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The phylogenetic analysis of nucleic acid sequences, as with other
data, is unavoidably based on explicit and implicit assumptions. At
the fore are character transformation models—usually transversion—
transition ratios—and the relative cost of alignment-derived sequence
gaps. These values are the fulcra of sequence analysis. Simple homo-
geneous weighting does not avoid the issue of arbitrary, yet crucial,
assumptions. (Wheeler, 1995:321)

Sensitivity Analysis (SA) is the study of how variation in the out-
put of a model can be apportioned, qualitatively or quantitatively,
to different sources of variation, and how the given model depends
upon the information fed into it. (Saltelli, 2000:3)

Robustness is resistance to variation in some input/
assumption. In the context of phylogenetic analysis, the
term robust has been traditionally applied to a method
that is consistent, even with sizable deviations from a
given model (Penny et al., 1992). In a more general
sense, robustness could be defined as the stability of
a phylogenetic hypothesis to variation in phylogenetic
inference procedures, including weighting scheme or
model of evolution and the method used to construct
the tree. In phylogenetics, robustness is often assessed
via measures of nodal support but rarely as the varia-
tion resulting from alternative models or tree construct-
ing methodologies. Even in those cases where robust-
ness to model selection is truly evaluated (e.g., Buckley
and Cunningham, 2002), still the individual trees are
often judged by appealing to nodal support measures.
Recently, the notion of (nodal) stability has become im-
portant when postulating taxonomic formulations, al-
though this application of the robustness criterion has
been mostly restricted to stability to parameter variation
through alignment-to-tree construction or via single-step
phylogenetic analysis (direct optimization) in the sensi-
tivity analysis framework proposed by Wheeler (1995).
In this sense, the stability notion is considered here, as a
test of robustness within a method of phylogenetic anal-
ysis. My intention is to explicitly discuss the relationship
between nodal support (as commonly applied in phylo-
genetic inference) and nodal stability.

Nodal support, as measured by the methods of boot-
strapping (Felsenstein, 1985), Bremer support (Bremer,
1988, 1994), jackknifing (Farris et al., 1996), relative sup-
port (Goloboff and Farris, 2001), Bayesian posterior prob-
abilities (Huelsenbeck et al., 2001), or spectral plots
(Lento et al., 1995), is generally required for publication.
A review of some or all of these methods can be found
elsewhere (Swofford et al., 1996; Siddall, 2002), and it is
not my intention to discuss in detail these methods of

evaluating nodal support. Contrary to the notion of how
much support for a given node is derived from the analy-
sis in question, knowing the degree to which those nodes
are affected by variation in the analytical conditions un-
der which they are postulated may be interesting; such a
measure is here formally defined as nodal stability. The
idea of a nodal stability measure is much newer in phy-
logenetic analysis than that of nodal support, and it is
directly related to issues of sensitivity analysis (Wheeler,
1995). Although its application has been mostly in par-
simony analyses (especially with the use of direct opti-
mization), its usage could be much broader, and it may
become a standard way of assessing phylogenetic rela-
tionships. Here, I review the application of nodal sta-
bility in phylogenetic studies by using three examples.
(Other types of stability, in particular leaf stability, have
been used [Thorley and Wilkinson, 1999], although that
measure does not directly compare to the one discussed
here.) The results presented here support the idea that
sensitivity analysis is a useful technique for assessing
nodal stability, that the results of a stability analysis are
often but not always correlated to values of nodal sup-
port, and that the comparison of multiple models for a
given method of phylogenetic inference may well consti-
tute the best way to detect nodes supported only under
particular analytical conditions.

HISTORICAL PERSPECTIVE

The existence of parameter dependence in multiple
sequence alignments was recognized early (Fitch and
Smith, 1983; Williams and Fitch, 1989); alternative align-
ment parameters result in different alignments, and
these may result in alternative phylogenetic trees. De-
pendence in analytical parameters is independent of
the tree-construction methodology of choice and thus
is a central conundrum of phylogenetic analysis. De-
pendence theoretically affects pairwise-distance—based
alignments (Higgins and Sharp, 1988; Jeanmougin et al.,
1998), parsimony-based alignment methods (Wheeler
and Gladstein, 1994; Wheeler, 1995), and maximum
likelihood-based alignments (Thorne et al., 1991). The
fact that alternative alignments may result in alterna-
tive trees was elegantly presented by Morrison and Ellis
(1997). That study concluded that changes in phyloge-
netichypotheses are greater when alternative alignments
are compared within methods of tree construction than
when the same alignment is analyzed across methods.
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Other authors have advocated the use of secondary struc-
ture to improve congruence with morphology (Titus
and Frost, 1996), to improve accuracy and robustness
(Hickson et al., 2000), or simply to improve homology
statements across taxa (Giribet, 2001, 2002). I do not dis-
cuss sequence alignments further here except to point out
that automated multiple alignment approaches require
arbitrary decisions in parameter selection (i.e., gap cost
and length, transversion/transition cost ratios, etc.), and
the sensitivity analysis approach aims to explore these
arbitrarily chosen parameter sets (e.g., Wheeler, 1995;
Giribet and Wheeler, 1999). However, it is important to
note that, some authors (Kjer, 1995; Hickson et al., 2000)
have argued that for aligning molecules such as RNA, a
single gap cost could not be optimal because the prob-
ability of an indel event changes dramatically from one
RNA segment to another.

This notion of parameter dependence introduced by
Fitch and Smith (1983) leads the investigator toward a
fundamental question: which parameter values need to
be explored? The necessity of making explicit but some-
how arbitrary decisions in parameter specification led
Wheeler (1995) to propose a methodology for exploring
the data under a range of parameter set values. This pa-
rameter exploration was later termed sensitivity analy-
sis because it was equivalent to sensitivity analysis in
a statistical sense (Saltelli, 2000) and is the basis of the
notion of nodal stability. After Fitch and Smith (1983),
logically, parameter exploration was incorporated im-
plicitly into a few phylogenetic analyses, but it was not
until 1995 that parameter sensitivity was explicitly in-
corporated into choosing alignment parameters for the
purpose of building phylogenetic trees.

The same article that introduced the parameter sensi-
tivity analysis discussion (Wheeler, 1995) incorporated a
congruence assay as the most reasonable metaoptimal-
ity criterion for phylogenetic analysis. This congruence
assay was aimed at choosing the optimal set of parame-
ters (among the explored ones) for a given data set, i.e.,
the parameters that maximized precision (the agreement
among data). Because the two notions, parameter sensi-
tivity and the congruence assay to choose the best cor-
roborated hypothesis, were introduced simultaneously,
many systematists seem to see both exercises as neces-
sarily connected, i.e., one investigator generates n phylo-
genetic hypotheses under n combinations of parameters
and appeals to congruence (or other criteria) to present
the preferred hypothesis. However, these two steps are
not necessarily connected and one could explore an in-
finite number of parameter combinations for parsimony
or for likelihood models and display the respective trees
without making a decision as to which one yields the
preferred hypothesis (Giribet, 2002; Giribet and Wheeler,
1999). Furthermore, a sensitivity analysis is required to
make reference to nodal stability, but it is not necessary to
choose among the different hypotheses generated under
the different parameter/models (e.g., one could display
all topologies obtained under different analytical con-
ditions). Sensitivity analysis is therefore independent of
hypothesis selection.

As mentioned above, alignment parameter sensitivity
was made explicit in phylogenetic analysis after publica-
tion of Wheeler’s (1995) article, although because of com-
putational difficulties in generating multiple sequence
alignments for different alignment parameters (Wheeler,
1994; Slowinski, 1998), some authors explored param-
eter variation solely in the tree-building step (Whiting
et al., 1997) and not for constructing alignments. For au-
thors using direct optimization (Wheeler, 1996), sensitiv-
ity analysis became standard practice. Under direct opti-
mization, parameters need to be specified only once, and
because of computation efficiency the phylogenetic ex-
ercise could be repeated multiple times for different pa-
rameters in the computer program POY (Wheeler et al.,
2002). In contrast, two-step phylogenetic analyses, re-
quiring a multiple sequence alignment step plus a tree
search, are more costly because they require two levels of
heuristics, one at the alignment level (a sum of two NP-
complete problems) and another one for the tree search.
The recent incorporation of likelihood functions into the
software allows maximum-likelihood analyses using the
same criterion for establishing primary homologies, a
necessity mostly ignored because of the computational
burden (Thorne et al., 1991). Since the publication of the
direct optimization method, the use of sensitivity analy-
sis has increased, with publications appearing in all the
major systematics journals (Wheeler and Hayashi, 1998;
Sorenson et al., 1999; Arnedo et al., 2001; Cognato and
Vogler, 2001; Frost et al., 2001a; Giribet et al., 2001; Janies,
2001; Sanchis et al., 2001; Shull et al., 2001; Belshaw and
Quicke, 2002; Edgecombe et al., 2002; Hormiga et al.,
2003; Whiting et al., 2003). Shull et al. (2001) compared
direct optimization to alignment sensitivity analysis fol-
lowed by phylogenetic analysis.

The appeal of sensitivity analysis is the new notion of
stability, originally formulated as robustness in a statis-
tical inference paradigm (Wheeler, 1995:323):

As with statistical inference, two types of decisions (estimates of
parameter values) can be made: best and robust. A best decision
is made by choosing the set (or sets) of parameter values at which
the optimality criterion is maximized. ... A robust decision selects a
range of parameter values rather than settling on a single set. This
range defines a subset of the analysis space in which some statement
is supported. For example, an area might be specified in which some
group was monophyletic.

But later, when referring to the congruence plots,
Wheeler (1995:328) interpreted stability in the more re-
stricted sense here employed: “The size and number of
these areas give a measure of the generality and stability
of the hypothesis of monophyly.”

STABILITY ANALYSES

Nodal stability measures are an attempt to show how
alignment (or other specifiable) parameters affect phy-
logenetic hypotheses. In the simple case of a parsimony
analysis, stability can measure how alignment parame-
ters (e.g., indel costs) affect the outcome topology and can
give an indication of whether a given hypothesis is sup-
ported by all-many-few-no alignments. This approach
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has been incorporated for several alignments generated
under different costs and analyzed via parsimony ap-
plying the same step matrices (Wheeler, 1995; Giribet
and Carranza, 1999; Giribet and Wheeler, 1999), for a
single alignment analyzed under different weighting
schemes (Whiting et al., 1997), or for multiple param-
eters under direct optimization (Wheeler, 1998; Giribet
and Wheeler, 1999; Sorenson et al., 1999; Giribet et al.,
2000; Arnedo et al.,, 2001; Cognato and Vogler, 2001;
Frost et al., 2001a, 2001b; Janies, 2001; Shull et al., 2001;
Edgecombe et al., 2002; Whiting et al., 2003). However,
the quest for stability of phylogenetic hypotheses goes
beyond the use of parsimony or direct optimization. Au-
thors often present pluralistic analyses with trees gener-
ated under different optimality criteria or tree-building
methods. Although I have criticized this type of “sta-
bility” analysis elsewhere for not achieving its purpose
(Giribet et al., 2002a), I still believe that it is done with
the intention of testing for stability under different ana-
lytical conditions. (The criticism refers to the necessity of
exploring the chosen method of analysis thoroughly in-
stead of seeking for congruence among methods under
similar conditions.)

The search for stability is also rooted in morpho-
logical analysis of phylogenetic data. For example, in
a recent taxonomic study of the scorpion superfamily
Scorpionoidea, Prendini (2000) evaluated the effect of
different concavity values under implied weights and re-
ported topological changes under the different k values.
Exploration of a range of successive weighting options
has also been presented in an analysis of sphenodontid
phylogeny (Wilkinson and Benton, 1996). Clade stability
is so important that it drives the current discussion about
classification systems.

As mentioned above, sensitivity analyses do not con-
flict with the notion of choosing the best (most corrob-
orated) phylogenetic hypothesis (i.e., the tree obtained
under the most congruent parameter set or under the
most likely model). Both types of trees are sometimes
presented simultaneously, the preferred tree side by side
with the strict component consensus of all the analyzed
parameter sets (Wheeler, 1995; Wheeler and Hayashi,
1998; Edgecombe et al., 1999, 2002; Giribet and Boyer,
2002; Giribet and Wheeler, 2002).

Sensitivity analyses are also represented graphically
using the “Navajo rugs,” a graphic plot where the pa-
rameter space is represented as a grid with parame-
ters represented in two (or more) axes. A typical rep-
resentation shows the indel-change ratio in one axis and
transversion—transition cost ratio in the second axis, and
color coding is employed for designating monophyly or
nonmonophyly of a given group (Wheeler, 1995; Giribet
and Wheeler, 1999, 2002; Janies, 2001; Giribet et al., 2002b;
Edgecombe and Giribet, 2003).

A COMPARISON OF NODAL SUPPORT MEASURES

One of the most interesting questions concerning most
common methods for assessing nodal support in phylo-
genetic hypotheses is what is their relationship to each

other? For example, two of the most common resampling
methods for assessing nodal support are bootstrapping
and jackknifing, which differ in the way characters are re-
sampled. In bootstrapping (Felsenstein, 1985), characters
are resampled with replacement from the original matrix
to form a pseudoreplicate matrix with the same number
of characters as the original. Jackknifing (Farris et al.,
1996) instead employs independent removal, in which
each character has the same chance, ¢! (about 0.37), of
being omitted from a given pseudoreplicate. Jackknifing
thus simplifies the relationship between frequency and
support; for data with no missing entries, the expected
jackknife frequency of a group G set off by k uncontra-
dicted charactersis 1 — e ~* (Farris et al., 1996). Bootstrap-
ping has the same expectation when the total number #
of characters is very large (Farris, 1997). The relation-
ship between the two resampling techniques is simple,
and the interpretation of the expected results is straight-
forward: Jackknifing generally shows lower frequencies
for a given group. The relationship between character-
based measures, such as Bremer support (Bremer, 1988),
and the resampling methods is not as well understood.

Bremer support generates absolute values of the de-
gree to which a tree is suboptimal compared with an-
other tree. A defect of that method is that it does not al-
ways take into account the relative amounts of evidence
contradictory and favorable to the group. For example,
according to the Bremer metric, a group supported by 2
uncontradicted characters is less well supported than a
group supported by 100 and contradicted by 97. The first
group, however, is relatively well supported, whereas in
the second case there is about as much evidence in favor
of the group as against it. This problem, as pointed out by
Goloboff and Farris (2001; see also Lee, 2000), is dimin-
ished if the support for the group is calculated as the ratio
between the favorable and the contradictory evidence.
Potential advantages of the relative supports measures
over normal Bremer support are that they vary between
0 and 1 and they provide an approximate measure of the
amount of favorable/contradictory evidence (e.g., if the
corrected Bremer support [RFD] is 0.25, the amount of
contradictory evidence is 75% of the amount of favor-
able evidence, so it is equivalent to the conflict of four
favorable characters versus three contradictory charac-
ters) (Goloboff and Farris, 2001). In this sense, the relative
support may be directly comparable with the commonly
employed resampling techniques. Problems with the in-
terpretation of Bremer support values and their relation
to branch lengths have been recently pointed out (DeBry,
2001).

Is THERE A CONNECTION BETWEEN NODAL SUPPORT
AND NODE STABILITY? THREE EXAMPLES

What, if any, is the relationship between measures of
assessing nodal support and the notion of stability dis-
cussed here? Since no published article has explicitly dis-
cussed this issue, by exploring the relationship between
nodal support and nodal stability, I stress the necessity
of using sensitivity analysis as a mode to explore nodal
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stability in phylogenetics in addition to the common
measures of assessing robustness. I illustrate this ap-
proach by using some real data sets.

Ideally, one would expect (or wish) that a well-
supported node is not model-dependant. Otherwise, one
could ask how good is a well-supported relationship be-
tween taxon A and taxon B if it is only obtained under
one model out of a whole set of models explored? But
what happens if that single model is our preferred one
under the chosen (meta-)optimality criterion (e.g., a like-
lihood ratio test)? Such cases can be found in real data
sets, and although they do not necessarily invalidate an
entire analysis/hypothesis/tree, they may indicate that
something suspicious may be going on and can summa-
rize the conflict between best and robust. Three examples
are discussed below:

Example 1: Arthropod Phylogeny

For example, Figure 1 is a tree obtained after analyzing
eight molecular loci (185 ribosomal rRNA [rRNA], 285
rRNA, elongation factor 1o, RNA polymerase II, histone
H3, U2 snRNA, 16S rRNA, and cytochrome ¢ oxidase
subunit I) and a large morphological matrix for a set of
48 arthropods plus selected outgroups (Giribet et al.,
2001). While the general topology of the tree and the
deepest nodes are reasonable from a traditional and
modern perspective (i.e., monophyly of Arthropoda, Py-
cnogonida, Chelicerata, Mandibulata, Myriapoda, and
Tetraconata), there is a node that especially attracts the
attention of arthropod systematists. This node includes
taxa as divergent as a japygid (Hexapoda, Diplura), a
fruit fly (Hexapoda, Diptera), and a barnacle (Crustacea,
Cirripedia). This group is furthermore supported by a
Bremer support (BS) value of 55, the 10th highest value
for that tree; the other nine most well-supported groups
are Remipedia (BS = 506), Xiphosura (157), Symphyla
(126), Archaeognatha (112), Onychophora (112),
Cephalocarida + Remipedia (87), Malacostraca (80),
Pycnogonida (73), and Opiliones (56) (see Table 1). All
nine groups are well supported morphologically, and
no sensible phylogenetic hypothesis would question
them. These nine clades share with the japygid—fruit
fly-barnacle clade a high value of Bremer support, but
they have a fundamental difference. All nine clades are
quite stable to parameter set variation (indel and change
ratios) and are recovered in 76-100% of the 12 analytical
conditions examined (a range of gap—change and
transversion—transition cost ratios) (see Table 1). How-
ever, the spurious clade, dipluran—fruit fly—barnacle, is
only obtained in 1 of the 12 parameter sets examined.
Given our knowledge of the relationships of diplurans,
barnacles, and fruit flies based on a wealth of biological
information, the stability criterion would be a better
indicator of the lack of reality of the odd japygid—fruit
fly-barnacle clade than the Bremer metric.

When the tree from Figure 1 was published, only
Bremer support values and stability measures were
provided. When adding a standard resampling tech-
nique to evaluate nodal support, such is the case of

TABLE 1. Values of nodal support and stability analysis measured
by Bremer support (BS), parsimony jackknifing (JF), and stability anal-
ysis shown as the 50% majority rule consensus of the 12 analytical pa-
rameters examined (ST). Nodes and clades are illustrated in Figure 1.
Empty cells indicate JF or ST values <50%.

Clade BS JE ST

Node
1 Remipedia 506 100 100
2 Xiphosura 157 100 100
3 Symphyla 126 100 100
4 Onychophora 112 100 100
5 Archaeognatha 112 99 100
6 Cephalocarida 4+ Remipedia 87 80 100
7 Malacostraca 80 87 75
8 Pycnogonida 73 100 100
9 Opiliones 56 92 100

10 Drosophila + Japygidae + Balanidae 55

11 Branchiopoda 46 94 83

12 Juliformia 42 79 100

13 Chelicerata 38 92 100

14 Tetraconata 37 66

15 Scorpiones + Araneae + Uropygi 35 86 100

16 Arthropoda 34

17 Chilopoda 30 80

jackknife proportions, we found a somewhat different
result. The japygid—fruit fly-barnacle clade received a
jackknife value of <50%, whereas all groups receiving
high values are well recognized morphologically, such as
Onychophora (100), Pycnogonida (100), Symphyla (100),
Xiphosura (100), Remipedia (100), Archaeognatha (99),
Branchiopoda (94), Chelicerata (92), and Opiliones (92)
(see Table 1 for other nodes). Only one group not recog-
nized morphologically received a jackknife proportion
value >85%, the clade uniting scorpions, spiders, and
vinegaroons, a clade that is also highly stable to param-
eter variation. However, this clade received a moderate-
to-low Bremer support value, in the range of those taxa
that received low jackknife support and/or were unsta-
ble to parameter variation. In this example, only one
clade that was 100% stable to parameter variation re-
ceived a jackknife value <85%, the clade uniting Remi-
pedia and Cephalocarida (jackknife proportion = 80%).

According to this data set and analysis, there is a
closer relationship between the measure of stability
here employed and the resampling techniques (jackknife
used here) than between either of these measures and
Bremer support, which is artificially affected by not tak-
ing into account the contradictory evidence (Goloboff
and Farris, 2001) or the number of changes accumu-
lated on branches (DeBry, 2001). It is also important to
note that the opposite situation may also occur in real
data sets; low nodal support values may be related to
highly stable clades. For example, the pair Remipedial +
Remipedia3 received one of the lowest Bremer sup-
port values (9) and a jackknife value <50%, although
it was consistently obtained under all parameter sets
explored, i.e., it is a very stable node. This behavior
is logically expected when a clade has just a few un-
ambiguous characters supporting it and no characters
that contradict it. Unlike the previous case of spurious
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Phylogenetic tree of selected arthropods based on the combined analysis of a morphological data set and eight molecular loci

(analysis based on direct optimization when all transformations, including gaps, are equally weighted; the parameter set that minimized incon-
gruence among partitions). Numbers correspond to nodes listed in Table 1. Terminal taxa are velvet worms (Peripatidae and Peripatopsidae),
tardigrades (Eutardigrada), sea spiders (Ammotheidae, Endeis and Colossendeis), horseshoe crabs (Limulus and Carcinoscorpius), vinegaroon
(Mastigoproctus), spider (Mygalomorphae), scorpion (Buthidae), daddy-long-legs (Laniatores, Opilio, Nipponopsalis), centipedes (Scutigeridae,
Lithobius, Craterostigmus, Scolopendridae, Mecistocephalus, Chilenophilidae), millipedes (Polyxenidae, Proferoiulus, Narceus, Sphaerotheriidae),
pauropod (Pauropodinae), symphylans (Hanseniella, Scutigerella), springtail (Arthropleona), proturan (Protura), diplurans (Campodeidae, Japy-
gidae), bristletails (Meinertellidae, Machilidae), silverfish (Lepismatidae, Tricholepidion), mayfly (Callibaetis), cockroach (Periplaneta), grasshopper
(Locusta), fruit fly (Drosophila), crustaceans (Remipedia, Hutchinsoniella, Calanoida, Anostraca, Triops, Limnadia, Daphnia, Nebalia, Balanidae,
Stomatopoda, Anaspides, Oniscidea, Reptantia). For more details, see Giribet et al. (2001).

nodes (i.e., long branch attraction), this case does not
need to be an artifact but rather reflects the reality of
many data sets; having few characters supporting a node
may not necessarily indicate that the node is not well cor-
roborated, especially in the case of lack of contradictory

characters (see also Bandelt et al., 1995; Knox and Palmer,
1995). This has also been noticed when comparing quar-
tet puzzling (QP) support values with those of bootstrap-
ping for recently evolved taxa, where unlike bootstrap
values the QP values are usually high when sequence
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data show few informative sites but relatively few incom-
patibilities (Lockhart et al., 2001). A similar conclusion is
found when comparing bootstrap support and Bayesian
posterior probability values (Jordan et al., 2003).

While some systematists may pursue the goal of sup-
port, others may prefer to stick to the notion of stability,
and hence could, for example, name a node that may
seem poorly supported because there are no analytical
conditions that may overturn it. (But it is not the point of
this article to make a choice between stability or support.)

Bremer support has been criticized as a measure for
assessing nodal support for taking into account only ev-
idence in favor and not evidence against a given node
(Lee, 2000; Goloboff and Farris, 2001). While this is cer-
tainly so, a direct relationship between the corrected Bre-
mer support of Goloboff and Farris (RFD) and the notion
of stability cannot be explored for the present data set be-
cause of the lack of implementation. I believe the RFD to
be more closely related to stability measures than Bremer
support, but this is so far speculation. However, the same
disconnection between stability and support may occur
for other measures of nodal support based onresampling
techniques such as bootstrapping or parsimony jackknif-
ing (for a clear comparison of these two methods, see
Farris, 1997).

Example 2: Relationships Among Henicopid Centipedes

A second example of instability is found in an anal-
ysis of five molecular markers (185 rRNA, 285 rRNA,
cytochrome ¢ oxidase subunit I, 165 rRNA, and 12S
rRNA) and 58 morphological characters for the relation-
ships of the centipede family Henicopidae (Edgecombe
and Giribet, 2003). The analysis contains 47 stone cen-
tipedes, and one of the studied genera, the Gond-
wanan Paralamyctes, is represented by 22 terminals (16
morphologically recognized species). Paralamyctes in-
cludes the previously recognized genus of small heni-
copids Haasiella, which clearly shows overlap with Par-
alamyctes in geographical distribution (Edgecombe et al.,
2002). But the morphological delimitation of Paralamyctes
Pocock, 1901, sensu Edgecombe (2001), is ambiguous
for morphological data alone, and when the molecular
data are analyzed under the parameter set that mini-
mized overall incongruence (in this case, when all trans-
formations [indels, transversions, and transitions] are
weighted equally), the monophyly of Paralamyctes is
violated by Cermatobius (= Esastigmatobius) falling in-
side Paralamyctes (Fig. 2). Current taxonomy places the
Japanese genus Cermatobius with the American genus
Zygethobius in the Laurasian tribe Zygethobiini; molec-
ular analysis under equal weights places Cermatobius
within the Gondwanan clade Paralamyctes, with a jack-
knife support frequency of 81% (Fig. 2). While this analy-
sis may suggest that support for the inclusion of Cermato-
bius within Paralamyctes is not overwhelming, it is still a
well-corroborated hypothesis because it is the least con-
tradicted one under the analytical conditions examined.

The stability analysis of the henicopid molecular data
set tells a completely different story. Figure 3 illus-

trates some graphic plots of sensitivity analyses (“Navajo
rugs”) for indel/change ratios of 1, 2, and 4, and
transversion—transition ratios of 1, 2, 4, and infinity
(transversion parsimony), where a solid square indicates
monophyly, an open square indicates nonmonophyly,
and a shaded square indicates monophyly for some of
the shortest trees but not all. The first plot shows the
genus Paralamyctes as monophyletic under all analyti-
cal conditions with the exception of equal weights. The
second plot identifies monophyly of Cermatobius and the
Henicopinae for 10 sets of parameters. As in the previ-
ous example, hypothesis choice is difficult in this case
because Paralamyctes is not monophyletic under our fa-
vorite analytical conditions (the parameter set that max-
imizes overall congruence among partitions), but all the
other models show its monophyly, agreeing with cur-
rent taxonomy as well as with biogeographical hypothe-
ses for henicopid phylogeny. The choice is tough, but
showing the conflict seems extremely important to tax-
onomists. Given the choice, I would not include the
genus Cermatobius within Paralamyctes in a revised tax-
onomy of the group unless more evidence for doing so is
gathered. Stability under different parameters/models
may well become the preferred criterion for taxonomic
revision.

Example 3: Major Bivalve Clades

A third example of the difference between nodal sta-
bility and nodal support is based on an analysis of three
loci (185 rRNA, 285 rRNA, and cytochrome c oxidase
subunit I) and 183 morphological characters for a data
set including 65 bivalves and 12 outgroup taxa attempt-
ing to address the relationships among the major bivalve
clades (Giribet and Wheeler, 2002). There are several con-
tentious issues in bivalve systematics, but two strike
for their positive resolution using these new sources
of data. The first issue refers to the Palaeoheterodonta,
which includes the well-known freshwater pearl mus-
sels (Unionoida) and the Trigonioida, an exclusive ma-
rine group consisting of the sole living circumaustralian
genus Neotrigonia but having a rich fossil record includ-
ing up to eight families (Beesley et al., 1998). The two
groups have long been considered monophyletic by pa-
leontologists based on shell ultrastructure and hinge
morphology, but these characteristics are not shown in
living species of unionoids, and thus most neontolo-
gists do not recognize the taxon Palaeoheterodonta (e.g.,
Purchon, 1987; Salvini Plawen and Steiner, 1996). Mono-
phyly of Palaeoheterodonta has been recently examined
based on sperm morphology (Healy, 1989) and molec-
ular (Hoeh et al., 1998; Giribet and Wheeler, 2002) and
morphological (Salvini Plawen and Steiner, 1996; Giribet
and Wheeler, 2002) data analyses. While morphologi-
cal analyses of living taxa fail to obtain monophyly of
the Palaeoheterodonta, even when including the sperm
characters that support such monophyly (Healy, 1989),
molecular data clearly recognize the group. But more
importantly, Palaeoheterodonta is the most stable group
for every partition and combination of partitions for
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FIGURE 2. Phylogenetic tree of stone centipedes belonging to the Lithobiomorpha based on the combined analysis of five molecular loci
(analysis based on direct optimization when all transformations, including gaps, are equally weighted; the parameter set that minimized
incongruence among partitions). Thicker branches represent the ingroup taxa, the members of the family Henicopidae. Numbers on nodes
represent jackknife percentages/stability values (for 12 parameter sets evaluated). For more details on the analyses and taxa, see Edgecombe

and Giribet (2003).

each explored parameter set in the phylogenetic study of
bivalve relationships from Giribet and Wheeler (2002),
even when morphological analysis of 183 traits is un-
able to recognize this group. Palaeoheterodonta is thus a
higher taxon (currently listed as a subclass) that benefits

from a stability analysis. Monophyly of the group is how-
ever only moderately supported by jackknifing in the op-
timal tree for all data analyzed in combination; Palaeo-
heterodonta is found in 77% of subreplicates, with 25
other clades receiving higher support.
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FIGURE 3. Four selected stability plots (“Navajo rugs”) from the
analysis of the centipede family Henicopidae illustrated in Figure 2.
The two axes show the gap-change cost ratio ranging from 1 to 4 and
the transversion—transtition cost ratio ranging from 1 to 4 and up to in-
finity (transversion parsimony). Solid squares represent monophyly for
the taxon listed above each box; open squares indicate nonmonophyly;
shaded squares represent monophyly in some but not all of the short-
est trees: i.e., the group formed by Zygethobius + (Lamyctes—Henicops) is
monophyletic (solid) under eight parameter sets and nonmonophyletic
(open) under three parameter sets; one parameter set yields two alter-
native hypothesis for the position of Zygethobius.

A second interesting clade, and a complete different
story, is the Anomalodesmata, a group of bivalves pre-
viously ranked as a subclass that includes mostly a set
of deep-sea species with incredible adaptations such as
the loss of ctenidia or predatory behavior utilizing the
siphons as a suction pump. These and other drastic
morphological changes are associated with accelerated
molecular change (Giribet and Wheeler, 2002). However,
all molecular data gathered so far point toward a phy-
logenetic position of the Anomalodesmata within the
subclass Heterodonta (the largest group of bivalves, in-
cluding many edible species such as cockles and little-
necks). Again, this stable result allowed the elimination
of the subclass Anomalodesmata, which is now classi-
fied as a clade within the subclass Heterodonta. Inclusion
of Anomalodesmata within a subclade of heterodonts is
furthermore supported by a jackknife value of 83.

Finally, this tree has one clade that receives a jack-
knife value of <50% while is 100% stable to parameter
variation: the Pteriomorphia, a clade containing oysters
and mussels, among other “primitive” bivalves. Several
other relationships are also represented in 83% of the pa-
rameter sets analyzed (10 of the 12 parameter sets) but
receive jackknife support values below 50% (Fig. 4).

FINAL REMARKS

A linear relationship between nodal stability and cer-
tain measures of nodal support is certainly the case in

many phylogenetic analyses. However, many examples
exist in the literature showing cases like the ones pre-
sented above, decoupling support from stability in both
directions: high stability with low support and low sta-
bility with high support (Table 1; Fig. 4). While the first
example can be explained under the circumstance of
few but uncontradicted evidence, the second may be
a way to detect the pernicious long-branch-attraction
(Felsenstein, 1978) phenomenon, certainly immune to
the method of choice under more realistic situations than
a four-taxon case (Pol and Siddall, 2001). The use of mul-
tiple models for a given method of tree analysis may
well constitute the best and most secure way to detect
artificially well-supported nodes, as shown in some of
these examples illustrated above. It is also clear that in
some instances support measures based on resampling
techniques do better than Bremer support in detecting
these situations, and in many respects they perform in
a similar way to stability analyses. However, there are
other cases where decoupling between the two mea-
sures is clear. It should also be noted that unlike sup-
port measures, stability could decrease as more and more
parameters/models are explored, especially when de-
parting from the areas of maximum congruence/
agreement among data sets.

Some investigators may feel that resampling tech-
niques (bootstrapping and jackknifing) fit the definition
of sensitivity analysis because these affect the output
of a model by providing sources of variation affecting
the information fed into it. However, these techniques
are not aimed at proposing alternative relationships but
rather are designed to show the support for given nodes
when the data (not all the analytical conditions) are al-
tered. While any analytical variation (e.g., weights of
characters) may fit the definition of sensitivity analysis,
here we refer to a special case where alternative analyt-
ical parameters or models are explored simultaneously,
the outcome of which is the stability analysis defined
above.

Stability measures, sensitivity analysis, and model
exploration have its detractors based on epistemology
(Kluge, 1997a, 1997b; Frost et al., 2001b) and have even
been described as unscientific (Grant, 2003). I see sen-
sitivity analysis as the strictest possible test for a given
phylogenetic hypothesis in the sense that it incorporates
the greatest amount of possible refutation. Certain re-
sampling techniques seem to be a fairly good approxi-
mation of this test, although not under all experimental
situations. I hope to convince the reader that regardless
of the “final” phylogenetic hypothesis that one aims to
present, whether it is based on an arbitrary choice or on a
more sophisticated or explicit way to choose models (e.g.,
congruence or a likelihood ratio test), it is a necessity
to explore how those relationships may be affected by
model/parameter choice. Using such measures in com-
bination with the more traditional measures for nodal
support clearly provides a better picture of the relation-
ships presented.
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FIGURE 4. Tree summarizing the relationships among the main bivalve superfamilies (or other categories, when necessary) as published in
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percentages/stability values (for 12 parameter sets evaluated). An asterisk indicates values <50%.
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