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ABSTRACT.

The outgroup substitution approach can be used when a well-corroborated hypoth-

esis of the more inclusive cladistic relationships of a study group is unavailable. It is particularly
appropriate when the set of outgroups, each of which could plausibly be the sister group, includes
some that may be only distantly related to others. All plausible sister groups are used as outgroups,
alone and in various arrangements, to assess character polarities. In each case an ingroup cladogram
is constructed and these are searched for areas of congruence. Through this approach, robust
phylogenetic hypotheses can be generated in spite of uncertain outgroup relationships. Caution
must be exercised because polarity assessment is sensitive to the exact arrangement of outgroups.
Even if completely congruent cladograms are obtained, it may not be possible to specify character
support for particular clades. The approach may be most useful when one’s primary objective is to
establish an outgroup hypothesis for a subsequent cladistic analysis at a lower taxonomic level.

Outgroup comparison is now widely regard-
ed as one of the most reliable, if not the only
logically justified, method of assessing charac-
ter polarity for cladistic analysis (e.g., Arnold
1981; Eldredge and Cracraft 1980; Farris 1982;
Nelson and Platnick 1981; Stevens 1980; Wa-
trous and Wheeler 1981; Wheeler 1981; Wiley
1981). However, the outgroup method is often
difficult to use in studies of angiosperm groups
because there are few well-corroborated hy-
potheses of cladistic relationships among fam-
ilies and orders, and there is frequently lack of
agreement among phylogenists about such re-
lationships. If a suite of related groups is used
collectively as a single outgroup without reso-
lution of their relationships to each other (e.g.,
Baum 1983; Bolick 1981; Kress and Stone 1983;
Seaman and Funk 1983), it is necessary either
to apply the “commonality principle” (El-
dredge 1979) within the outgroup or to restrict
the analysis to only those characters that are
uniform throughout this composite outgroup
but vary in the ingroup. Barabé (1982) suggest-
ed that, given the extensive parallelism in the
angiosperms, only a rather restricted outgroup
is invariant in enough characters to be of much
use in constructing an ingroup cladogram. Be-
cause our present ignorance of angiosperm
phylogeny precludes confident restriction of
the outgroup in most cases, Barabé (1982) re-

jected outgroup comparison in favor of other
criteria such as ontogeny, fossil evidence, and
character correlation. Likewise, Guédés (1983,
p. 277) stated: “I doubt that the outgroup meth-
od can be used to establish phylogeny because
it requires knowledge of phylogeny.”

We maintain that even in the absence of a
“known” (i.e., well-corroborated) sister group,
it is possible to employ outgroup comparison
in a rigorous and explicit manner. If the prob-
lem is simply one of non-resolution of rela-
tionships within a set of closely related out-
groups, it may be best to attempt simultaneous
resolution of the outgroups plus the ingroup
(the “global parsimony” approach; Maddison
et al., in press). However, this method is most
appropriate when one can assume that the
plausible outgroups plus the ingroup form a
monophyletic group. In plants, at least, this as-
sumption is often likely to be incorrect. Angio-
sperm phylogenists sometimes express radical-
ly different and logically incompatible opinions
about the affinities of a group. One author will
consider taxon “A” to be closely related to tax-
on “B,” another will consider “A” to be closely
related to “C,” and yet both will agree that “B”
and “C” could not possibly be closely related
to one another. The resolution of such a con-
troversy would, in some cases, require a cladis-
tic analysis of a large segment of the angio-
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sperms. This is not usually possible as a prelude
to the phylogenetic analysis of a family or ge-
nus. The global parsimony approach also as-
sumes that extensive data are available on all
of the outgroups considered, even about char-
acters that are invariant in the ingroup. Most
specialists on an ingroup will not have such a
broad data base for the outgroups.

One approach to the problem of uncertain,
and possibly only distantly related, outgroups
was suggested by Wiley (1980, p. 200) and was
more explicitly formulated by Donoghue
(Coombs et al. 1981, p. 364; Donoghue 1983b).
This method, which we call the outgroup sub-
stitution approach, has since been used by both
of us (Cantino 1982; Donoghue 1983b), but not
in a manner as rigorous as we now realize is
necessary. Our purpose here is to clarify the
logic of this procedure and to explore its limi-
tations.

The idea behind the outgroup substitution
approach is straightforward: If relationships of
outgroups to the study group are uncertain and
it is not feasible to perform a higher level cla-
distic analysis to resolve them, one can employ
as outgroups all plausible sister groups, singly
and in all plausible arrangements, construct a
cladogram for each using a parsimony method,
and search for areas of congruence in the re-
sulting cladograms. In this context, a “plausi-
ble” sister group or outgroup arrangement is
any for which there is evidence based on pre-
vious cladistic analysis or that has been sug-
gested by phylogenists. There are as many
cladograms obtained by this method as there
are plausible outgroup arrangements. Con-
gruent portions of the resulting cladograms
represent robust hypotheses of cladistic rela-
tionship within the study group, because they
remain the same even when assumptions about
the broader cladistic relationships of the group
are changed. Acceptance of these robust hy-
potheses assumes, of course, that one of the
plausible sister groups is the real sister group,
i.e., that previous generations of systematists
have narrowed down the possible close rela-
tives of the study group to a set that includes
the real sister group (see Eldredge 1979, p. 171,
and Donoghue 1983b for discussion of this as-
sumption). This work of previous systematists
is what Donoghue (1983b) referred to as the
“phenetic groping” phase, a point that was un-
fortunately misinterpreted by Platnick and
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Funk (1983, p. 199). The examination of a va-
riety of possible outgroups is certainly not
“phenetic groping.” Indeed, it is not phenetic
and can be carried out in a rigorous and explicit
fashion.

The outgroup substitution approach is a
practical way to draw tentative conclusions
about cladistic relationships when outgroups
are uncertain. It need not be used if a well-
corroborated hypothesis of more inclusive re-
lationships is already available or if it is feasi-
ble to try to establish such a hypothesis before
beginning an analysis of the study group.
However, if a hypothesis is available but is not
very well supported, it may be appropriate to
consider how changes among the outgroups af-
fect cladistic analysis of the study group.

Although the outgroup substitution ap-
proach is, in our experience, useful, it should
be employed with consideration of: 1) the in-
fluence of secondary outgroups (i.e., those be-
yond the immediate sister group) on polarity
assessments, 2) the assessment of congruence
and treatment of incongruence among result-
ing cladograms, and 3) the nature of character
support for cladogram structure when the out-
group substitution approach is used.

INFLUENCE OF SECONDARY OUTGROUPS ON
POLARITY ASSESSMENT

The following observations are based on an
analysis of the logic of outgroup comparison
carried out by Maddison et al. (in press; see also
Donoghue and Maddison 1982). They consid-
ered the case of a monophyletic study group
(the “ingroup”) within which cladistic rela-
tionships are unresolved. In figure 1 we show
such a group with variation in a binary char-
acter with states “a” and “b.” This situation will
henceforth be represented by a triangle as in
figure 2. The problem is to determine which
state is plesiomorphic (ancestral) and which
apomorphic (derived). One or more outgroups
are considered in order to arrive at an assess-
ment of the most parsimonious state assign-
ment to the “outgroup node” (ON in fig. 2).
This state is considered the plesiomorphic con-
dition for the ingroup. In the following dis-
cussion, we will consider hypothetical exam-
ples in which the cladistic relationship of more
than one outgroup to the ingroup is “known”
(figs. 2-8). We will refer to the sister group as
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1. Unresolved study group (ingroup) of six taxa with variation in a binary

character. 2. Unresolved ingroup (shown as triangle) and three outgroups (OG); ON = outgroup node. 3-
4. One outgroup; “a” most parsimonious at ON (shown as circle); a character state change (shown as bar) is
required in the outgroup portion of the cladogram if “b” is assigned to ON. 5-7. Two outgroups; polarity

assessment equivocal; “a” or “b” at ON both require one character state change (shown as bar). 8. Three

s 1

outgroups; “a” most parsimonious at ON.

“outgroup 1” and will number the secondary
outgroups consecutively outward.

Maddison et al. (in press) demonstrated that
outgroup 1 is.the most important determiner
of the outcome of outgroup polarity assess-
ment. Either the most parsimonious assign-
ment to ON will be the state possessed by out-
group 1 or it will not be possible to decide on
the basis of parsimony which state should be
assigned to ON (an “equivocal assessment”).
Whether it is possible to reach a decision or

not depends on whether more distant out-
groups are “known” and, if so, on the distri-
bution of states among these groups. If only
outgroup 1 is “known” and it has state “a,”
then the assignment to ON will be “a” (fig. 3).
Like any outgroup assessment, this is a parsi-
mony decision, i.e., the hypothesis assigning
state “a” to ON requires one fewer character
state change in the outgroup portion of the
cladogram than does the alternative hypothesis
(compare figs. 3 and 4). In either case, one or
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more character state changes are required with-
in the ingroup, but the number and position of
these changes does not affect the most parsi-
monious state assignment at ON supplied by
the outgroups. Maddison et al. (in press) have
demonstrated that the state assignments to the
outgroup node that are provided by the out-
groups will allow one to find a globally most
parsimonious ingroup cladogram, i.e., an in-
group cladogram that is most parsimonious in
the context of the larger cladogram that in-
cludes the outgroups.

If a second outgroup is “known” and has state
“b” (fig. 5), the assignment to ON is equivocal,
because regardless of which state, “a” or “b,”
is assigned to ON, a minimum of one character
state change is required in the outgroup por-
tion of the cladogram (figs. 6-7). If a third out-
group is “known” and has state “a,” it is again
possible to assess polarity (fig. 8). At least one
character state change is required in the out-
group portion of the cladogram if state “a” is
assigned to ON, whereas at least two are re-
quired with “b” assigned to ON.

Whether a particular character state assign-
ment at ON is decisive or equivocal may affect
the outcome of cladistic analysis in the in-
group, because, at least initially, an equivocal
character cannot be used to infer ingroup
cladogram structure (but see p. 200). Because
character state assignment at ON is influenced
by secondary outgroups, it is important to con-
sider how these groups might affect the anal-
ysis. We will illustrate this with examples,
mostly drawn from our own applications of the
outgroup substitution approach.

Cantino (1982) analyzed cladistic relation-
ships in an ingroup consisting of three termi-
nal taxa (Lamiales, Scrophulariales, and Borag-
inaceae), in relation to five plausible sister
groups (Gentianales, Polemoniales, Loasales,
Campanulales, and the “Cornalean core-com-
plex”). He concluded that more apomorphies
link Lamiales with Scrophulariales than with
Boraginaceae, regardless of which outgroup was
used as outgroup 1. In this analysis each out-
group was used singly. As demonstrated be-
low, if secondary outgroups had been consid-
ered, several polarity decisions based on a single
outgroup would have changed from decisive
to equivocal or vice versa.

The leaves are opposite in nearly all mem-
bers of Lamiales and in most of the large fam-
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ilies of Scrophulariales; they are alternate in
Boraginaceae. Among the outgroups, opposite
leaves predominate in Gentianales, and that ar-
rangement is considered ancestral in the order,
while alternate leaves are considered to be an-
cestral in Campanulales. [The reader will note
that the commonality principle was applied
within the outgroup here. This is not an essen-
tial, or even a recommended, step in the out-
group substitution approach but happened to
have been used in this example. The problem
of character variation within outgroups is dis-
cussed on p. 198 and by Cantino (1982).] Both
character states are common in the other three
outgroups, and at present it is not possible to
decide which state is ancestral within these
groups. Using each outgroup singly, Cantino
concluded that opposite leaves is an apomor-
phy linking Lamiales and Scrophulariales if
Campanulales is the outgroup, but not if any
of the other four outgroups is used (fig. 9).

However, if Campanulales is outgroup 1 and
Gentianales is outgroup 2, the polarity assess-
ment becomes equivocal (fig. 10) by the argu-
ment illustrated in figures 5-7. If any of the
other plausible sister groups is used as out-
group 2 (provided Gentianales is not also a sec-
ondary outgroup), it is most parsimonious to
assign alternate leaves to ON (compare figs. 11
and 12). However, if Gentianales is admitted as
one of the secondary outgroups, then no matter
where it occurs in relation to Campanulales and
the ingroup it will render the assessment
equivocal (fig. 13).

Floral symmetry provides an example of the
opposite possibility: Consideration of second-
ary outgroups permits an unequivocal assess-
ment whereas one outgroup used singly does
not. If Campanulales is used as the sole out-
group, no polarity decision is possible because
both actinomorphy and zygomorphy are com-
mon in Campanulales (fig. 14). If, however,
Gentianales is outgroup 2, then actinomorphy
is the most parsimonious assignment to ON
(Fig. 15). This is also true if any of the other
plausible sister groups is used as outgroup 2,
because in each of them actinomorphy is either
the universal or heavily predominant state and
hence was considered by Cantino (1982) to be
the ancestral condition.

Discovery of the limitations of using only
single outgroups has necessitated a re-exami-
nation of the affinities of Lamiales. In the new
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FiGs. 9-13. Polarity assessments for leaf arrangement in an ingroup (triangle) comprising Lamiales,
Scrophulariales, and Boraginaceae, with Campanulales (CA) as OG!. 9. Alternate leaves (a) more parsimo-
nious than opposite leaves (0) at ON (circle). 10. Gentianales (GE) as OG?; polarity assessment equivo-

cal. 11-12. Polemoniales (PO) as OG?; “a”” more parsimonious than “0” at ON.

OG?; polarity assessment equivocal.

analysis, all possible combinations of the five
plausible sister groups were considered. Re-
gardless of the outgroup arrangement, it is most
parsimonious to hypothesize that Scrophulari-
ales, rather than Boraginaceae, is the sister
group of Lamiales. Thus the original conclu-
sion of Cantino (1982) still holds.

CA

Cc,z (o4
14 ;;;Corz

13. PO as OG? and GE as

Donoghue (1983b) investigated the phylo-
genetic relationships of Viburnum. In one of his
analyses he considered an ingroup (Caprifoli-
aceae s.1.) consisting.of three terminal taxa: 1)
the ten genera of Caprifoliaceae s.str., 2) Sam-
bucus and Adoxa, and 3) Viburnum. Using Vale-
rianaceae or Dipsacaceae or both (i.e., the re-

GE CA

c C.z c.z
c
15

FiGs. 14-15. Polarity assessments for floral symmetry with ingroup as in figures 9-13 and Campanulales

(CA) as OG.
cle).

14. Actinomorphic flowers (c) and zygomorphic flowers (z) equally parsimonious at ON (cir-
15. Gentianales (GE) as OG?; “c”” more parsimonious than “z” at ON.
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FiGs. 16-17. Polarity assessments for style length in an ingroup (triangle) comprising Caprifoliaceae s.1.

with Dipsacales (DI) as OG".

maining Dipsacales) as outgroup 1, he
concluded that more apomorphies link Vibur-
num with Sambucus and Adoxa than with Capri-
foliaceae s.str. If he had employed other plau-
sible sister groups as secondary outgroups, the
polarity assessment for some characters would
have changed. For example, using Valeriana-
ceae and Dipsacaceae together as outgroup 1,
short style length was scored as a synapomor-
phy of Viburnum, Sambucus, and Adoxa (fig. 16).
If Rubiaceae were outgroup 2, this assessment
would not be altered, because many Rubiaceae
have long styles. If Araliales (Araliaceae and
Apiaceae) were outgroup 2, however, a polarity
decision for this character would not have been
possible, because long styles and short styles
would be equally parsimonious at ON (fig. 17).
Hence, under these circumstances, style length
could not have been used to unite Viburnum
with Sambucus and Adoxa. However, it is most
parsimonious to conclude that Viburnum, Sam-
bucus, and Adoxa form a monophyletic group
regardless of which combination of outgroups
is used.

In Bolick’s (1981) cladistic analysis of Salmea
(including Chrysosalmea, pers. comm.), polari-
ties were assessed by comparison with three
other genera (Acmella, Otopappus, and Spi-
lanthes) whose cladistic relationships to the in-
group are unresolved. For most characters an
unambiguous polarity assessment was possible
because all three outgroups shared the same
state. A few characters, however, varied within
or among the outgroups. For character 9 in her
table II (“apex of pale flaring”), Acmella and
Otopappus lack the condition and Spilanthes has

16. Long style (1) more parsimonious than short style (s) at ON (circle). 17.
Araliales (AR) as OG?; polarity assessment equivocal.

the condition. In spite of this variation, pres-
ence was scored as apomorphic. If, however,
Spilanthes were outgroup 1 (and her higher level
analysis did not rule out this possibility), then
the assessment would be equivocal (fig. 18) and
presence of a flaring apex on the pale could not
be treated as apomorphic within Salmea on the
basis of this outgroup comparison. Bolick’s
character 23 (“hairs on upper leaf surface”) il-
lustrates the opposite possibility. Although she
concluded that it was not possible to determine
polarity owing to variation in Acmella and Spi-
lanthes, a decision is possible; it is most parsi-
monious to conclude that the presence of hairs
is plesiomorphic in Salmea (figs. 19-20). This is
true whether Otopappus is outgroup 1, 2, or 3,
but only so long as relationships among the
species within Acmella and Spilanthes remain
unresolved.

These examples demonstrate that consider-
ation of alternative outgroup arrangements can
result in changes in polarity assessment from
decisive to equivocal or vice versa. In some cases
this will alter conclusions drawn about cladis-
tic relationships in the study group. Awareness
of this problem allows one to specify more pre-
cisely the conditions under which particular
cladistic conclusions will hold.

Confidence is greatest in those polarity as-
sessments for which all plausible sister groups
are invariant, because in such cases any ar-
rangement of outgroups will yield the same re-
sult. In other cases, polarity assessments will
depend upon particular character state distri-
butions among the outgroups being used and
their assumed relationships to one another and
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FiGs. 18-20. Polarity assessments for an ingroup (triangle) comprising Salmea.
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18. Spilanthes (SP) as OG!

and Otopappus (OT) and Acmella (AC) as secondary outgroups; f = apex of pale flaring, n = pale not flaring;

polarity assessment equivocal.

upper leaf surface, g = glabrous; “h”” most parsimonious at ON (circle).
secondary outgroups; “h” most parsimonious at ON.

to the ingroup. If outgroup 1 has one state and
all secondary outgroups have the opposite state,
then the polarity assessment is equivocal. If
outgroup 1 is variable but all secondary out-
groups are invariant for a single state, then a
polarity decision is possible and the character
can be used (at least until relationships are re-
solved within outgroup 1). In other cases, some
arrangements of outgroups will yield different
polarity decisions than others (Maddison et al.
in press, provide a general algorithm for out-
group polarity assessment).

Characters that vary within all plausible sister
groups should generally not be used, because
polarity cannot be assessed with confidence
until cladistic relationships within one or more
of them can be resolved. If however, the dis-
tribution of character states within an out-
group is extremely lopsided, it is common prac-
tice to proceed by invoking the commonality
principle within that outgroup. This may
sometimes be justifiable on pragmatic grounds,
but it must be recognized that an additional

19. OT as OG! and SP and AC as secondary outgroups; h = pubescent on

20. SP as OG' and AC and OT as

assumption has been made that may introduce
an error in the analysis (see Cantino 1982 for
further discussion of this problem). If subse-
quent study of relationships within that out-
group indicates that the rare state is in fact an-
cestral in the group, then the initial analysis in
which the commonality principle was applied
must be revised.

When polarity assessments depend on pre-
cise knowledge of outgroup relationships, the
best way to proceed is to perform a higher level
cladistic analysis to resolve these relationships.
In some instances this may be feasible but in
others it might require a decade or lifetime of
work. If the latter is true, it may still be possible
to make some headway. Certain combinations
of outgroups may be less reasonable than oth-
ers. For example, judging from published
“phylogenies” of the angiosperms, it is far less
likely that Rubiaceae and Araliales are out-
groups 1 and 2 of Dipsacales than that Cornales
and Araliales are outgroups 1 and 2 (i.e., phy-
logenists have suggested that Dipsacales are
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most closely related either to Rubiaceae or to
Cornales/Araliales, while maintaining that Ru-
biaceae and Cornales/Araliales are only dis-
tantly related to each other). Use of this kind
of argument extends the concept of “plausibil-
ity” to combinations of outgroups, thereby
eliminating the need to consider every possible
arrangement of plausible sister groups. To do
so would indeed be tedious, e.g., for five plau-
sible sister groups there are 120 ladderlike
cladograms involving all five, 205 more using
only four, three, two, or one of them, and many
others that are not ladderlike.

CONGRUENCE AND INCONGRUENCE
OF CLADOGRAMS

After character polarities are assessed using
every plausible arrangement of outgroups, an
ingroup cladogram is constructed for each. For
complex data sets involving many ingroup ter-
minal taxa and many characters, such clado-
grams are best obtained using a computer-as-
sisted parsimony algorithm such as a Wagner
program (Farris 1970). The cladograms are then
compared to locate areas of congruence. Whole
cladograms need not, and often will not, be
entirely congruent. Discovery of even a few
congruent clades may be helpful and may make
it possible to resolve the ingroup further by use
of the functional ingroup/functional outgroup
approach described in the next section (Wa-
trous and Wheeler 1981).

With ingroup cladograms that have relative-
ly few terminal taxa, such as those used in our
examples, areas of congruence will be easy to
identify. With more complicated cladograms
this may become increasingly difficult, and a
rigorous method for finding such groups could
be employed. For our purposes, constructing
an Adams consensus tree (Adams 1972) is in-
appropriate because a clade in such a tree need
not be present in either of two cladograms that
are being compared, i.e., the tree may contain
compromise branching points (Sokal and Rohlf
1981; Seaman and Funk 1983). We are interest-
ed in finding components shared by all clado-
grams, and for this purpose a Nelson consensus
tree (Nelson 1979; Nelson and Platnick 1981)
seems appropriate.

Because a number of equally parsimonious
but topologically different cladograms can often
be obtained from a given data set, one may ask
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how such suites of cladograms should be com-
pared both within and among different data
sets (each data set represents one outgroup ar-
rangement). We recommend a conservative ap-
proach in which congruent clades are sought
among all of the most parsimonious clado-
grams obtained from all of the outgroup ar-
rangements considered. However, as Schuh and
Farris (1981) pointed out, this conservative ap-
proach is probably inappropriate if one’s objec-
tive is a quantitative comparison of congruence
for purposes of assessing the stability obtained
by different classificatory methods.

What conclusions can be drawn from incon-
gruent cladograms or portions thereof? In our
opinion, only complete congruence is an ac-
ceptable basis for phylogenetic conclusions. If
one wishes to discuss relationships involving
incongruent areas in the cladograms, the dif-
ferent ingroup cladograms derived from differ-
ent outgroup hypotheses should be clearly pre-
sented. This is helpful in that it identifies a
problem that can perhaps be solved by future
work on the more inclusive cladistic relation-
ships of the ingroup.

It might be tempting to invoke a probability
argument to draw a conclusion despite incon-
gruence of cladograms. For example, if three
out of four cladograms are identical, one might
contend that there is a 75% chance that this
cladogram is correct. In our view this form of
argument is inappropriate. A basic assumption
of the outgroup substitution approach is that
one and only one ‘of the outgroup arrange-
ments being considered is the correct one.
However, because the relationships of the
plausible sister groups to the study group are
not known, it is assumed for the sake of the
analysis that each outgroup arrangement is
equally likely to be correct. We can only hope
that the first assumption is true; the second is
obviously not true but is necessary because we
are aware of no rigorous procedure for assess-
ing and quantifying probable relationships of
the outgroups to the study group. To employ
probability in choosing among incongruent in-
group cladograms would place too much weight
on the operational assumptions, which, after
all, are based on ignorance. In so doing, one
might effectively rule out an outgroup arrange-
ment that may be the true one. Moreover, as-
signment of a numerical probability to an in-
group cladogram may convey an unwarranted
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sense of confidence in a particular outcome. The
strength of the approach outlined here, with
its insistence on complete congruence among
cladograms (or portions thereof), is that it can
generate robust hypotheses in spite of initial
uncertainties. Anything less than complete
congruence maintains or may even compound
the initial uncertainties and, in our opinion,
renders any conclusions about relationships far
less compelling. Ultimately, the best way to rule
out a particular incongruent cladogram is to
demonstrate that the outgroup assumptions that
underlie it are less parsimonious than other
outgroup assumptions, which would require a
higher level cladistic analysis.

The likelihood of obtaining incongruent
cladograms is a function both of the number of
terminal taxa in the ingroup and the number
of plausible sister groups employed. The fewer
the ingroup taxa and the fewer the plausible
sister groups, the greater the likelihood that
completely congruent cladograms will be ob-
tained. However, even with numerous ingroup
taxa and many plausible sister groups, it may
still be possible to identify some robust clades.

CHARACTER SUPPORT FOR CLADOGRAM
STRUCTURE

In this section we consider the causes of con-
gruence among cladograms obtained with the
outgroup substitution approach and implica-
tions regarding the study of character evolu-
tion within the ingroup. The most obvious, and
perhaps most important, cause of congruence
is the use of characters for which all plausible
sister groups have the same state, and hence
identical polarity assessments are obtained for
all outgroup arrangements. If every character
were of this sort, the resulting cladograms
would be fully congruent, and it would be pos-
sible to specify which character states support
each clade. This ideal situation is probably rare.

Even if most or all characters used in the
analysis vary among the outgroups, and/or
particular characters are used with some out-
group arrangements and not others, some clades
or even the entire ingroup cladogram may be
congruent. This is so because particular clades
may be supported by different sets of synapo-
morphies depending on which arrangement of
outgroups is used.

There are two main reasons why one might
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use a character with some outgroup arrange-
ments but not with others. First, if an equivocal
polarity assessment is obtained with a particu-
lar outgroup arrangement, then for that ar-
rangement the character cannot be used to in-
fer ingroup cladogram structure at this stage in
the analysis. The character may still be useful,
however, with other outgroup arrangements
and in subsequent analyses of unresolved por-
tions of the ingroup cladogram. If some cladis-
tic structure within the ingroup can be estab-
lished, certain clades within the ingroup can
be used as functional outgroups for the unre-
solved clades (Watrous and Wheeler 1981). In
doing so, one should consider the functional
outgroup along with the plausible sister groups
of the ingroup in determining polarity. This
could be very helpful. For example, if the two
basal clades within the ingroup have the same
state, this will be the most parsimonious ple-
siomorphic state for the rest of the ingroup.
This assessment will hold regardless of the dis-
tribution of states among outgroups further re-
moved from the ingroup (the “first doublet
rule” of Maddison et al. in press).

Secondly, a character that can be used with
one outgroup may not be applicable with
another because of uncertainty regarding the
homologous condition in the latter. For exam-
ple, if all members of the ingroup have simple
leaves, some with entire margins and some with
lobed, and a plausible outgroup has compound
leaves with entire-margined leaflets, is the en-
tire margin of the simple leaf in the ingroup
homologous with the entire margin of the leaf-
lets in that outgroup? Quite possibly not. The
lobed leaves of some ingroup members might
represent an intermediate state in a transfor-
mation series from simple, entire leaves to
compound leaves or vice versa. Because of the
uncertainty about homology, leaf margin would
have to be omitted from the analysis when this
outgroup is used.

An important implication of the above para-
graphs is that it may be possible to arrive at a
robust hypothesis of ingroup relationships us-
ing the outgroup substitution approach but not
to detail which character states support each
clade. This is a serious limitation of our ap-
proach, inasmuch as one purpose of cladistic
analysis is to formulate hypotheses concerning
character evolution within a study group and
to detail character support for particular clades.
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However, the omission of a character in rela-
tion to some outgroup arrangements does not
necessarily mean that it will be impossible to
make positive statements about the evolution
of the character in the ingroup. There may be
a single most parsimonious arrangement of its
states on the robust cladogram obtained using
other characters. This a posteriori fitting of
characters to cladograms is essential if one is
interested in tracing evolution of particular
characters (Farris 1970; Mickevich 1982; Swof-
ford and Maddison, in prep.).

It may be most appropriate to use the out-
group substitution approach when a hypothe-
sis of cladistic relationships is desired but when
it is not critical to know where on the clado-
gram particular character state changes occur.
For example, the method is especially useful if
one’s interest in cladistic relationships in the
ingroup is primarily to establish an outgroup
hypothesis for a subsequent lower level cladis-
tic analysis. It has been successfully employed
to establish Scrophulariales as the best-sup-
ported outgroup for subsequent cladistic anal-
ysis of Lamiales (Cantino 1982) and to deter-
mine that the clade comprising Sambucus and
Adoxa is the sister group of Viburnum (Dono-
ghue 1983b) in order to assess polarities and
determine cladistic relationships within Vi-
burnum (Donoghue 1983a).

Although we have observed that congruent
cladograms can be obtained for different rea-
sons, we have not addressed an interesting
question: Under what circumstances will an in-
correct outgroup arrangement result in an in-
group cladogram that is congruent with that
obtained using the true outgroup arrange-
ment? We cannot answer this question. There
are so many different ways to obtain congruent
cladograms that it may not be possible to make
meaningful generalizations. Fortunately, the
logic of the outgroup substitution approach
does not rest on the answer. It is not essential
to know why congruent cladograms are ob-
tained with incorrect outgroup arrangements,
but only to know that one of the outgroup ar-
rangements used is the correct one. The out-
group substitution approach is very conserva-
tive; only congruent cladograms, or portions
thereof, are accepted. Thus, although this ap-
proach may yield a highly unresolved clado-
gram, one can be certain that whatever robust
clades are obtained would also be obtained if a
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cladogram were constructed using only the true
outgroup arrangement.

CONCLUSIONS

Although there is no completely satisfactory
substitute for a well-corroborated hypothesis of
outgroup relationships, we recognize the need
to develop methods to cope with the common
problem of uncertain outgroup relationships.
The approach advocated here is particularly
helpful when some of the plausible sister
groups may be only distantly related to others,
a common situation given our current state of
uncertainty about angiosperm phylogeny.

The outgroup substitution approach is not a
rigid set of procedures. It does not necessarily
require an exhaustive testing of every possible
arrangement of conceivable outgroups. Rather,
it is a flexible approach to the problem of un-
certain outgroups that permits the generation’
of robust phylogenetic hypotheses in an explic-
it manner. Some subjectivity is involved inas-
much as the investigator must exercise judg-
ment in selecting “plausible” sister groups and
outgroup arrangements. Because of this, it is
imperative that it be stated which ingroup
cladograms were generated on the basis of
which outgroup arrangements. Some workers
may disapprove of an approach that permits
such subjectivity. But our procedure is at least
explicit and is thus an improvement on the
rather vague applications of multiple out-
groups that have appeared in recent botanical
cladistic literature. We look forward to the day
when angiosperm phylogeny is well enough
understood that approaches such as ours are no
longer necessary. In the meanwhile, however,
we recommend it as a practical method of gen-
erating tentative phylogenetic hypotheses on
the basis of clearly stated outgroup assump-
tions.
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