient to change
tree topology becausc of the presence of other characters. In this c¢vent, only tree
measures (tree length, consistency index and possibly tree number; will be affected.

In cases where the investigator’s hypothesis of character state order 1s not supported
by the cladogram, a common argument is that there exists as yet undiscovered taxa
(extinct or extant) that possess the intermediate state(s) and thus support the hypothesis
of order. The invention of non-existent taxa, however, is not a convincing argument.
Until such taxa are discovered, if they ever are, it is best to argue from known data.

If the consistency index, tree length, tree number and amount of resolution do not
provide a basis to choose between trees derived from ordered and unordered data sets,
how then does one choose between the competing hypotheses of phylogeny? Our first
observation on this question is that we find 1t difficult to accept the validity of any
criterion that assumes specific knowledge of character state evolution in the absence of
any phylogenetic information. Because both hypotheses of order and unorder make
strong assumptions about the evolutionary process, an argument could be made that
both hypotheses have equal merit. The fundamental question, however, is not whether
assumptions are involved in a given hypothesis but how those assumptions are to be
falsified. Once an answer to this question is formulated, a more appropriate method of



ORDERED CHARACTERS 261

determining character evolution can be developed. We believe the most legitimate
criterion that can be used to test the validity of, and thus potentially falsify, a particular
hypothesis of order is the cladogram itself. Because hypotheses of order and unorder are
phylogenetic hypotheses, a legitimate. and perhaps the best, falsifier of a given
hypothesis of character phylogeny is a cladogram formed from presumably independent
characters (i.e. character congruence). This principle, to various extents, has heen
suggested by others (Lauder, 1981, 1990; Mickevich and Weller, 1990; Pogue and
Mickevich, 1990). At first, our reasoning may appear circular: cladograms are formed
from character transformations, which are, in turn, determined by the cladogram. As
we have pointed out, however, cladograms formed from ordered characters do not
always support the hypotheses of order. The use of a phylogeny to re-examine character
evolution 1s not necessarily circular, it is iterative. For example, homoplasy is seen as a
real evolutionary phenomena on the basis that there is no reason that reversal.
convergence and parallelism cannot occur given our current concept of evolution. The
reality of a homoplastic event is not made « priori in the absence of phylogenetic
information, but rather is determined by corroboration of other independent characters
and is manifested in the final tree(s). If: (1) hypotheses of character state order resultin a
different tree topology (compared to hypotheses of unorder) only when the cladogram’s
hierarchy argues against the a priori hypotheses of order; and (2) an appeal 0 a
cladogram based on all the characters in a data set is the most robust wayv to determine
character state order, then one comes to the following conclusion: The ordering of character
states in an a priort fashion is inappropriate in phvlogenetic systematics. This conclusion is
applicable within the context of the methods discussed earlier that are used to construct
a transformation series. It does not constitute a blanket statement concerning other
methods that might be advocated, the validity of which must be determined in a case-
specific manner. In general, however, we feel that any method that assumes a particular
evolutionary process should not be used to order character states—-the evolutionary
relationships between character states, and the evolutionary processes that are
compatible with those relationships, are not assumptions to be made but rather
questions to be asked.

I, despite our argument, an investigator decides to order a given multistate character,
itis imperative that an explicit discussion is provided explaining how the character state
order was determined, and what the character state orderis. 1t is not sufficient simply 1o
state that a character is ordered. In the case of a five-state character, there are numerous
possible hypotheses of character state order: failure to indicate which hypothesis was
chosen makes it difficult for others to replicate the final tree. The cladogram in which all
characters are treated as unordered should be presented as well so that it can be clearly
seen where the tree resolution has been gained or lost and thus which sister-taxa
relationships, and the evolutionary scenarios {biogeography, co-evolution. cte.i based
on them. are the sole result of the hypotheses of order.

Conclusion

In recent years, interest in character evolution has increased. Understanding the
evolutionary history of a particular character, or a subset of characters, is often necessary
for examining and testing hypotheses of co-evolution {Brooks and Bandoni, 1988,
adaptation (Ridley, 1983; Coddington, 1988: Donoghue. 1989), functional morphology
(Lauder, 1981, 1990; Schaefer and Lauder, 1986; Gatesy, 1990), behavior { Dobson,
1985) and many others. Clearly, a proper understanding of character evolution is a
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powerful tool in many types of evolutionary studies. The question of how to treat
multistate characters is not a trivial one  such alterations can dramatically affecr our
concept of character evolution.

Hypotheses of order and unorder are specific statements, usually made in the absence
of phylogenetic information, about the evolutionary relationships between the states of'a
multistate character. Hypotheses of order are more restrictive than those of unorder and
generally define the distance between non-neighboring states as more than a single step.
Numerous criteria have been used to determine hypotheses of order, such as
evolutionary trends, ontogenetic transformations, similarity and TSA. Most ot these
criteria assume a particular evolutionary process and then interpret character evolution
in that light. Ordered characters are often perceived as being more informative and
likely to produce greater resolution and fewer equally pammomous trees. Unordered

characters have heen nerceived as “‘phvlogenetic indifference™ and likelv to produce
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poor resclution and more equally parsimonious trees.

Our analysis of 27 data sets indicates that the manner in which ordered or unordered
characters alter tree number and resolution is determined by the nature of the entire
data set. Both ordered and unordered characters can potentially lead to: (1) more or less

an increase or decrease in tree resoly [i(m' (3) altered
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equally parsimonious trees; (2)
equally parsimon 10Us trees; (<)

polarity decisions; and (4) changes in sister-taxa relationships.

If one accepts that the most reliable criterion for determining the evolutionary
sequence of a multistate character is the cladogram itself (1.e. congruence with other,
presumablv mdependem Chamcters then hypotheses of ordcr are unnecessary. If an

3 ng a multistate character, an ex '
provided C‘(plammg why a particular hypothesis of character state order was chosen.
This allows others to assess the validity of the hypothesis of order and the resulting
change in tree topology and/or tree measures. In addition, a comparison should be made
between the unordered and ordered tree with the explicit aim oflsolatmg the chdnge sin
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