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dbsfrac~ 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 dtalt 

with. Particularly interesting is the question of whether or not multistate characters should bc trcatcd 

as ordered (additive) or unordered (non-additive). In accepting a particular hypothesis of ordrr, 

numerous others are necessarily rejected. We review some ofthe criteria oftrn used to order character 

states and the underlying assumptions inherent in these criteria. 

The effects that ordered multistate characters can have on phylogrnetic reconstruction arc 

rxamined using 27 data sets. It has been suggested that hypotheses of character state order arc morr 

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 01 

less equally parsimonious trees and can increase, decrease or havr no effect on tree resolution. ‘fhc 

rfitirt on trer rrsolution can bc a simple gain in resolution or a dramatic change in sister-tax.1 

relationships. In cases where several outgroups are included in the data matrix, hypotheses oforder can 

c,hangc character polarities by altering outgroup topology. Ordered characters result in a diffcrtnt 

topology from unordered chararters only when the hierarchy of the cladogram disagrees with thr 

investigator‘s a priori hypothesis of order. If thr best criterion for assessing rharartcr cvolutirm i\ 

congruemc with other characters. the practice ofordcrimg multistate characters is indpproprirltr. 

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 fbstered 

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 (Net!; 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 

contro\‘ersy centers on whether multistate characters should be ordered or unordered. 

Brcause of the commonality of multistate characters, the decision of how to treat such 

characters is far from trivial. Some of the theoretical aspects of’ this question, and its 

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 charac.trrs and 

cxamina the effects that ordered characters can have on phylogenetic rPconstruc.tion 

through the examination of 27 data sets. 

’ Prcscnt addrrss: Department ofBiology, Univrrsity of I’t~nnaylvania. Philadelphia. Permsyl\ania 1!1101. 

L’.S.;1. 
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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 

characters to be treated as ordered, partially ordered (by means of a step matrix or 

various other coding methods) or unordered. Mabee ( 1989a) lists three types ofordered 

character state hypotheses (Fig. 1): reticulate, branched, and the most common f&m, 

linear. The branched and reticulate forms impose only a partial ordering; a linear form 

imposes total ordering. 

In its various forms, an ordered multistate character, optimized 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 

among the character states. It is a restrictive statement that excludes all other possible 

hypotheses ofcharacter state order [Fig. 2(aj]. The number ofalternative 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 b) 

Fitch parsimony and b&d on the Fitch minimum mutation model (Fitch, 197 1 j, is also 

a specific statement about the evolutionary relationships between the individual 

character states as well as the distances between those states. It is, 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 statr 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 srqurncc while 

hypotheses of unorder assume all possible character state trees are equally like]>-. 

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: i 1) presence or absence of structure 

A-B-C-D 

Linear 

C-D C D 

A A 

Reticulate Branched 

Fig. I. ‘I‘hrcc types of ordered charactrrs (from Mabrr, 1989a1. 
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(a) Ordered ( = Additwe) 

Selected hypothesis af order AlternatIve hypotheses of order 

chosen opriort on the basis rejected by investlgotor 

of some criterion 

I step 

I I 
o-)1+2 

I J 

2 steps 

2-tO-wI 

o-2+1 

(b) Unordered ( = Non-additive) 

All possible hypotheses of order 

equally likely 

I\; and 12) structure A large or small. One way these two characters can he depicted in 

multistate form is “structure A absent t* small t* 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 binary or 

unordered forms. In Fig. 3(a), the character state changes of the non-additive hinar) 

form are depicted on a hypothetical cladogram. ?Jote that only two steps are required 

regardless of whether the initial change in structure I\ is “large” or “small”. The same 

number of steps results when the binary characters are recoded as an unordered 

multistate character. The nature ofboth the non-additive binary and unordered codine;s 

make no restrictions on the sequence of structure A’s size; an absent cf lar,qe 

transformation is equally parsimonious as an absent ~1 small one. If the multistate form 

is ordered linearly (0~ 1 -2), however, a specific assumption is made regarding the 

sequence of the derived states that results in an additional character state change [Fix. 

3(b) 1. Treating the character in additive binary fbrm would result in the same number 01’ 

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 IO an 

ordered multistate character. 

There has been some confusion regarding the meaning of the term “unordered” 

iMick~vich and Welter, 1990: 146): 

“Further. ‘unordrred’ is a misnomer, becausr the states [of a multistatr charartrrl must lx ordrrcd Ir, 

IN* used in a phylogenetic analysis, and this method dws 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 multistatt 



t (b) 

Non-&he bmory. 
I. 0-I 
Unordered 0 * 2 

Ordered. 0 - I 
l-2 

Emory form: 
I: (0) Absent (1) Present 
2: (0) Small (I) Large 

Multistote form 
(0) Absent (1) Small (2) Lorge 

Fig. 3. Example illustrating the difference between ordered multistate and non-additive binary characters. 
Treating the above transformation series as non-additive or unordered ia) results in two character $tatv 

changes. Anordered (oradditivr binary] trtatment rrsultsin anadditional rharartrrstatc transformation (b!. 

characters must be ordered to be processed by current phylogenetic programs implies 

that the algorithms require that the distance between non-neighboring states be more 

than one step. The evidence against this isprimaJ&ie, as the programs run perfectly well 

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 cladogramis). This statement can be made about any- 

character, be it binary or multistate, ordered or unordered. It does not alter the fact that 

hypotheses oforder and unorder define the distance between character states in dift‘erent 

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 oforder pertain 

to the relationships among all the states, polarity is simply the recognition ofwhich 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 multtstate characters because all binary characters, by definition, have only a 

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). 

HYPOTHESES OF ORDER AND PHYLOCENETIC RECONSTRUCTION 

There is not a large literature on the effect of hypotheses of order (or unorder) on 

phylogenetic reconstruction. Much of the recent work focuses on various methods of 

coding multistate characters (O’Grady and Deets, 1987; Goldman, 1988, 1989; Farris, 
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1990). Only a few studies have addressed the relative merits of ordered characters 

(Meacham, 1984,1986; Mickevich, 1982) and the question ofhow such characters af&ct 

phylogenetic reconstruction (Mabee, 1989a; Mirkevich and Weller, 1990). Micke\Ach 

(1982: 467) made the following statement re,qardin,q the relative merits of thv two 

character types: 

“,Idditiw features distinguish groups of taxa and their interrrlationships without the ;tid 111 thr 

(~ladogram. or information offered by other features. ‘l’hc non-additive character,, where all \tatc’\ 
arc equally related. sug,qests that each pair oftaxa can br qua11y closely related. Compared to prwibk 

altcrnati\r characters, this statrment of taxonomic relationship is the rqui\alent of indifkremc”. 

More recently, nlickevich and IVeller i 1990: 164~ made a similar remark: 

“Yjing thr Fitch minimum mutations mod4 [i.c. unordrrcd] fc)r all tharactcrs may lead to other 

pl-oblem\. First, the tree may have polytomies because tht ir&rmation availablc for trw construction i\ 

simply that the tasa possessing these state5 are differrot l’hr rrcond concern is that thr twt’ will Ix 

unstablr. ‘I‘hr addition ofncw taxa or characters can and probably will result in large rcarrangrmr~t\ 

ofcladeh. For simple. small data sets with low homoplasy. admittrdly, rearrangement will rarrl\ br A 

problem. I~IJWCVC~, tirr large numbers of taxa, charactrry. .md ( harartrr state\ with som~~ h~unopl,t\\. 

thi\ i\ ,i wriou\ consideration against using this approach”. 

The implication that unordered characters may lead to unresolved polytomiez and 

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 singlt 

multistate character is treated as both unordered [Fig. 41a)] and ordrred [Fig. -I I)! 1, 

(0) Unordered 

c 

state I 
B 

state 2 

C D 

state 3 State 4 

I/ Consensus of 15 trees (length = 4 i 

I/ 
the group AfBtCtD 

In this case. the hypothesis of polarity does 
not prowde any unambiguous hlerafchy, 
other than to argue for the monophyly of 

(b) 

A 

state I 

0 fc 1,2,3 or4 

Ordered 

B C D 

state 2 state 3 state 4 

4 

Single mOSt parslmonlous tree (length = 4) 

Hlerorchy IS the direct result of hypothesis 
of order 

Fig. 4. kkamplc, based on a single character, in which an Irdcrrd character f bl results in mow rt.\olution 

thnn unordrrcd character la 8. 
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Fig. 5, Histog-ram demonstrating the vffkt of hyputhnizrd charactrr atatr ordrr on phyloguwtic 

reconstruction. As thr number of statrs and tasa incrrasr, thr relatix e constraint on phylogwrtic 

reconstruction inrrcasrs (from Alahcr. 1989a ). n , total number ofdirrctcd trees. 0. numhcr consistant with 

hypothesis of tinrar order. 

LYhen treated unordered, the only unambiguous statement of relationship, the 

monophyly ofABCD, 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, ofcourse, 

is solely the result ofthe hypothesis oforder. A different hypothesis oforder 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 ofa 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: 

“Ordrrrd charactrr state h!,pothcscs polarizcd or unpntarizcd rrstrict the number of cquall) 

parsimonious undirectrd trrrs. and consequcntty, thy numhu of dirrctrd trws, hccausc it is 

information WI urder and nut polarit) that is used in undirectrd trre construction”. ~Mahcv. 

1989a: 1531 

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 

Sundbrrg ! 1989) 
.Meylan and GafTncy (19891 
Frost and Etheridge / 1989: 
Estrs et al. ( 19881 
Bolick (1981 
Bolick 1% 1983 
C;reen ,I9861 
Pregill (In press 1 
Cartnatdla and de Queiroz (1989) 
Ladiges et al. ; 1989) 
Gothrr ct al. I 19861 
Klugc (19891 
Kraus I 1988 : 
de Queiroz (1987a! 
Sokal f 1983 
dc Queiroz ! 1987b; 
Gilmartin et A. ( 1989 j 
Young i 1981 I 
Humphries c 1981) 
Ltheridgr and de Queiroz (1988) 
Drew , I984 : 
Arnold i I98!) 
Presch i 1988 
Durllman and ‘1 rueh : 19861 
Prcsch ,I980 
1,~s and .Shvridan / 1990) 
l-‘al ris 1968, 

Organisms studied 

Nrrmertr,ms 
Turtles 
Lizards 
Lizards 
Plants 
Plants 
Frogs 
Lizards 
Lizards 
Plants 
Lizards 
Snakes 
Salamanders 
Lizards 
Caminalcules 
Lizards 
Plants 
Plants 
Plants 
Lizards 
FJoy, 
Lizards 
1,izards 
Salamanders 
Lizards 
Plants 
Fish 

Type of data 

Morphology 
%4orphology 
.Morphology 
Morphology 
Morphology 
Morphology 
E;aryologiral 
Morphology 
Morphology 
X4orphology 
Morphology 
%lorphology and biwhtnnc ‘11 
Morphology~ 
Morphology 
N.A. ( Imaginary data set’ 
Morphology 
.Ilorphology 
.\lorphology 
X4orphology 
14orphology 
SIorpholog\ 
%,rphology 
Vorphology 
Slorphdog) 
Morpho1oq) 
Morpholog) 
Morpholoq 

examining many problems in clad&tics, we have chosen 27 data sets from the litrraturc 

upon which to base our analysis. Most ofthe data sets utilized morphological characters 

and dealt with vertebrates, primarily lizards, although some dealt with invertebrates 

and plants (l‘able 1). The proportion of multistate characters in a given data set ranged 

from 8”,, to 95”,,. 

The majority of the data sets were run on Farris’s Hennig86 (version 1.51 and 

Swofford’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 ofthc data 

sets, however, were run only on Hennig86 or P.4UP because of differences in program 

performance. For instance, some of the large data sets over 15 taxa) took lo-15 hours to 

run on PAUP; Hennig86, however, could analyse the same data set in about l-3 hours. 
Thus, some’ of the data sets with 15 or more taxa were run on Hennig86 alone. On thr 

other hand, some ofour runs on Hennig86 that dealt with smaller data sets often ran into 

memory problems in that the number ofequally parsimonious trees often surpassed the 

computer’s storage capacity. In these cases, the data sets were analysed by P,4L’P, 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 i;llacintosh version 3.Odi 

heuristic method: Addition sequence = random; number of replications = IO: 1Julpars 

’ This limitation of memory is not an attribute ofHennig86 prr se hut rather a function of the prtrtic.nl.ct 
t omputcr and the amount of memory available to the prqram. 



‘l‘otal 
nn. 

Prcsch (1988) 
Pregill (In press) 
Sundbcrg (1989) 
Green (1986) 
dr Quciroz (1987a) ’ 
de Quriroz (1987hjJ 
Etheridge and de Queiroz 

I 1988) 
Frost and Etheridge f 19891 
Drcwcs ( 1984) 
Ducllman and l‘rurb (1986) 
Presch (1980j 
Estcs et al. i 1988, 
Cannatclla attd dc Quciroz 

( 1989) 
Gilmartin et al. I 1989) 
Arnold ( 1989) 
Young (198W 
Humphrirs f 198 I I* 
Kraus i 1988) 
Crothrr ct al. , 1986) 
Ladiges et al. t 1989) 
Kluge f 1989) 
Sokal ( 1983 I’ 
Bolick c 198 I ! 
Bolick (1983) 
Les and Sheridan (1990) 
Meylan and Gaffney ( 19891 
Harris (19681 

88 I1 101 103 1 1 0.750 0.750 
38 12 114 I21 12 9 0.430 0.410 
38 7 63 68 5 10 0.577 O..i57 
I3 3 17 18 1 2 I.000 0.917 
75 6 96 lU7 3 4 0.850 0.830 
21 3 27 27 72 12 0.867 0.882 

49 2ti 305 386 1091+ IO90+ 0.280 0.220 
67 11 204 214 288 2 044 0.392 0.374 
24 14 146 184 I OO5+ IO07f 0.375 0.300 
30 8 66 iti 37 :3 0.603 0.519 
24 2 58 59 750 I94 0.460 0.450 

148 20 378 396 8 1 0.440 0.420 

13 
20 
84 
-II 
47 
32 
30 
26 
77 

IO6 
24 
17 
29 
48 
52 

8 
6 

21 
19 

; 
6 

12 
I2 

101 
5 
4 

I9 
I1 
IO 

38 4’2 870 48 0.630 0.5hl 
45 55 48 - 0.643 0.519 

284 337 1391t 139;+ 0.360 0.310 
234 284 1072 37 0.240 0.198 

72 73 30 2 0.646 0.633 
46 98 25 6 0.833 (I.800 
41 45 3 3 0.688 0.679 
72 82 8 11 0.620 U.343 

133 136 2 4 0.662 0.652 
302 345 800 + 800 + 0.64U cl.560 

37 40 4 3 0.759 0.7136 
33 38 I8 10 0.636 0.553 

139 189 34 I 0.489 0.358 
88 92 I Y 0.663 0.641 

165 176 25 66 0.400 0.390 

11 
10 

35 
2ti 
25 

14 

25 

6 

8 

1; 
8 

53 

14 

’ Original data set had 95 characters. Autapomorphirs wcrr rrmovcd to product 75 characters. 
j Outgroup rrcoded: Galapagos iguanas, [quana and C;wlurtl wcrc condcnscd into a Gnqlc Cl.‘1 .C. as was 

Disprauru.~ and Bmc~vlophu. 
9 Data set taken for sample data files in PACP (Macintosh version 3.Oai. 
4 Data set taken from sample data files in PAUP (Macintosh version 3.0a). 

j Data set recoded by Presrh. 

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 + I -+ 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 oforder, 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 ofequally parsimonious trees, amount ofresolution, number 

of multistate characters and consistency index were recorded for each data set (Table 

3j. We did not determine the number oftrees 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 

phylogenrtic reconstruction. 

Results 

EFFECT ON RESOLUTION 

In order to examine the claim by Mickevich ( 1982) and Mickevich and Weller i 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 ofresolved nodes present in the resultant tree. W!hen 

only 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 ofresolution 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 oftree resolution, we chose this method to 

evaluate resolution for two reasons: (1) several ofthe 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, it seemed to us impractical. (21 The consensus tree allows onr to set 

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. 

(;ivtn 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 al‘ 

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 ma\ 

not he 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 ofresolution in 11 cases; in five 

cases, there was no difference between treatments (Table 2). This distribution suggests 

that thr 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 tht 



252 D. I,. HAUSER AND W. PRESCH 

data set. Whether more or less resolution will be achieved cannot necessarily be 

determined prior to analysis. 

As mentioned earlier, the reasoning behind the idea that unordered characters have a 

greater tendency to produce polytomies stems from examining the behavior of a 

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 

examined, it is clear that hypotheses oforder can result in unresolved polytomies as well. 

In Fig. 6, a simple data set of four characters, one of which is multistate, is treated as 

ordered and unordered. The multistate character, number three, is depicted as having 

two states (0) and 2). The “1” 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 unambiguous hypothesis ofrelationship is present, with the monophyly of taxa B 

and C being supported by characters two and four. In the ordered run, however. this 

unambiguous hypothesis is lost because the 0 +2 transformation is interpreted as 

requiring two individual transformations (0 -+ 1 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 ofsuch characters but also on their interaction with other characters in the data 

set. 

We did not test Mickevich and Weller’s (1990) c 1 aim 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 addition of taxa and characters in ordered and unordered data sets must 

be performed. Even if unordered characters did result in consistently unstable trees, this 

instability would not, by itself, be an argument against the use ofunordered characters. 

A stable cladogram is not necessarily more correct than one that is unstable. The 

essential factor is not the stability ofan ordered tree, but rather the validity ofthe criteria 

used to order the characters that produce the stability. 

Ordered Unordered 

A B C A B C 

Taxa 
ABC 

= 
- 
- 

Result. Ambiguous hypathesls 
of relationshlps 

Consensus of 2 trees 

Result. Unombtguous hypothesis 
of relohonshtps 

Fig. 6. Example in which an ordered character results in an unresolved polytomy. 
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EFFECT ON TREE NUMBER 

We do not argue with the logic of Mabee’s ( 1989a) example concerning the rffect of‘ 

ordered characters on phylogenetic reconstruction (see Fig. 4j. We point out, however, 

that her example illustrates the effect ordered characters have on a data set composed of‘ 

a ringle character. Again, conclusions derived from such a limited data set arc not 

necessarily applicable to phylogenetic studies that utilize more than one character. 

In our study, ordered characters resulted in fewer equally parsimonious trees in I Y 
data sets. while the unordered characters resulted in fewer trees in only eight iTable 2 ‘. 
In two cases, the number ofequally parsimonious treps discovered did not vary. In fi)ur 

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, wt’ do not 

furl this difference is sufficient to support the idea that ordered characters are more likely 

to result in fewer equally parsimonious trees simply by virtue of the hypothrses of‘ordrr. 

As with tree resolution, the effect ofordered characters on tree number is, in part, based 

on their interaction with other characters in the data matrix. Given this, the efec.t of 

hypotheses of order and unorder on tree number is dificult to determint, in a11 

cxclusivcly a priori fLashion. 

In addition to testing effects on tree numbrr and resolution, additional aspects ofho\) 

hypothrsc of order can affect phylogenetic reconstruction were examined, particularI! 

those dealing with the nature of the changes in tree topology. Specificall!. M’(’ 

examined whether ordering multistate characters could produce changes in sister-taxit 

relationships. 

In Fig. 7, cladograms derived from treating a data set ihleylan and Gaffne).. 1989 

both ordered and unordered illustrate a case in which sister-taxa relationships wt’rc 

substantially altered. In the ordered run. Hoplorhe/y.c is the sister-taxon to a clatlr 

composed ofS&urotypus + kYnosternon. In the unordered run. however, the sister-tason to 

Hoplorhe&.c is Emarginache&s, while the Stauroiypus + k‘innsternon clad? is nested in a nlort‘ 

inclusi\~e clade. Changes of this nature, of which we found several examplrs. itrv of 

Ordered 

No. of trees : 9 

Unordered 

v 14 nodes 

Fig. 7. Cb~sensus tree derived from Meylan and Gaffney ( 19891 that demonstrates the rfkt of hypothestr 
of order on sister-taxa relationship. Boxes highli,qht clades in which sistwtaxa rrlationships are diltivnr 
hctwern thr ordered and unordered trees. 
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Unordered Ordered 

Fig. 8. Example illustrating thy rffecr ofordrrrd characters on polarity. Changrs in outgroup topology in 
the unordered and ordrrrd trres result in changes in polarity decisions. Character numbrrs WC those 
used in the original study. Data from Lad@ ct 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 I 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 et al. ( 1989). Treating all multistate characters as 

unordered [Fig. 8(a)] results in a different outgroup topology than when all multistate 

chararters 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. 25) changed 

from decisive to ambiguous. LYhile 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 to now, we have examined the effects of hypotheses of order on phylogenetir 

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 Ethrridge, 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 ofstudies 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 hypothcasis ot 

character state order was (i.e. O++ l-2 or 1++2++0, etc.), the remaining ztudirx 

indicating only that a character was ordered. Despite this, we briefly discuss some of‘(hr 

criteria that have been advocated to determine character state order. Our list, ho\vrvrr. 

is by no means exhaustive. Mickevich and Weller ( 1990) examine some criteria not dealt 

with in this paper and the reader is referred to their study for additional discussion. 

‘I‘RENDS 

Patterns ofevolutionary change, such as patterns ofdigit loss, change in body sizr I r.q. 
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 .L 

rigorous ciadistic study ofclosely related groups as this would offer some assurance that 

the trrnd is phyiogeneticaily valid. The fundamental problem with this approach is that 

it assumes some homogeneity in pattern production: patterns found in one group arc 

likely to br fi)und in a closely related group. This seems a rather dubious claim 10 makt, 

prior to a ciadistic analysis. 

AIost of the recent discussions involving ontogeny and systematics have focused on tile 

USC of‘ontogeny to determine character polarity. Hailed as a “direct” method of polar-it\ 

inttirence, its advocates have claimed that it does not suffer from the central problem that 

piagu~s thy outgroup criterion, namely, the need for some 0 priori knowledge 01’ 

leiationships. iVhile the use of the ontogenetic method is supported by some I Nelson. 
1978. 1985: Nelson and Platnick, 1981; Rosen, 1982; Kraus, 1988: &‘heeier. 1990 . 
othcxra ha\,e pointed out the theoretical problems associated with this method ;\lbcrch, 

1985; Brooks and Wiley, 1985; de Queiroz, 1985; Kluge, 1985; Kiuge and Strauss, l!Hl.i: 
~labee, 1989a,b; Wake, 1989). Although others have discussed the problems 

associated with the use of ontogeny to order character states t Mabee, i989a I. it is usefill 

to discuss briefly the arguments pertinent to this issue. 

.\ny USC ofontogeny in phyiogenetic reconstruction. and thus hypothesrs ofcharac.tt~t 

state order, rests upon certain assumptions regarding the nature of ontogen)~ ‘ire 

Aiberch, 1985). In general, the use of ontogeny to polarize or order character slates 

assumes that ontogenetic transformations are somehow reflrctive of phyiogrny to tht, 

degree that the transformations can provide phyiogenctic information in isolation of‘ 

other t’orms of evidence. To this end, acceptance of some degree of recapitulation 

: Haeckelian or von Baerianj is necessary (Wake and Roth, 1989; Mabee, 19891)1. 

There is not a single “ontogenetic method” utilized by systematists. Some utilize ;I 

strictly traditional Haeckelian approach and assume that the ontogeny of’ a g1rw1 

character is altered at the terminal end; thus, the ontogenetic transformation and the 

phl,iogenetic history of the character are identical (i.e. ontogeny recapitulate< 

phylogeny). Perhaps more common is the use of Nelson’s Law, which states r Nelson. 

1978: 327 I: 



(a) A B C 

0-1 0+1-+2-+3 O-,1-+2 

ate 3 lost (paedomorphosis) 

Stotes 2and 3 evolve simultaneously 

O- 0 =prlm~tlve 

(b) O-I-,2--,3 

Inaccurate hypothesis of order using assumphon 

that ontogeny is altered one step at a time. Under 

this assumption. state 2 is Interpreted as more 

primitive than state 3 

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 ( 1985j 

introduced a slightly diKerent version of the ontogenetic method that dif&rs from both 

the Haeckelian and Nelson version in that the ontogenetic sequence is considered 

irrelevant (de Queiroz, 1985:289): 

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 ontogenrtic 

sequence that involves the simultaneous addition or deletion of more than one state 

would result in an inaccurate hypothesis oforder. 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 

altered 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 

information in the data matrix can be brought to bear on the problem. Treating 

ontogenetic sequences in this way is consistent with the notion that these sequences are 
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best viewed as characters themselves whose evolutionary history is determined by a 

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

SIMILARIT\ 

The most common criterion used to order the states of a transformation series appears 

to he similarity, based on gross morphology, between the derived states. This is also 

known as morphocline analysis. This criterion is particularly amenable to m&tic and 

morphomrtric characters (see Farris, 1990 for discussion on the use of morphometric 

characters in phylogenetic analyses). It is common practice for character states to he 

arranged in a manner suggested by Maslin ! 19521, in which the amount 01 

morphological change between states is minimized. For example, if a multistan 

character characterized various lengths ofa bone, the states would be arranged small t-) 

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 W’hilt 

this concept makes some intuitive sense, it operates under the assumption that the 

process responsible for the character <tatr change is phyletic gradualism ~lllabee. 

I989aj a punctuated change in character state evolution is ruled out. ‘Ihr validity of 

assuminLg a purely gradual mode ofevolution, however, has been questioned c Eldredgc 

and Could, 1972: Stanley, 1979; U’iley and Brooks. 1982; Brooks and Wiley. 1986 1. 

\2’hile both gradual and punctuated modes of e\,olutionary change have undoubtedly 

occurred. it seems unwarranted to restrict the interpretation ofdata to one or the other 

processes in the absence of phylogenetir information. It has been argued that ordering 

characters by overall similarity is more parsimonious in that it requires the fewe\t 

evolutionary steps (Kemp, 19883. As Xlabee ls 1989a) correctly- points out, howr\,er. 

parsimony provides no justification for such a position in the absence of phylogenetic 

information. The a priori ordering of a transformation series requires referenc.e to ;t 

particular evolutionary process. 

Non-phylogenetic information also has bearing on this isst:e. In situations where the 

states ofa multistate character could be produced via hetrrochrony, such as in the bont 

example above, current knowledge ofdevelopment does not support the ordering ol‘thc 

states on the basis ofsimilarity. Bone length can be altered via a diflerential change in tht 

timing of hone 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 phylogenetic 

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. 19881. 

TRANSFORMATION SERIES ANALYSIS 

TSA is described as an iterative procedure that seeks to determine the best corroborated 

character state tree by means ofreciprocal illumination with the cladogram (Mickevich. 

19821. As such, it does not make assumptions regarding any particular process of 

evolutionary change. Recently, several authors have argued that this method is the most 

appropriate for determining character state order [Michevich and Weller, 1991); 



Lipscomb. 1990; Pogue and .Mickevich, 1990,. PVhile we a,gree with ‘l’S.2’3 I)asic 

premise, that transformation series should reflect the hierarchy of the cladogram3 \VC 

make the f’ollowing obsrr\.ations. First, the topolog) of the initial trre can a1t’rc.t thr 

results ofTSiZ (hlickevich and \Veller, 1990:). Therefore, if the data set of‘thc initial tree 

contains multistate characters, the decision ofhow to treat these characters must still bc 

made. Second, and most important, it is impossible to perform ‘I’S,\ 011 311 unordcrcd 

tree. The iterative aspect ofTSA is the result ofinitial hypotheses oforder being Msified 

by the resulting cladogram. When the individual transformation series d&Fed fiom the 

resulting cladogram (i.e. cladogram characters) differ from those used initially to 

construct the tree, the initial transformation series are replaced with the cladogram 

characters. This process continues until all transformation series used in the construction 

of the tree are identical to the cladogram characters. However, when multistate 

characters are treated as unordered, there is IW initial hypothesis oftransformation to be 

falsified because the hierarchy of the tree determines the transfr>rmation series. Given 

this, one would assume that TSA would converge o11 the same cladogram(si produced 

by an unordered data set. LVe analysed the data set from Lipscomb I 199C)‘I and fbund 

that the unordered tree is, in fact, identical to the TS:1 tree. Pogue and SIicke\,ich ( 1990 I. 

however, report significantly diKerent results betwren TSA and what they relkr to as 

the “unordered outgroup method”. That TS.% and unordering should produce difl‘ercnt 

trees is puzzling. A thorough comparison of tre’rs derived from TSA and unordering 

would shed light on this problem. 

The fact that hypotheses of order and unorder can have dramatic effkcts on tree 

topology and/or tree measures prompts some important questions: f 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 rrliablt 

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 ‘ISA method by comparing the (:I 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 hypothesrs oforder 

and unorder resulted in diflerent 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 trer 

topology, however, can also affect the distribution, and thus the CI, ofother characters 

in the data set as well. It is therefore possible for an ordered tree to have a higher overall 

CI if the distribution ofseveral other characters is altered in such a way that the overall 

amount ofhomoplasy is decreased. Only one ofour data sets exhibited this condition ide 

Queiroz, 1987b). 

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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consistency index to determine confidence in a particular phylogenetic 

\.ariatiotL. 

TREE I,ENorH 

If the length is argued to be a viable criterion to choose between unordered and 

ordered trees, the choice in most cases would be straightforward: 

phylogenetic computer programs, an ordered tree can 1Je 01‘ 

equal or Rreater length than an unordered tree, but never shorter. However. we agret’ 

with Mickcvich and Weller (1990 I that tree Iemgth is not a reliable measure tiJr 

which tree is a more accurate portrayal of phylogenetic 

necessarily altered solely I)) 

non-sequential 

ofhomoplasy in other characters as a result of a change in 

tree topology,. As such, characters other than those ordered may tJe forced to undergo 

nLore or less characrer state changes than in the unordered tree. 

KESOL.t-TIOK 

resolution, perhaps 1Jecause 

putJlishirJg essentially unresolved is somewhat anticlimactic. 

resolution, however, it is imperative that the 

source ofthe resolution be identified and discussed. Ifan ordered tree is chosen because it 

eshibits a greater degree ofresolution 

proportional to the validity of the criteria used to 

drtermine character state order. As was pointed out earlier, it is often impossible to CJssex~ 

this \,alidity because no explicit mention is usally made regarding the criteria utilized. 

SHOLTL.n .~~~‘L.TIsTATF. 

distribution of other, presumabl> 

independent, charactersj 

consistcnc~ 

index, tree number or tree length. In such cases, there is no reason to choose het\l;ccn the 

ordered and unordered runs. Changes in tree topolo,gy and other tree measures results 

only when some or all of the investigators npriori hvpotheses ofcharacter state order arc 

consistent with the tree topology as determined by the entire data set. In such a case. a 

non-sequential character state transformation is required (e.g. 0~ 2) somewhere in thr 

cladogram. \“;‘hen a multistate character is forced to undergo a non-sequential 

transformation, the hypotheses of order results in the differential weighting of that 

charactrr, a practice that is very controvrrsial [see LVheeler, 1986; Neff, 1986; Sharkey-. 

1989; Bryant, 1989 for discussions). This can be demonstrated with a simple example 



A(l) B(I) C(2) D(2) E(O) F(O) G( 31 H(3) 

Separate characters that are Interpreted 
0s homoplosttc due to hypotheses 
of order 

/ 

Chorocter Stote Order 

O-,1--2+3 

Prlmltwe state = 0 

(Fig. IO). In the cladogram, the monophyly of the group G + 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 O-+ I, 1 -2, and tinally 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 + G are seen as homoplastic. Ifonr 

unorders the multistate character, the transformation 0 fs 3 is seen as a single step and 

would be interpreted as homoplastic and the monophyly of F + G would he 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 he sufficient to change 

tree topology because of the presence of other characters. In this event, only tree 

measures (tree length, consistency index and possibly tree numher‘i will he afhected. 

In cases where the investigator’s hypothesis ofcharacter state order is not supported 

by- the cladogram, a common argument is that there exists as yet undiscovered tasa 

(extinct or extant) that possess the intermediate state(s) and thus support the hypothesis 

of order. The invention of non-existent taxa, howevrr, is not a convincing argument. 

Until such taxa are discovered, if they ever are, it is best to argue from knowrl 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 it 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 01 
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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 oforder and unorder arc‘ 

phylogenctic hypotheses, a legitimate. and perhaps the best, falsifier of a givrll 

hypothesis ofcharacter phylogeny is a cladogram formed from presumably independent 

characters (i.e. character congruence). This principle, to various extents, has bet*n 

suggested by others [Lauder, 1981, 1990; Mickevich and Weller, 1990: Pogue and 

,Ilickevich, 1990). At first, our reasoning may appear circular: cladograms arr fhrmcd 

from character transformations, which arr, in turn, drtrrmined by the cladogram. .\h 

we ha\.e pointed out, however, cladograms formed from ordered characters do not 

always support the hypotheses oforder. ‘l-he use ofa phylogeny to rc-examine charac,trr 

rvolution is rwt necessarily circular, it is iterative. For rxample, homoplasy is seen as a 

real evolutionary phenomena on the basis that there is no reason that rc\,cr$al. 

convcr~gcncc and parallelism cannot occur given our current concept of evolution. ‘I‘hc 

reality of a homoplastic event is not made u priori in the absence of phylogenctic 

information, but rather is determined by corroboration ofother independent character< 

and is manifested in the final tree{ s). If: : 1 ) hypotheses of’character state order result in a 

differrnt tree topology (compared to hypotheses ofunorderl only when the cladogram’h 

hierarchy argurs against the a priori hypothescxs of’ order; and 12) an appt-al II) ;I 

cladogram based on all the characters in a data set is the most robust wav to drtrrtnirtr 

t.hararter state order, then one comes to the following conclusion: The ordering ofch/rrnc~u 

.\tcltu., in an N priori fashion is inappropriate in ph,~logenutic .\~.rtema/ic-.,. This cont~lusitnl i\ 

appllcablc wlthln the context of the methods discussed earlier that are used to construe-t 

i\ transformation series. It does not constitute a blanket statement conccrninq other 

mrthods that mi,qht br advocated. the \Aidity of‘ which must be determined in ;I t’:tst’- 

spec,ific manner. In \general, however, wt‘ frel that an> method that assumes a particuklr 

t4utionarv process should not be used to ttrdfar t~haracter states~~~thr evolu~i(~n;tr\ 

rrlationships between character statec. and the (~\4utionar) procrsses that ;Li‘(’ 

t.ompatiblt~ \\ith those relationships, art’ nol .issumption5 tto bc made t,IIt rzlrti~~r- 

(~urstions to be asked. 

It; despite our argument, an investigator decides to order a gi\.rn multistatr char;tc.rrr. 

it ia imprrativr that an explicit discussion is provided explaining how the character htalr 

ordrr NW determinrd, and what the character state ordrr is. It is not sufGirnt simpl\ 10 

btatc that a c-haractrr IS ordered. In the case ofa h\.c-sratr charac.trr, therr arr numc’ro112 

possible hypotheses of character state order; failure to indicate which hypothesis was 

t~hosen makes it difficult for others to replicate the final tree. The cladogram in which all 

chihractrrx are trratrd as unordered should be presented as well so that it c-an be t,lrarl\- 

ht‘t’ll whc.r(, thr trrr resolution has bern gainrd or Iost and thus which sisttsr-taxQl 

rrlationships, and the evolutionary scenarios 1 biogeography, co-evolution. etc. t);lsctl 
on rhrm. arr thr sole result of the hypotheses ol‘ordt~r. 

Conclusion 

In rt‘cent years, interest in character evolution has increasrd. Understandirlg rhc 

evolutionary history ofa particular character, or a subset ofcharacters, is often nrcrssar\. 

fi)r examining and testing hypotheses of co-evolution iBrooks and Bandoni. 1988:‘. 

adaptation (Ridley, 1983; Coddington, 1988; Donoghue, 1989), functional morpholo,g) 

I Lauder, 1981, 1990; Schaefer and Lauder? 1986; Gatesy, 1990), behavior t Dobson. 

198.5) and many others. Clearly, a proprr undrrstanding of character evolution is J 
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powerful tool in many types of‘ e\,olutionary studies. ‘I‘he question of‘ how to treat 

multistate characters is not a trivial on? such alterations can dramatically aff+cl out 

concept of character evolution. 

Hypotheses oforder and unorder are specific statements, usually made in the absenct 

ofphylogenetic information, about the evolutionary relationships between the states of‘a 

multistate character. Hypotheses of-order are more restrictive than those ofunorder 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 ‘I’S:\. ;2lost of‘ these 

critaria assume a particular e\rolutionary process and then interpret character evolution 

in that light. Ordered characters are of‘ten perceived as being more informative and 

likely to produce greater resolution and fewer equally parsimonious trerh. Unordered 

characters have been perceived as “phylo<genctic indifference” and likelv to product, 

poor resolution and more equally parsimonious trees. 

Our analysis of27 data sets indicates that the mamler in which orderrd or unordered 

characters alter tree number and resolution is determined by the nature 01‘ the t’ntirc 

data set. Both ordered and unordered characters can potentially lead tcJ: ( 1 'I more or less 

equally parsimonious trees; (2) an increase or decrease in tree resolution; r:3i altered 

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

If one accepts that the most reliable criterion fix determining the evolutionary- 

sequence of a multistate character is the cladogram itself (i.e. congruence with other, 

presumably independent characters), then hypotheses of order are unnecessar)-. If’ an 

investigator insists on ordering a multistate character, an explicit,justification should bc 

provided explaining 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 ofisolating the changes in 

tree topology and/or tree measures that are the sole result of the hypotheses of order. 
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