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ABSTRACT. Phylogenetic stability is the tendency for monophyletic groups that are resolved by 
an analysis to continue to be resolved when either the data or the analytical method is altered. 
Bootstrapping and similar procedures assess the stability of monophyletic groups, but provide little 
information to indicate which characters are crucial in the support of particular groups. We present 
a method that does so. Sequential Character Removal consists of a series of cladistic analyses, each 
conducted with a different subset of a complete data set; the subsets are obtained by the sequential 
and exhaustive removal of characters, individually and in all combinations of two or more. A 
character or combination of characters is critical to the resolution of a monophyletic group when 
the removal of that character or set of characters results in the loss of resolution of the group. Thus, 
for any monophyletic group, Sequential Character Removal generates a list of characters and char- 
acter combinations that are critical to the resolution of the group, in the context of an otherwise 
complete data set. An analysis of a real data set, representing chloroplast DNA restriction site 
variation among 27 species of Poaceae, demonstrates that characters critical to the recognition of a 
monophyletic group need not be synapomorphies of that group, and that a clade that is resolved 
by a complete data set, and fails to be resolved when a particular set of characters is removed, may 
reappear when additional characters are removed. 

Systematists have long been interested in the of an analysis to remain unaltered when either 
degree to which the results of their analyses are the data or the analytical technique is varied, 
altered by changes in data or analytical method. Although it would be desirable to determine 
The tendency for results to remain constant has the likelihood that the phylogenetic structure 
been termed stability (Mickevich 1980; Rohlf detected by an analysis is an accurate represen- 
1984; Rohlf and Sokal 1980), while the alter- tation of descent relationships, phylogenetic 
native tendency, for results to change, has been stability is not a measure of congruence with 
called sensitivity (Neff 1987). Indeed, authors "true" relationships; any assessment of stability 
have expressed opposing opinions on which is specific to a particular set of data and ana- 
attribute•stability or sensitivity•is preferable lytical methods, 
in an analytical method (Neff 1987; Rohlf 1984). The most widely applied method for assess- 

Mickevich (1980, p. 163, also 1978) used the ing phylogenetic stability in the face of changes 
term "stability" to denote the degree of "con- in data is the bootstrap (Felsenstein 1985, 1988; 
gruence between classifications of the same or- Sanderson 1989). This technique involves a se- 
ganisms derived from different data." Rohlf and ries of "replicate" cladistic analyses conducted 
Sokal (1980) extended the usage of this term to with random samples of characters, drawn with 
include the degree of congruence between clas- replacement, from a complete data set. Boot- 
sifications produced when taxa, methods of strap analysis generates a frequency for each 
character scoring, or methods of data analysis monophyletic group detected in any of the rep- 
are varied. We use the term "stability" in a gen- licate analyses. This numeric score, often de- 
eral sense, to refer to the tendency for results picted as a percentage associated with each 
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monophyletic grouping in a majority-rule con- 
sensus tree, represents the frequency with which 
each such group is resolved among the replicate 
analyses conducted. Other approaches to the 
evaluation of phylogenetic stability are the jack- 
knife (Mueller and Ayala 1982), and analysis of 
the resilience of cladistic structure to the relax- 
ation of parsimony (e.g., Bremer 1988). 

All of these methods focus on the stability of 
phylogenetic structure per se, that is, on the 
monophyletic groups that are resolved, while 
the importance of individual characters in de- 
fining these groups tends to fall into the back- 
ground. Character transformations can be 
mapped onto the consensus trees that are gen- 
erated by bootstrap analysis, but the placement 
of characters on consensus trees, in general, of- 
ten violates the strictures of parsimony, and 
therefore can be misleading (Maddison 1989; 
Miyamoto 1985). Thus, the investigation of 
phylogenetic stability has tended to become iso- 
lated from the analysis of character support for 
individual clades. 

It would be useful to have a method for as- 
sessing relationships between individual char- 
acters and the stability of particular monophy- 
letic groups. In this paper we describe a method 
in which individual characters and groups of 
characters are removed sequentially from a data 
set in exhaustive combinations, and cladistic 
analyses are then conducted on the resulting 
incomplete data sets. For a data set that includes 
n characters, the analysis generates separate cla- 
distic analyses for all possible incomplete data 
sets with n • 1 characters, n • 2 characters, and 
so on. This method superficially resembles the 
statistical jackknife, but its intended purpose is 
not to generate quantitative indices of stability; 
rather, it is proposed as a means for indenti- 
fying specific characters and character combi- 
nations that are crucial in the support of par- 
ticular monophyletic groups, in the context of 
an otherwise complete data set. We apply this 
procedure to a real data set, with the goal of 
identifying the characters and character com- 
binations that support a controversial mono- 
phyletic assemblage that has emerged in our 
phylogenetic studies of grasses. Among our re- 
sults is the observation that a monophyletic 
group resolved in an analysis may fail to be 
resolved when characters that are not synapo- 
morphies of that group are removed from the 
analysis. This observation emphasizes the com- 

plexity of character interactions in phyloge- 
netic analysis, and indicates that "support" for 
a monophyletic group derives from a complete 
data set, not simply from the synapomorphies 
of that group. 

MATERIALS AND METHODS 

Our example is based on a previously pub- 
lished data set (Soreng et al. 1990) involving 
chloroplast DNA restriction site variation in the 
grass family (Poaceae). All characters represent 
the presence or absence of a restriction site and 
thus are binary. For the purpose of clarity the 
data set was reduced in size by the removal of: 
1) cladistically uninformative characters (either 
invariant or present as one state or the other in 
only one taxon); 2) taxa for which there is a 
missing value for any character; and 3) all but 
a single taxon from groups that are uniform for 
the characters under study. These adjustments 
resulted in a set of 27 terminal taxa scored for 
74 characters (Appendix 1). Methods employed 
in generating the data, and accession informa- 
tion for the plants that exhibit these plastome 
types, are provided by Soreng et al. (1990). 

A baseline analysis using the complete data 
set was conducted initially to generate a com- 
prehensive set of most-parsimonious clado- 
grams. The remainder of the analysis then fo- 
cused on character support for a particular 
monophyletic group (see below) that occurred 
in all most-parsimonious cladograms. We ana- 
lyzed the stability of this group by conducting 
analyses with subsets of the data obtained by 
removing individual characters (i.e., for n = 74 
characters, 74 different analyses were conduct- 
ed, each with n • 1 = 73 characters) and all 
combinations of two characters (i.e., for n = 74 
characters, removal of characters 1 and 2,1 and 
3, ... 1 and 74; 2 and 3, 2 and 4, ... 2 and 74; 
... 73 and 74, for a total of 73 + 72 + 71 + . . . 
+ 1 = 2701 analyses, each involving a different 
combination of 72 characters). Additional anal- 
yses involving selected three-character remov- 
als also were conducted (see below). 

Cladistic analyses were conducted using 
HENNIG86 (Farris 1988); character distributions 
on cladograms were examined and figures were 
generated using CLADOS (Nixon 1991). The 
baseline analysis with the complete data set, 
and the 74 analyses using 73 characters each, 
were conducted with the HENNIG86 command 
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ie* (implicit enumeration of all possible trees, 
with all available "tree space" in memory used 
to store results). Analyses involving the remov- 
al of two or more characters were conducted 
with the command mhennig* (construction of 
several trees, each by a single pass of the data, 
followed by branch-swapping), then bb* (ex- 
tensive branch-swapping applied to trees ob- 
tained from previous step, use of all available 
"tree space" to store results); results of partic- 
ular interest were verified with ie*. In all cases, 
the recognition of a monophyletic group was 
determined by its occurrence in a strict consen- 
sus tree (using the command nelsen) of all most- 
parsimonious trees detected. 

RESULTS AND DISCUSSION 

The initial analysis of the complete 74-char- 
acter data set, with Oryza sativa L. as the out- 
group, yielded 10 most-parsimonious clado- 
grams of 130 steps and consistency index 0.57; 
one of these cladograms is illustrated in Figure 
1. The trichotomy at the base separates Oryza 
(Oryzoideae) from two monophyletic groups: 
Danthonia with Eragrostis (representing subfams. 
Arundinoideae and Chloridoideae); and a sec- 
ond group that includes all other taxa in the 
analysis and corresponds in membership to a 
broadly defined subfam. Pooideae. Among the 
monophyletic groups present within Pooideae 
in all most-parsimonious cladograms are assem- 
blages corresponding in membership to Clay- 
ton and Renvoize's (1986) tribes Meliceae and 
Stipeae, and Macfarlane's (1987) supertribes 
Triticodae and Poodae (minus Meliceae) (Ap- 
pendix 1, Fig. 1). Also present in all most-par- 
simonious cladograms are the following com- 
binations of these four groups: Poodae + 
Triticodae; Poodae + Triticodae + Stipeae; and 
Poodae + Triticodae + Stipeae + Meliceae. 
These results are in agreement with those pre- 
sented previously on the basis of a broader sam- 
pling of species and restriction sites (Soreng et 
al. 1990). 

One aspect of these results of particular in- 
terest is the consistent placement of Meliceae 
as the sister group of Stipeae + Triticodae + 
Poodae (Fig. 1). Previous assessment of these 
taxa, some involving rigorous cladistic meth- 
odology (e.g. Davis and Soreng, unpubl. data; 
Kellogg and Campbell 1987), suggest that Me- 
liceae are more closely related than Stipeae to 

Triticodae + Poodae, i.e., that the positions of 
Meliceae and Stipeae in the present analysis 
should be exchanged. Hence, we focused our 
assessment of stability on character support for 
the Stipeae + Triticodae + Poodae group. This 
assemblage is united in Figure 1 and through- 
out the set of most-parsimonious cladograms by 
characters 37 and 72; with alternative character 
optimizations, additional characters sometimes 
appear on this internode as well. 

Analyses run with 73 characters (i.e., with 
one character removed) indicate that there is no 
single character that, when removed, prevents 
the resolution of Stipeae + Triticodae + Poodae 
as a monophyletic group in the consensus tree. 

Of the 2701 character-pairs tested, four char- 
acters, when removed in five different pairwise 
combinations, result in the loss of the Stipeae 
+ Triticodae + Poodae group. These four char- 
acters, each with corresponding character num- 
ber, restriction enzyme, and map location in 
Soreng et al. (1990), are: 9 (11, Hpa I, 56), 25 
(29, Kpn I, 91), 37 (48, Pst I, 94), and 72 (92, Sma 
I, 131). Two of these characters (37 and 72), as 
noted above, are synapomorphies of Stipeae + 
Triticodae + Poodae (Fig. 1), and it might have 
been predicted that their removal from the data 
set would result in the loss of this clade. The 
other two characters (9 and 25) are synapomor- 
phies of the less inclusive clade, Triticodae + 
Poodae. All four of these characters are homo- 
plasious in all 10 most-parsimonious clado- 
grams generated from the complete data set, 
and different character optimization schemes 
placed some of their state transformations in 
different locations, but gains of restriction sites 
37 and 72 always are synapomorphies of Stipeae 
+ Triticodae + Poodae, and transformations of 
sites 9 and 25 never are synapomorphies of this 
clade. 

Of the six possible pairwise combinations 
among these four characters, only five (9 & 25, 
9 & 37, 25 & 37, 25 & 72, and 37 & 72), when 
removed from the data set, cause the resolution 
of Stipeae + Triticodae + Poodae as a mono- 
phyletic group to be lost. The combination 
without this effect is character 9 with character 
72. Of the five pairwise character combinations 
that must be present in this data set for the 
monophyly of Stipeae + Triticodae + Poodae 
to be resolved, one (character 9 with 25) is a 
pair of characters that are not synapomorphies of 
this group. 
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FIG. 1. One of 10 most-parsimonious cladograms depicting variation among 27 species of Poaceae in 74 
informative chloroplast DNA restriction site characters (cf. Appendix 1). Length = 130 steps, consistency 
index = 0.57. Solid bars signify site gains, open bars site losses; additional solid bar below a character 
transformation indicates that the character is homoplasious. 

The final test of the stability of the Stipeae + 
Triticodae + Poodae clade was based upon the 
five 72-character subsets of the data that did not 
resolve this group. Beginning with each of these 
five subsets of the data, all possible additional 
single-character removals were conducted, 
which resulted in the testing of all three-char- 
acter combinations that included the five crit- 
ical two-character combinations. 

For two of the five character-pairs tested in 
this manner (9 and 25; 9 and 37), the removal 
of a third character sometimes resulted in the 
reappearance of a monophyletic Stipeae + Tri- 
ticodae + Poodae (i.e., the clade is not resolved 
when only characters 9 and 25 are removed, but 
it is resolved when the data set lacks these two 
and any one of the following: 56, 60, or 73; it 
is also resolved when the data set lacks char- 

acters 9 and 37 and any one of the following: 
3, 5, 6, 19, 20, 21, 24, 27, 32, 33, 34, 36, 40, 41, 
42, 44, 45, 50, 51, 52, 56, 60, 61, 63, 64, 65, 67, 
69, 70, 71,73, 75,76). The "revival" of this clade 
was verified for all of these three-character com- 
binations with the HENNIG86 command ie*. For 
the remaining three-character pairs tested (25 
and 37; 25 and 72; and 37 and 72), the removal 
of a third character never resulted in the reap- 
pearance of a monophyletic Stipeae + Tritico- 
dae + Poodae. 

Having determined that four characters were 
crucial to the resolution of Stipeae + Triticodae 
+ Poodae, we examined other attributes of these 
characters. Two of these restriction sites (25 and 
37) occur within the largest of the three inver- 
sions that are found in the large single-copy 
(LSC) region of the  chloroplast genome of 
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grasses, both of them near endpoints of the two 
smaller inversions (Hiratsuka et al. 1989; Quig- 
ley and Weil 1985; Soreng et al. 1990). This re- 
gion has been identified previously as one of 
five in the grass chloroplast genome that exhibit 
elevated levels of restriction site variation (So- 
reng et al. 1990). The observation that these 
regions exhibited unusually high levels of vari- 
ation was initially made on the basis of numbers 
of variable restriction sites, not on the basis of 
homoplasy levels of these sites. 

Of the two remaining critical restriction sites, 
one (character 9) also occurs in the LSC region. 
Although not in the area of the inversions, this 
site occurs in another of the five previously 
identified regions of elevated restriction site 
variation. The fourth character (number 72) is 
in the small single-copy region, and is not in 
an area of noted restriction site variation. 

Three of the four restriction sites that are most 
critical in support of a monophyletic Stipeae + 
Triticodae + Poodae, thus, are located in pre- 
viously identified highly variable regions of the 
chloroplast genome; if mutation rates are un- 
usually high in these regions, homoplasious sites 
may be particularly abundant. Having made this 
observation, we note that the restriction sites 
in these highly variable regions support other 
groupings elsewhere in the cladogram, often in 
congruence with sites from less variable regions. 
Programmatic removal from the data of all sites 
in highly variable regions (or a priori down- 
weighting), therefore, might yield any number 
of additional alterations in the results. We em- 
phasize, then, that the enumeration of these 
critical sites is not intended to suggest that their 
veracity as phylogenetic indicators be discount- 
ed. Rather, our goal is to demonstrate that Se- 
quential Character Removal allows for the iden- 
tification of those characters that play substantial 
roles in the support of particular monophyletic 
groups. In a data set comprising morphological 
characters, it might be discovered that a partic- 
ular clade is supported predominantly by seed 
characters, pollination-related characters, or 
characters with some other common feature 
suggesting nonindependence (cf. Farris 1983). 
Attentiveness to the roles of individual char- 
acters in the recognition of particular clades 
might identify those that warrant reexamina- 
tion with particular care (Frohlich 1987). 
Whether or not the focus provided by this pro- 
cedure ultimately results in alterations in char- 

acter scoring, or in the decision to gather ad- 
ditional data, the investigator is made aware of 
the particular characters and possibly character 
types that support the recognition of particular 
monophyletic groups. 

Two general observations emerge from our 
analysis. First, we have demonstrated with a 
real data set that character support for the 
monophyly of a group of taxa need not derive 
entirely from that group's synapomorphies. In 
a data set with no inconsistency, support for 
monophyletic groups is indeed equivalent to 
each group's synapomorphies. However, when 
there is inconsistency among characters, as in 
the present case, the groups that are resolved 
are the products of complex interactions among 
characters; a character transformation in one lo- 
cation may influence perceived relationships 
among taxa in a different part of the cladogram 
(Neff 1987; Nixon and Davis 1991; Rohlf 1984). 
Thus, when there is homoplasy in a data set, 
character support for individual monophyletic 
groups is not adequately summarized by the 
simple enumeration of each group's synapo- 
morphies. 

Our second general observation, also a con- 
sequence of character interaction, is that a clade 
that is resolved by a complete data set, but is 
not resolved when one or more characters are 
removed, may again appear when additional 
characters are removed. Cladistic structure re- 
sults from a delicate interplay of idiosyncratic 
and often mutually inconsistent hypotheses of 
character homology. Systematists should distin- 
guish between average effects of severe and 
randomized perturbations (as in bootstrap anal- 
ysis) and threshhold effects of minimal defined 
perturbations (as in Sequential Character Re- 
moval). 

Many practitioners routinely examine the re- 
sults of analyses conducted with subsets of their 
data, and some, perhaps, have conducted ex- 
ercises much like the one we have described. 
Sequential Character Removal can proceed 
through the removal of sets of three, four, or 
more characters. Each successive round (until 
half of the characters have been removed) is 
more computationally demanding than the pre- 
vious round, for it involves the testing of a 
greater number of character combinations. The 
number of cladistic analyses that must be con- 
ducted in each round is determined by the num- 
ber of characters, whereas the time consumed 
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by each analysis within a round is determined 
principally by the number of taxa. Therefore, 
the depth to which any particular analysis can 
be taken is dependent upon both of these fac- 
tors. However, it may frequently be the case, as 
in the present example, that the first few rounds 
of character removal identify a set of pivotal 
characters whose importance might not be ev- 
ident from character optimizations on most- 
parsimonious cladograms derived from the 
complete data set. 

In recent years, several methods have been 
presented for the evaluation of information 
content and related attributes of cladistic data 
sets (e.g., Archie 1989a, 1989b, 1989c; Faith 1991; 
Faith and Cranston 1991; Felsenstein 1985,1988; 
Goloboff 1991a, 1991b; Huelsenbeck 1991; Pen- 
ny and Hendy 1986; Sanderson 1989). Some of 
these methods generate indices of relative sup- 
port for particular groupings of taxa. Others 
involve statistical tests for departure of data sets 
from random structure, and some authors speak 
of confidence in monophyletic groups supported 
by data sets for which the null hypothesis of 
randomness is rejected. We would note that de- 
parture from randomness by a cladistic data set, 
by virtue of congruence among characters, may 
take many forms, including the presence of two 
or more groups of characters that support con- 
flicting phylogenetic relationships (Farris 1991). 
Furthermore, character congruence might be 
caused by any number of possible factors other 
than common descent (e.g., mutational biases, 
concerted evolution, parallel selection for par- 
ticular character syndromes). Thus it is one thing 
to demonstrate that a data set is nonrandom in 
structure, and quite another to argue that the 
structure in the data is an accurate reflection of 
patterns of shared ancestry. We agree with Al- 
bert (1991) and others that "confidence" tests 
of phylogenetic hypotheses are inappropriate. 
A bootstrap probability, as an index of stability, 
is an assessment of support within a particular 
data set for a particular cladistic grouping; bi- 
ases in the data unrelated to common descent 
may result in high bootstrap frequencies for 
groupings that are not reflective of phyloge- 
netic history (Nei 1991). It is consistent with 
this position that we have presented Sequential 
Character Removal as a means for assessing the 
influence of particular characters•alone and in 
combination•on the stability of particular 
clades, not for determining whether the clades 

are accurate depictions of descent relationships. 
Analyses of characters that support particular 
groupings, with attention to possible common 
causes, may help to generate hypotheses of 
common cause other than shared ancestry. Thus, 
Sequential Character Removal is an avenue for 
exploration of potential bias in a cladistic data 
set; as such, its use is antithetical to the as- 
sumption that departure from randomness im- 
plies that phylogenetic groupings are histori- 
cally true. In the present study we have observed 
that three of the characters that support the 
phylogenetic grouping of Stipeae + Triticodae 
+ Poodae occur in highly variable regions of 
the chloroplast genome, two of them near the 
endpoints of inversions. This suggests that mo- 
lecular characters, like those of morphology, 
should be regarded as individual putative 
homologues, and that congruence among these 
characters may be attributable to parallel re- 
sponses to common influences. 

Attentiveness to the assumptions and meth- 
odology of phylogenetic analysis has highlight- 
ed the need for objective interpretation of data 
within a rigorous analytical framework, but may 
have had the unfortunate effect of diminishing 
the focus on the basic homology assessments 
that underlie empirical studies. We believe that 
the continued development of methods for the 
identification of critical characters and charac- 
ter combinations, and the phylogenetic group- 
ings they support, will help to maintain atten- 
tion on the preeminent role of character analysis 
in phylogenetics. 
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