Sequence Alignment, Parameter Sensitivity, and the Phylogenetic Analysis of
Molecular Data

Ward C. Wheeler

Systematic Biology, Vol. 44, No. 3 (Sep., 1995), 321-331.

Stable URL:
http://links jstor.org/sici?sici=1063-5157%28199509%2944%3 A3%3C321%3ASAPSAT%3E2.0.CO%3B2-A

Systematic Biology is currently published by Society of Systematic Biologists.

Your use of the JSTOR archive indicates your acceptance of JSTOR’s Terms and Conditions of Use, available at
http://www.jstor.org/about/terms.html. JSTOR’s Terms and Conditions of Use provides, in part, that unless you
have obtained prior permission, you may not download an entire issue of a journal or multiple copies of articles, and
you may use content in the JSTOR archive only for your personal, non-commercial use.

Please contact the publisher regarding any further use of this work. Publisher contact information may be obtained at
http://www.jstor.org/journals/ssbiol . html.

Each copy of any part of a JSTOR transmission must contain the same copyright notice that appears on the screen or
printed page of such transmission.

JSTOR is an independent not-for-profit organization dedicated to creating and preserving a digital archive of
scholarly journals. For more information regarding JSTOR, please contact support@jstor.org.

http://www.jstor.org/
Thu Feb 16 18:52:19 2006



Syst. Biol. 44(3):321-331, 1995

SEQUENCE ALIGNMENT, PARAMETER SENSITIVITY, AND THE
PHYLOGENETIC ANALYSIS OF MOLECULAR DATA

WARD C. WHEELER

Department of Invertebrates, American Museum of Natural History, Central Park West at 79th Street,
New York, New York 10024-5192, USA!

Abstract—The dependence of the results of molecular phylogenetic sequence analysis (both align-
ment and cladogram construction) on variation in analytical parameters is examined. Phylogenetic
analyses of molecular sequence data are necessarily based on intrinsically unmeasurable param-
eters such as transition—transversion and alignment gap cost ratios (among others). Procedures
for robust and liberal hypothesis choice are proposed using congruence as an optimality criterion.
To illustrate and explain this process further, data on arthropod relationships are used. The effects
of variation in transversion—transition and gap—change ratio parameters on alignment and phy-
logeny reconstruction are assessed in light of both taxonomic and character-based congruence
measures. [Sequence alignment; sensitivity analysis; arthropods; molecular systematics; phylog-

eny.]

The phylogenetic analysis of nucleic acid
sequences, as with other data, is unavoid-
ably based on explicit and implicit as-
sumptions. At the fore are character trans-
formation models—usually transversion—
transition ratios—and the relative cost of
alignment-derived sequence gaps. These
values are the fulcra of sequence analysis.
Simple homogeneous weighting does not
avoid the issue of arbitrary, yet crucial, as-
sumptions. Transversion—-transition ratios
and alignment gap costs are generally not
directly measurable. These values are
statements of process, and they can only
be inferred appropriately from a predeter-
mined phylogenetic pattern. The disturb-
ing circularity of the interaction between
the specification of values a priori and their
inference a posteriori is a general and cen-
tral problem in molecular phylogenetic
analysis.

One potential solution to the problem of
parameter sensitivity has been proposed
by Farris (1969; amplified by Carpenter,
1988) through the successive approxima-
tions weighting (SAW) procedure. Iteration
is used to estimate parameters repeatedly
(in this case character weights) by recon-
structing phylogeny and using this phy-
logeny to generate new self-consistent pa-
rameter estimates. This process is reprised

1 E-mail: wheeler@amnh.org.

until stability in inferred weights is
achieved. The SAW approach has been ex-
tended for character transformation
weights by Williams and Fitch (1989). Al-
though an iterative approach is in some
sense objective, it will not yield informa-
tion as to how sensitive the results are to
the specific model (set of analysis param-
eters) the process yields. Iteration is a way
to choose some models over others, but it
does not tell us how much better these
models are. Furthermore, all iterative ap-
proaches are to some degree sensitive to
the initial conditions (a priori weights) of
the analysis.

Even though transversion-transition
and gap—change cost ratios are unmeasur-
able in the absence of ‘a predetermined
phylogeny, it is possible to estimate their
values through appeal to an external op-
timality criterion. The most reasonable op-
timality criterion for phylogenetic analysis
must be congruence (whether taxonomic
[Nelson, 1979] or character based [Mick-
evich and Farris, 1981]; but see Miyamoto,
1981, 1985). Without any way of objectively
measuring the accuracy of reconstruction,
only precision (the agreement among data)
can be used to arbitrate among competing
hypotheses. This same sort of precision (in
the guise of congruence) can be used to
assay both the quality and robustness of
phylogenetic hypotheses.
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FIGURE 1. The simple two-dimensional analysis
space examined here. The axes (gap—change cost ratio
and transversion—transition cost ratio) are presented
as the logarithm (base 2) of the cost ratios (e.g., 0 =
cost ratio of 1). Different locations in the space may
yield different phylogenetic results (topologies). I = an
infinite transversion-transition cost ratio.

To estimate the sensitivity of an analysis
to variation in parameter values, the range
of each of the parameters (such as charac-
ter weight and bias = asymmetry: i — j #
j — 1) must be determined. This range es-
tablishes the analysis space of the problem.
In this space, all possible combinations of
parameter values are present, hence all an-
alytical conclusions are implied. These
combinations of values then are sampled
and their analytical consequences deter-
mined. This process would, in the most
general case, involve an n-dimensional hy-
perspace with each of the n parameters de-
fining an axis bounded by the parameter
ranges. In the analyses performed here, the
behavior of two variables was investigated:
(1) transversion-transition ratio and (2)
alignment gap—change cost ratio. These
two parameters constitute the axes of a
simple analysis space (Fig. 1). The sam-
pling regime would consist of taking pa-
rameter pairs (transversion-transition ra-
tio, gap—change cost ratio) from this space,
erecting hypotheses of relationship based
on these values, and assaying congruence
with an external data set.

Even with only the two parameters dis-
cussed here, the available analysis universe
is infinite. Each of the parameters can, at
least numerically, achieve any positive real

value. Realistic sampling of such a space
would be extremely difficult. Fortunately,
constraints on the values of these param-
eters simplify the situation considerably.
The triangle inequality effectively removes
most of this space from concern, making
credible sampling tractable (although finer
grained analysis always will be prefera-
ble). The triangle inequality as applied to
character evolution constrains character
transformation models (Wheeler, 1993).
When applied to nucleotide data, three
constraints present themselves. First, char-
acter transformations must be symmetrical
(i > j = j— i, for a bias of zero). Polarities
may be specified by outgroups or some
other means, but the cost of forward and
reverse changes must be identical. Second,
the transversion—transition cost ratio must
be at a minimum 0.5. Without this limit,
transversions could be so cheap as to me-
diate all change, even in the absence of ob-
served states, which would make the trans-
formation series empirically possible (A —
C — G, when C is unobserved). There is
no upper bound for this ratio; transver-
sions may be infinitely more costly than
transitions (transitions effectively costing
zero). Third, like the transversion-transi-
tion ratio, the ratio of the cost of gaps
(alignment insertions) must be at least one
half the cost of changes (character trans-
formations) and may vary upward without
bound (I = infinite, Fig. 1) or else the same
unobserved intermediate problem will oc-
cur (A — gap — G, when no gaps are ob-
served in any of the terminals). These con-
straints limit the analysis space by
reducing both the dimensionality (bias is
constant at zero) and range of possible val-
ues.

Within these theoretical limits, a resid-
uum of possible values exists for the anal-
ysis parameters. Here, a plane bounded on
two adjacent sides is defined (Fig. 1). Be-
cause any and all combinations of param-
eter values that fall in this plane are pos-
sible at least logically, they all (or at least
some sample of them) must be examined.
To accomplish this sampling, alignment
and phylogeny reconstruction must be
performed with sufficient combinations of
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possible values to represent the behavior of
the entire space. This procedure is rela-
tively straightforward (although time con-
suming). For each point (a combination of
transversion-transition and gap-change
cost ratios) to be sampled, the sequences
are aligned and a phylogeny is recon-
structed. Both alignment and phylogeny
reconstruction are performed using the
same combination of parameter values. At
each of these points, some measure of con-
gruence is calculated with respect to some
external data set, the variation of which
can be used to assay both the most appro-
priate values for the unmeasurable param-
eters and the effects of variation in these
parameter values on the overall conclu-
sions of the analysis.

If some congruence measure is plotted
with respect to the parameter values, a
congruence surface is generated. The relief
in this surface denotes the areas of relative
congruence and incongruence. This surface
can be used to estimate the values of the
analytical parameters. 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 val-
ues at which the optimality criterion is
maximized. According to this type of de-
cision, the set of values for the transver-
sion—transition ratio and the gap—change
ratio that maximize congruence would be
chosen. 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 state-
ment is supported. For example, an area
might be specified in which some group
was monophyletic.

CONGRUENCE ASSAY

Most discussions of congruence fall into
one of two camps, taxonomic and charac-
ter. Taxonomic congruence (topology
based, usually expressed in terms of clado-
gram consensus) is concerned with the
agreement among the conclusions of phy-
logenetic analyses (Nelson, 1979; Rohlf,
1982; Bremer, 1990). Shared information
may be expressed in terms of the number

of commonly supported groups (ex-
pressed in terms of resolution of strict con-
sensus; Rohlf, 1982). The comparisons
scored here compare the strict consensus
of the cladograms generated from the mo-
lecular data with that generated from the
morphological information. If two analyses
each support the same set of groups, they
are completely congruent. Here, taxonomic
congruence is expressed in terms of the
percentage of common groups. Two
means of enumerating common groups are
employed. In the first, percent shared
groups (PSG), only those groups that are
demonstrably monophyletic are consid-
ered congruent (unresolved and paraphy-
letic groupings are considered to be incon-
gruent). This definition is derived from the
strict consensus procedure. A second and
more catholic measure, percent consistent
groups (PCG), is also used. The PCG is
more closely allied with the combinable
component consensus (semistrict) method
of Bremer (1990), including unresolved yet
noncontradictory groups as congruent.
When the PCG values are calculated, un-
resolved groups contribute 0.5 to the enu-
merated congruences, whereas monophy-
letic groups contribute 1. A value of zero
implies no shared groups, and a value of
1 denotes complete taxonomic agreement.

Character congruence (Mickevich and
Farris, 1981), the second type of congru-
ence, seeks to measure the degree of char-
acter- conflict among multiple data sets.
The statistic of Mickevich and Farris (1981)
quantifies the degree of character conflict
by measuring the number of extra steps
forced upon the individual data sets when
they are combined. In this way, the addi-
tional conflict created by the combination
of the data is assessed separately from that
derived from internal character conflict.
The value generated is simply the length
of the most-parsimonious cladogram(s)
derived from the combined data minus the
sum of the lengths of the cladograms from
the constituent data sets. This number of
steps is normalized through division by
the length of the combined data clado-
gram. A value of zero implies complete
character congruence, whereas higher val-
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TaBLE 1. Arthropod and related taxa used in the study by Wheeler et al. (1993).

Mollusca Cephalopoda
Polyplacophora
Polychaeta
Oligochaeta
Hirudinea
Peripatoidae
Peripatopsidae
Pycnogonida
Xiphosura
Scorpiones
Uropygi
Araneae
Cirripedia
Malacostraca
Chilopoda
Diplopoda
Zygentoma
Ephemerida
Odonata
Dictyoptera
Auchenorrhyncha
Lepidoptera
Diptera

Annelida

Onychophora

Chelicerata

Crustacea
Myriapoda
Hexapoda

Loligo pealei

Lepidochiton cavernae
Glycera sp.

Lumbricus terrestris
Haemopis marmorata
Peripatus trinitatis
Peripatoides novozealandia
Anoplodactylus portus
Limulus polyphemus
Centruroides hentzii
Mastogoproctus giganteus
Nephila clavipes, Peucetia viridans
Balanus sp.

Callinectes sp.

Scutigera coleoptrata
Spirobolus sp.
Thermobius sp.
Heptagenia sp.

Libellula pulchella, Dorocordulia lepida
Mantis religiosa

Tibicen sp.

Papilio sp.

Drosophila melanogaster

ues denote increasing degrees of character
conflict between the data sets. No topology
statement is implied or required. In fact,
data sets with zero taxonomic congruence

Lepidochiton
Loligo
Glycera
-Haemopis
Lumbricus
Peripatoides
Peripatus
-Anoplodactylus
Limulus
Centruroides
Mastigoproctus
Peucetia
Nephila
Scutigera
Spirobolus
Thermobius
-Mantis
Heptagenia
Tibicen
Papilio
Drosophila
Dorocordulia
Libellula
Callinectes
Balanus

FIGURE 2. Consensus cladogram derived from mo-
lecular data of Wheeler et al. (1993). Note the crusta-
cean taxa (Callinectes and Balanus) within hexapods.
The total analysis (including morphological features)
placed Crustacea as the sister to Hexapoda + Myria-
poda. The cladogram was created with Clados (Nix-
on, 1992).

can have 100% character congruence if one
data set yields an unresolved bush and the
second yields one of its many potential
resolutions. The analyses performed here
use both approaches to measures of con-
gruence.

METHODS

The central questions in the study of ar-
thropod relationships concern the precise
nature of the interrelationships among
higher taxa and arthropod monophyly it-
self (Snodgrass, 1952; Manton, 1964; Wey-
golt, 1986; Ballard et al, 1992). The data
analyzed here (Wheeler et al., 1993) consist
of approximately 650 bases of the 18S nu-
clear ribosomal DNA (18S rDNA) gene,
228 bases of the polyubiquitin locus, and
100 literature-based morphological fea-
tures.

The molecular data were gathered from
each of 25 taxa. The higher level groups
(molluscs, roundworms, clitellate round-
worms, onychophorans, chelicerates, crus-
taceans, myriapods, and insects) were each
represented by at least two taxa. In each
case, the taxa were chosen to be maximally
divergent cladistically (Table 1).

The results presented by Wheeler et al.
(Fig. 2) rely on a specific model of analysis
with the transition-transversion cost ratio
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FIGURE 3. Morphology-based cladogram of Wheeler et al. (1993) showing arthropods and related groups

(Table 1).

at 1:1 (all base transformations equally
costly) and the gap—change cost ratio at 4:
1 (although gap information was not in-
cluded and morphological information
was explicitly incorporated). In the present
reanalysis, I examined the generality of the
results derived from the previous, more
limited analysis.

To determine the effects of alignment
and character transformation model vari-
ation, the complete molecular data were re-
aligned and cladograms reconstructed a
total of 36 times. The gap—change ratio
varied in a logarithmic fashion, with the
cost of gaps from 0.5 to 16 times the cost
of a character change (log,gap/change =
-1, 0, 1, 2, 3, 4). For each of these gap—
change ratios, six transversion-transition
costs were examined. The first five vary as
with the gap ratios in a logarithmic man-
ner (log,transversion/transition = —1,0, 1,
2, 3), and the sixth model applied zero cost
to transitions; hence, the cost ratio was ef-
fectively infinite (transversion parsimony).
The lower limits on these ratios were es-
tablished by the strictures of the triangle
inequality.

The sequence alignment was performed
using the program MALIGN (Wheeler and
Gladstein, 1992), which strives to generate
alignments that yield parsimonious clado-
grams, and phylogenetic analysis was per-
formed using Hennig86 (Farris, 1988) and
PAUP (Swofford, 1990). In each trial, the
identical parameter set was used for both

alignment and phylogeny reconstruction.
Identical transversion—transition cost ratios
were used, and the alignment gap—change
cost ratio was converted into a cost factor
(character weight) for gaps as character
states in the phylogenetic analysis.

REsULTS

For each of the 36 combinations of trans-
version—transition and gap—change cost ra-
tios, the status of each of the groups (Fig.
3) supported by the morphological matrix
was assayed (i.e, whether the group was
supported as monophyletic, unresolved, or
nonmonophyletic; Table 2). Additionally,
the Mickevich and Farris (1981) character
incongruence measure was determined, as
were the PSG and PCG. These measures
were plotted, illustrating their overall
agreement (although they differ in several
specifics; Fig. 4).

The phylogenetic results were plotted in
the analysis space with respect to the con-
gruence measures (Figs. 5, 6), and the sur-
faces of taxonomic and character congru-
ence were constructed. These surfaces
describe the behavior of the analyses with
respect to variation in the values of the two
parameters examined. The overall congru-
ence attributes for all taxa are examined in
this way. Individual higher taxa can be ex-
amined to determine in which areas of
analysis space they are supported (Fig. 7).
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TABLE 2. Sensitivity data for arthropods and related taxonomic groups under various scenarios of analysis
(combinations of transversion—-transition and gap—change cost ratios).

Tri- Taxonomic groups*
al Tv/ G/ ‘
no. Tie# C,® MI An ClI At On Eu Ch Ec Ac Ar Mn Cr Tr My Hx PSG! PCG: ME!
1 -1 -11 0 0 1 1 1 0 0 O O O 1 O 1 O 040 040 1.03
2 -1 01 v 1 1 1 1 0 0 O O O 1 0 1 0 047 050 047
3 -1 11 v 1 1 1 1 0 O O O O U O 1 0 040 050 053
4 -1 21 v 1 1 1 1 0 O O O O 1 O 1 O 047 050 043
5 —-1 31 v 1 1 1 1 0 O O O O 1 O 1 O 047 050 032
6 -1 4 1 U 1 1 1 1 0 O O O O 1 O 1 O 047 050 022
7 0 -1 1 1 1 o0 1 1 0 O O O O 1 O 1 O 047 047 126
8 0 01 v 11 1 1 0 o0 O O O 1 0 1 O 047 050 057
9 0 11 u 1 1 1 1 U U U U U 1 U 1 U 047 073 022
10 0 21 v 1 1 1 1 0 O O O O 1 O 1 O 047 050 029
11 0 31 v 1 uvu 1 1 0 0 O O O 1 O 1 O 040 047 040
12 0 4 1 U 1 1 1 1 U U U U U 1 U 1 U 047 073 012
13 1 -11 U 1 U 1 1 U U U U 1 U 0 1 U 040 067 0.62
14 1 o1 v 1 1 1 1 o0 1 1 1 0 1 0 1 0 067 070 064
15 1 11 v 1 uvu 1 1 1 1 1 1 1 1 O 1 O 073 080 046
16 1 2 vy vu1 vuvu 1 1 v 1 1 1 1 1 0 1 0 060 073 041
17 1 3 v v 1 u1l1 10U 1 1 1 1 1 0 1 0 060 073 030
18 1 41 uvu 1 1 1 1 0 o0 O 1 0 1 0 1 0 053 057 046
9 2 -1 0 0 0 0 o0 O O o0 o0 1 0 O 0 1 0 013 013 108
20 2 01 v uvuu1l1l1 1 U1 1 1 1 1 0 1 0 060 073 098
21 2 11 v uvu u 1 1 u 1 1 1 1 1 O 1 O 060 073 086
22 2 21 U u uvu 1 1 U U U U U U U 1 U 027 063 068
23 2 31 uvuuu1l1l1 1 uUu 1 1 1 1 1 0 1 0 060 073 047
24 2 4 U U 1 U U 1 0 O O O O 1 O 1 0 027 040 059
2 3 -11 o0 o0 o0 0 1 o0 1 0 1 1 1 0 1 0 047 047 157
26 3 oo o 1 0 0 0 UO©U 1 1 1 0 0 0 1 0 03 037 135
27 3 11 0 0 0 o0 1 0 1 1 1 1 1 0 1 0 053 053 126
28 3 21 o0 0 1 1 1 0 0 O O O O O 1 O 033 033 104
29 3 3 1.0 0 0 0 1 o0 1 1 1 1 1 0 1 O 053 05 065
30 3 41 0 1 0 0 1 0 0 O O O O o0 1 0 027 027 081
31 I -1 0 0o o o0 0 0 O O O O O O O 1 O 007 007 317
32 I 0o 0 U U-0 U 0 U U U1 0 0 0 1 0 013 03 248
33 I 11 0 U o0 0 U O 0 O 1 0 1 0 1 0 027 033 144
34 I 2 U o U 0 0 U U U U U U U U 1 U 007 04 118
35 I 3 u o uUu 0 0 U U 0o 0 1 0 1 0 1 0 02 03 080
I 4 U 0 U 0 0 U 0 0 0 °'0 O 0 0 1 o0

0.07 017 1.02

aLogarithm (base 2) of the transversion~transition cost ratio. A value of 0 signifies a cost ratio of 2° or 1, where transitions
and transversions cost the same. I = an infinite cost ratio (transition cost = 0; transversion parsimony).

® Logarithm (base 2) of the gap—change cost ratio (C,,, denotes the maximum change cost, i.e., between transversions and
transitions, the costlier).

¢Ml = Mollusca; An = Annelida; Cl = Clitellata; At = Arthropoda (sensu Weygolt, 1986; Onychophora + Euarthropoda);
On = Onychophora; Eu = Euarthropoda (sensu Weygolt, 1986); Ch = Chelicerata; Ec = Euchelicerata; Ac = Arachnida; Ar =
Araneae; Mn = Mandibulata; Cr = Crustacea; Tr = Tracheata (Myriapoda + Hexapoda); My = Myriapoda; Hx = Hexapoda.
1 = monophyletic under those conditions; 0 = resolved nonmonophyly; U = lack of resolution potentially consistent with
monophyly.

4 Percent shared groups, calculated by summing up the 1 cells for the cost and dividing by the total number of groups
examined (n = 15).

< Percent consistent groups, calculated as in PSG but includes the U entries as a value of 0.5.

f Mickevich—Farris extra-steps index (X10-2).

DiscussioN dex varies from a low of 0.07 to a high of

Taxonomic and Character Congruence 0.73, whereas the PCG values are some-
The congruence surfaces for taxonomic What higher (as expgcted?, from '097 to
and character measures show a great dif- 0.80 (Table 2). The Mickevich—Farris index
ference in relief. The PSG (taxonomic) in- varies from 0.0012 to 0.0317. Although the
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FIGURE 4 Regression of percent shared groups
(PSG, solid line, M) and percent consistent groups
(PCG, dashed line, ¢) on the Mickevich—Farris extra-
steps index (X1072).

taxonomic congruence has a greater abso-
lute range, the character-based compari-
sons show a relative range of a factor
(high/low value) of 26.4, whereas the PSG
and PCG show less than half as much re-
lief (10.4 and 11.4, respectively).

The relative maxima of the two mea-
sures are not completely concordant. Tax-
onomic congruence values show maxima
at a gap—change cost ratio of 2:1, with a 2:
1 transversion—transition cost ratio. The
character congruence maximum occurs
where transversions and transitions are
equal, with gaps costing 16 times changes.
This maximum is also in an area of taxo-
nomic congruence (the second highest val-
ue for PCG). Part of this discordance be-
tween measures results from the
placement of one taxon, the spider Nephila,
that is extremely sensitive to analysis pa-
rameters (this instability may be due to the
large number of unique character states
observed in this taxon). In these areas of
maximum character-based congruence, Ne-
phila is placed not with other chelicerates
but within the hexapods. This placement
results in the necessary nonmonophyly of
7 of the 15 groups examined.

Although the measures are not entirely
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FIGURE 5. Plots of taxonomic congruence with re-
spect to transversion-transition and gap—change cost
ratios. The independent axes are incremented in log-
arithmic (base 2) units as in Figure 1. Higher values
denote greater taxonomic congruence between data
sets. (a) Percent shared groups. (b) Percent consistent
groups.

in step, they are largely in agreement (min-
ima are coincident but maxima differ). Ad-
ditionally, unresolved cladograms can
have complete character congruence be-
cause the imposition of characters that
yield an additional unresolved bush re-
quires no extra homoplasy.

One large area of agreement between
these two measures is where/when the
transversion—transition cost ratio is infinite
(transitions have zero cost). Both the taxo-
nomic and character incongruence is high
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FIGURE 6. Plot of character congruence as assayed
by the Mickevich-Farris extra-steps index. The index
(X10-?) is plotted with respect to transversion—tran-
sition and gap-change cost ratios. The independent
axes are incremented in logarithmic (base 2) units as
in Figure 1. Lower values denote greater character
congruence between data sets.

here (Figs. 5, 6). Additionally, the total ex-
clusion of transition information was most
damaging to the resolution of groups with
some of the most unresolved cladograms
in the entire analysis space. Clearly, the ex-
clusion of transition information is a bad
course to take with these data.

Phylogenetic Analysis as a Decision
Process—Areas of Monophyly

If the status of individual groups such
as Chelicerata or Arthropoda is plotted in
the two-dimensional parameter space
(transversion—transition and gap-change
cost ratios), areas of monophyly are pro-
duced (Fig. 7). The boundaries of these ar-
eas are the lines where the decision to ac-
cept or reject a hypothesis changes. The
size and number of these areas give a mea-
sure of the generality and stability of the
hypothesis of monophyly. If a high fraction
of the total analysis space supports a
group, the group is generally supported by
the data because most combinations of an-
alytical parameters will yield that clade,
especially if the areas of support are con-
tiguous. If, however, the areas in which the

clade is supported are broken up and dis-
tributed over the space, this group (how-
ever general) would be unstable because
small perturbations in analysis would lead
to a new result. These two measurements
provide means of comparing the robust-
ness of different groups with respect to
both their generality and stability. The eu-
chelicerates and arthropods (sensu Wey-
golt, 1986) are monophyletic in 31% and
36%, respectively, of the analysis space ex-
amined (Table 2). For the Euchelicerata, the
area supporting monophyly is contiguous.
However, there are two areas in which the
arthropods are supported as monophylet-
ic. The disjoint nature of this pattern and
its overall low level speak to the instability
of this clade with respect to these data.

Phylogenetic analysis can be thought of
as a decision-making process in which one
is presented with two options: monophyly
and nonmonophyly. The null hypothesis
then would be that a particular group is
nonmonophyletic. The type of analysis
presented here allows the examination of
the conditions that affect such a decision.
Because the following discussion is based
on taxa, taxonomic congruence criteria will
be used for error minimization.

In any inference or decision-making
problem, the combination of two types of
error should be minimized: the erroneous
rejection (Type I, a) or acceptance (Type
II, B) of the null hypothesis. No decision-
making procedure can minimize both si-
multaneously, so most inference procedu-
res attempt to minimize some combination
of the two. The minimization of Type I and
Type 1II errors individually (but nontrivi-
ally) yields the extremes of maximally con-
servative (but low power) decisions on one
side and maximally credulous (but pow-
erful) decisions on the other.

In terms of phylogenetic analysis, the
conservative approach would yield robust
but less resolved cladograms than would
the more aggressive (resolved) decisions.
These aggressive decisions would yield the
most resolved (hence informative) clado-
grams. The most robust cladogram implic-
it in these data would only contain (unfor-
tunately) a single clade (Myriapoda, Fig.
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Arachnida Araneae

Log,(gap:change cost)

Tracheata Myriapoda
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FIGURE 7. Gallery of analysis space plots for each of the 15 groups in Table 2 assayed for monophyly. Bl =
positively nonmonophyletic (resolved and not monophyletic); B = lacking resolution but potentially consistent
with monophyly; [] = monophyletic. Axes are as in Figure 1.

8a). The myriapods appear together in
100% of the analyses performed. If we re-
lax this criterion to 75% (shifting error em-
phasis from minimizing Type I to mini-
mizing Type II), an additional component
appears resolved (Euarthropoda). This
process of progressive relaxation can be
continued adding more groups at lower

levels. Although this process contains the
elements of robust analysis, it is in fact a
poor decision-making process because ex-
tremely unlikely values of parameters and
those that seem more reasonable are given
equal force (i.e., yield more congruent re-
sults) in determining the disposition of
groups. Additionally, the justification of



330 SYSTEMATIC BIOLOGY VOL. 44

(a) (b) (c)
J onidoch Lepidochit Lepidochi
Loligo Loligo Loligo
Glycera Glycera Glycera
-Haemopis 1A P -He P
Lumbricus L - Lumbricu
Peripatoid Perip Peripatoid
-Peripatus Peripatus -Peripatus
Anoplodactylus Anoplodactylus Tibicen
-Limulus Limulus Manti
Centruroides Mastigoproctus Hep i
M. proctus Centruroides Th bit
-Peucetia -Nephila -Nephil
-Nephila -Peucetia P
Callinectes Scutigera Mastigoproctus
-Balanus Spirobolt Centruroides
Th bi -Drosophil: Limulus
Heptageni -Papilio Anoplodactylus
-Dorocordulia Th bit _______{——Balanus
Libellula Hep Callir
-Mantis Tibicen r Scutigera
Tibicen -Mantis -Spirobolus
Papilio -Balanus _r—lee//ula
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Scutigera Libellula __(:Drasaphi/a
Spirobolus -Dorocordulia -Papilio

FIGURE 8. Cladograms of arthropods and related taxa. (a) Single component present in all analyses—My-
riapoda. (b) Maximum taxonomic congruence (both PSG and PCG). (c) Maximum character congruence (min-

imum Mickevich—Farris index). The cladograms were created with Clados (Nixon, 1992).

any threshold value other than 100% is
problematic. When a particular component
is present in all the cladograms produced
in the parameter space (i.e,, resolved in a
grand strict consensus of all generated
cladograms), its acceptance seems well jus-
tified. The process of accepting progres-
sively less frequently represented compo-
nents leads to the “slippery slope” (A.
Kluge, pers. comm.) phenomenon, where
no objective stopping point can be deter-
mined and only personal credulity re-
spected.

The more liberal approach of explicitly
maximizing congruence will yield a great-
er number of resolved components that, al-
though congruent, are less likely to be ro-
bust to variation in analysis parameters.
The cladograms that are the best, or most
congruent, present many resolved and
congruent components (taxonomic congru-
ence [Fig. 8b], character congruence [Fig.
8c]) as opposed to the lone Myriapoda
yielded by more conservative analysis (Fig.

8a). The sets of parameters that yielded

maximally congruent analyses also yield-
ed a highly resolved cladogram when
combined with morphological information
in a total evidence (Kluge, 1989) frame-
work (Fig. 9).

Lepidochiton
Loligo
Glycera
-Haemopis
Lumbricus
Peripatoides
Peripatus
-Anoplodactylus
Limulus
Centruroides
Mastigoproctus
Peucetia
Nephila
Callinectes
Balanus
Scutigera
Spirobolus
Mantis
Heptagenia
Tibicen
Thermobius
Papilio
Drosophila
Dorocordulia
Libellula

FIGURE 9. Cladogram derived from total evidence
analysis of the combined morphological data of Whee-
ler et al. (1993) and the data derived from the analysis
parameters that yielded the maximal taxonomic con-
gruence (transversion-transition cost ratio = 2; gap—
change cost ratio = 2). The total evidence cladogram
contains Tracheata. This clade is not supported in any
of the molecular analyses alone; the interaction of mo-
lecular and morphological data is required to support
this group. The cladogram was created with Clados
(Nixon, 1992).
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CONCLUSIONS

Although the specifics of individual data
sets will vary, the means of analyzing se-
quence data presented here allows the ex-
amination of the influence of unmeasura-
ble parameters on phylogenetic analysis.
Conservative and liberal hypotheses can
be erected that bound the area between
maximal (more specific) and minimal
(more general) assumption, allowing rea-
sonable risk assessment by trading reso-
lution for generality. Through the explicit
examination of the parameters of analysis
(there are many more than the two exam-
ined here, e.g., codon position and bias,
positional weighting) coupled with the use
of congruence based optimality, assump-
tion-specific unstable conclusions can be
avoided.
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