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Abstract—Although most often used to represent phylogenetic uncertainty, network methods are also potentially useful
for describing the phylogenetic complexity expected to characterize recent species radiations. One network method with
particular advantages in this context is split decomposition. However, in its standard implementation this approach is
limited by a conservative criterion for branch length estimation. Here we extend the utility of split decomposition by
introducing a least squares optimization technique for correcting branch lengths that may be underestimated by the standard
implementation. This optimization of branch lengths is generally expected to improve divergence time estimates calculated
from splits graphs. We illustrate the effect of least squares optimization on such estimates using the Australasian Myosotis
and the Hawaiian silversword alliance as examples. We also discuss the biogeographic interpretation and limitations of
splits graphs. [Biogeography; hybridization; least squares; recent species radiation; reticulation; split decomposition.]

Phylogenetic networks are important tools for study-
ing complex patterns in molecular sequence data.
Amongst other applications, they have been used
to study intraspecific DNA sequence variation (e.g.,
Bandelt et al., 1995, 2000), viral and bacterial evolu-
tion (e.g., Worobey et al., 2002; Kotetishvili et al., 2002),
and plant species diversity (e.g., Huber et al.,, 2001;
Lockhart et al., 2001). In such cases phylogenetic net-
works have advantages over tip-labeled bifurcating evo-
lutionary models because (1) ancestral sequences are
often present in the population of extant sequences,
and (2) uncertainty in phylogenetic reconstruction can
be easily visualized (Bandelt et al., 1995; Holland and
Moulton, 2003). Indeed these properties make networks
useful for studying any biological system in which the
evolutionary process is expected to be complex and
nonbifurcating.

Plant species radiations have the potential to provide
important insights into the process of plant speciation.
Evolutionary studies on species radiations generally
model diversification as a bifurcating process. How-
ever, given that hybridization, introgression, and poly-
ploidy may play important roles in the rapid evolution
of species diversity in such groups (e.g., Lockhart et al,,
2001), it seems likely that this view is too simplistic. Fur-
thermore, the evolution of the multiallelic and multilo-
cus nuclear markers that are often used to investigate
closely related species are also likely to be complex and
not well described by a bifurcating model (e.g., Sota and
Vogler, 2003). Here we illustrate the phylogenetic com-
plexity typical of plant species radiations and the use-
fulness of networks in such cases with an example from
the New Zealand alpine flora. Specifically, we focus on
three closely related yet morphologically, ecologically,
and geographically distinct species of Ranunculus (“but-
tercups”) endemic to the mountains of southern New
Zealand (Fisher, 1965; Webb et al., 1988). Ranunculus
sericophyllus is widely distributed along the western
southern alps of New Zealand’s South Island (Fig. 1a), oc-
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curring on wet stony ground at the snowline fringe (1500
to 2150 m). In contrast, R. pachyrrhizus occurs on the drier
southeastern mountains of Otago (South Island; Fig. 1a),
along tarn edges or associated with melt-water at the
snowline (1200 to 2150 m). The most localized of these
species, R. viridis, is restricted to rocky ledges, clefts, and
hollows in the subalpine zone of Mt. Allen in the Tin
Range of Stewart Island (700 m; Fig. 1a). Visual inspec-
tion of an alignment for nuclear ribosomal ITS (nrITS)
sequences from 20 accessions indicates character state
differences that distinguish the three species and within
R. sericophyllus differentiate between three geographic
regions—the central Southern Alps, northern Fiordland,
and southern Fiordland (Fig. 1b; Lockhart et al., 2001;
Lockhart, unpublished). However, even if the hetero-
plasmic sites are removed from the sequence alignment
prior to phylogenetic analysis these distinctions are not
well represented by standard parsimony or maximum
likelihood trees (Fig. 1c and d). In this example the pat-
terns of incompatibility among nucleotide sites are too
complex to be modeled by a bifurcating tree. In contrast,
phylogenetic networks can represent these patterns of se-
quence variation. For example, Figure 1e shows a splits
graph constructed using the standard implementation of
split decomposition in SplitsTree4.0 (Huson and Bryant,
2004) and p-distances calculated from the same data as
used for Figure 1c and d.

Posada and Crandall (2001) provide a review of net-
work methods and their advantages for analyzing in-
traspecific gene genealogies. Many of the benefits of net-
work approaches in this context also extend to the study
of recent species radiations. For example, phylogenetic
relationships within species radiations are not expected
to be hierarchical but instead to be characterized by low
genetic divergence, the persistence of ancestral sequence
types, as well as multifurcate and reticulate patterns of
evolution. Network methods provide an effective means
of representing such situations because they are capa-
ble of displaying more of the phylogenetic information
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(a) Map of the New Zealand’s South Island and Stewart Island showing collection localities for three endemic species of
Ranunculus—R. pachyrhizus, R. sericophyllus, and R. viridus. (b) Alignment of varied nucleotide positions in nrITS sequences for 20 ac-
cessions of these three species. Locations correspond to those in (a); roman numerals denote three phylogeographically distinct groups
of R. sericophyllus. (c) Strict consensus of 19 most parsimonious trees using PAUP* 4.0b10 (Swofford, 2002). (d) One of two optimal ML
trees from a heuristic search of the complete nrITS sequences using PAUP* 4.0b10; the second tree differed in the placement of the seri-
cophyllus 1I clade, which was instead attached at the R. viridus node. The substitution model (TVMef+I; Lset, Base = equal, Nst = 6,
Rmat = [0.0000 2571931.0000 4618441.0000 0.0000 2571931.0000], Rates = equal, Pinvar = 0.9800) was selected by AIC in Modeltest Ver-
sion 3.06c (Posada and Crandall, 1998). (e) Splits graph constructed with p-distances using SplitsTree4.0 (beta 06; Huson and Bryant,
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contained in a data matrix; in particular, they can vi-
sualize potentially competing signals. Various network
methods are available; examples include median net-
works (Bandelt et al., 1995, 2000), median-joining net-
works (Bandelt etal., 1999), reticulograms (Legendre and
Makarenkov, 2002; Makarenkov and Legendre, 2004),
split decomposition (Bandelt and Dress, 1992), and sta-
tistical parsimony (Templeton et al., 1992).

Although network methods in general are useful for
studying recent species radiations, split decomposition
has two specific advantages in this context. Firstly, the
method is canonical; that is, there is a single unique solu-
tion represented by the splits graph. This property is par-
ticularly useful because potentially competing solutions
can be visualized simultaneously. In contrast, the reticu-
logram approach (e.g., Makarenkov and Legendre, 2004)
is not canonical. The resulting reticulogram can vary de-
pending on the initial input tree, making it difficult to
evaluate alternative solution. The second advantage of
split decomposition is that only the strongest signals of
incompatibility are represented in the splits graph. This
limits the visual complexity of the graph and facilitates
biological interpretation even when levels of incompat-
ibility are high. Like split decomposition, the related
median network method (e.g., Bandelt et al., 1995) is
also canonical; however, median graphs can be visually
highly complex because all patterns of incompatibility
are represented graphically. Despite these advantages,
in its standard implementation the utility of split de-
composition may be limited by a conservative criterion
for branch length selection. Although this conservative
approach ensures only well-supported edges are repre-
sented in the splits graph, it has the disadvantage that
branch lengths in the graph are likely to systematically
underestimate the distances calculated directly from the
data set. The problem is particularly acute when numer-
ous quartets are associated with a given edge (e.g., the
quartets AB|CD and AB|CE are both associated with the
branch AB|—) because the chance of an overly conser-
vative estimate occurring in the split system is greater.
This bias may have important implications for formu-
lating and testing biogeographic hypotheses; especially
in the context of divergence time estimation because the
ages calculated from standard splits graphs will likely be
underestimates.

In this article we describe a procedure for the least
squares optimization of branch lengths in a phyloge-
netic network. Optimized graphs are expected to pro-
vide more accurate estimates of branch length and
therefore better represent relationships between the se-
quences. Differences between standard and optimized
splits graph networks areillustrated using two examples.
We also discuss the interpretation of splits graphs in the
context of plant biogeography and species radiations.

MATERIALS AND METHODS
An Introduction to Split Decomposition

Split decomposition is a transformation-based ap-
proach for visualizing evolutionary data (Bandelt and
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FIGURE 2. (a) The three possible unrooted topologies for the taxa

1,2, 3, and 4. The splits a, b, and ¢ uniquely define the quartets. (b) A
simple example of splits graph construction. The splits described in the
split systems are represented in the corresponding graphs. Modified
from Lockhart et al. (2001).

Dress, 1992; Huson, 1998). The method decomposes the
data to a “sum of weakly compatible splits,” which is
then visualized as a splits graph. In the context of DNA
sequences, the method first considers the three possible
unrooted tree topologies for all quartets of sequences in
the data set (Fig. 2a). For each of these trees support for
the internal split is evaluated using, in the standard imple-
mentation, a distance calculation. The so-called isolation
index is given by

0.5 — (d14 + doz — d1p + dz4)

where the d;; are path lengths between pairs of taxa. For
each quartet the two trees with the highest isolation in-
dex are retained and included in the split system—simply
the collection of weakly compatible splits that will be
used to assemble the splits graph. The split system also
contains splits that describe the external edges. Support for
these is evaluated by considering all possible triplets of
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sequences. If the taxa are labeled i, j, k then the isolation
index for the split leading to i is given by

0.5 — (djj +dix — djp)

Obviously several quartets (or triplets, in the case of
external edges) may describe the same split, and so it is
often necessary to chose between possible values of the
isolation index. In the standard implementation of split
decomposition, the smallest value of the isolation index
is used to represent a given edge. Once the splits have
been identified and their isolation index values deter-
mined, a graph is constructed using an algorithm that
progressively separates the sequences from one another
(Fig. 2b). If the data have evolved under a divergent
process and do not contain incompatible patterns of nu-
cleotide substitutions, then the resulting splits graph will
be treelike. However, if such incompatibilities are present
then these will be represented as reticulations in the
reconstructed network. A goodness of fit metric, called
the split decomposition fit statistic, is also calculated and
provides an indication of how well the graph represents
the original distances. The statistic is the sum of pairwise
distances represented in the graph divided by the sum
of those observed in the data. A fit of 100% indicates
that the graph fully represents the distances in the data
set (e.g., Fig. 1e); lower fit values, suggesting poor corre-
spondence between the graph and the data, are expected
when levels of nucleotide incompatibility are high.

Least Squares Optimization

In standard splits graphs the length of a given edge cor-
responds to the smallest value of the isolation index for
that split. This conservative selection criterion tends to
negatively bias branch length estimates and may resultin
graphs that are a poor fit to the distances calculated from
the original data. Least squares approaches are statisti-
cally well justified and widely applicable to data fitting
and optimization problems (Felsenstein, 1984, 2003). In-
deed the intuition behind applying least squares to phy-
logenetic trees and networks is the same: we wish to find
branch lengths for the graph that most closely fit the dis-
tances (either corrected or uncorrected) estimated from
the data. For a phylogenetic tree the distance between
two taxa is simply the sum of the branch lengths along
the path that connects them. This is also true of networks,
except that in this case the shortest distance between two
taxa may be measured along several possible paths (see
Fig. 3). In this section we describe a least squares fitting
procedure for the optimization of edge lengths on a splits
graph. We also describe goodness of fit measures that can
be used to evaluate such optimized graphs.

Under the ordinary least squares (OLS) framework we
measure the fit between the estimated distances, pj;, in
a graph and the observed distances (or corrected dis-
tances), d;;, by

SS(OLS) = ) _ (pj — Zdy)* M

ij
(Cavalli-Sforza and Edwards, 1967). We may also in-
crease the influence of certain terms in this summa-

B

E

FIGURE3. A splits graph representing 10 splits for 5 terminals. Each
split is represented by a set of parallel branches. For example the split
{A, B} |{C, D, E} corresponds to the parallel branches crossed by the
dotted line. The length for each split, S, is proportional to the isolation
index, o° (Bandelt and Dress, 1992).

tion by applying the weighted least squares (WLS)
measure

SS(WLS) = Y~ wji(pij — d;)* )
i

where the wj; are positive weight values typically derived
from variances. Fitch and Margoliash (1967) suggest the
weightings w;j=1/d;jorw;j =1/ d;, as these approximate
the reciprocal of the variance of d;;.

With both trees and networks we can use linear algebra
to determine the branch lengths that minimize SS(OLS)
or SS(WLS). We use the same notation as Rzhetsky and
Nei (1993) and others. Let N be the number of taxa. The
observed and estimated distances are both stored in the
N(N — 1)/2 dimensional vectors

d=(dw, diz ..., d-1N) ©))
and

p = (pi2, P13, -- -, pPN-1),N)’ 4)

respectively (we use ’ to denote transpose). Let m be
the number of splits in the tree or network. For a tree
each branch corresponds to a different split, so m also
equals the number of branches in the tree. In contrast,
splits graphs generally consist of more branches than
splits because, in a network, a split may correspond to
a collection of parallel branches (Fig. 3); however, note
that all branches corresponding to a single split have the
same length. For both trees and networks we use a vector

bz(b]/ bZ/---/bm)/ (5)
to store the branch lengths.
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When estimating least squares branch lengths on a tree
we express the shape of the tree in terms of a topolog-
ical matrix A. The matrix A has N(N — 1)/2 rows (one
for each pair of taxa i, j) and m columns (one for each
branch). We put a 1 in column k and the row for pair i,
j if the path between i and j passes over branch k. Oth-
erwise, we place a 0 at this matrix position. Hence, A Dk
is 1 when i and j are on different sides of the split corre-
sponding to branch k. Because a network also represents
a set of splits, this characterization immediately extends
to splits graphs. In this context, the topological matrix A
for a splits graph has N(N — 1)/2 rows (one for each pair
of taxa i, j) and m columns (one for each split).

Subsequently, the distances (p;;) between taxa in the
tree or network are determined from the branch lengths,
b, by the formula p = Ab. The branch lengths minimizing
SS(OLS) are found by solving the linear equation

A'Ab=A'd 6)

a formula dating to Gauss; or to Cavalli-Sforza and
Edwards (1967) in the context of phylogenetic trees. For
weighted least squares we construct the N(N — 1)/2 by
N(N — 1)/2 dimensional matrix, W, with the values w;;
on the diagonal and zeros everywhere else. The branch
lengths minimizing SS(WLS) are then given by solving

A’'WADb = A’'Wd 7)

a formula applied to phylogenetics by Fitch and
Margoliash (1967) and Farris (1972).

There are many methods for solving linear equations
such as (6) or (7); a comprehensive survey of these has
been made by Golub and van Loan (1996). The com-
puter program SplitsTree4.0 implements the method of
Cholesky decomposition (Golub and van Loan 1996; c.f.
page 8) with algorithms for solving linear equations
specifically designed for the (positive definite) matrices
A’A and A’WA. However, as data sets increase in size
and complexity more sophisticated algorithms may be
required to evaluate the network.

One property of the standard implementation of split
decomposition is that the sum of distances in a splits
graph will always be equal to or less than the sum of the
distances in the original distance matrix; this provides
the basis for the split decomposition fit statistic. How-
ever, this measure may be invalid when branch lengths
are optimized using the least squares procedure, because
the sum of distances in the graph may, in some cases, ex-
ceed the sum of the distances in the original matrix. This
problem can be remedied by using an alternative statistic,

fitpis = 122 |Pif2dif|/zdif ®)
ij ij

which we will call the sum of differences goodness of fit.
This statistic is equivalent to the split decomposition
fit statistic when all observed distances are greater

than those estimated in the graph. However, because
it is defined generally, it remains valid even when the
estimated distances exceed the observed values for some
pairs of sequences. Again a fit of 100% indicates that
the observed and estimated distances coincide exactly.
In the context of least squares a more widely used mea-
sure of fit is that introduced by Tanuka and Huba (1985),

fits=1-3 (py—dp? /> d? ©
if if

which we will call the least squares goodness of fit. As for
both previous measures, the maximum value of statistic
(i.e., 100%) occurs only when the observed and inferred
distances coincide exactly.

Examples

We investigated differences between standard and
least squares optimized splits graphs, and more specif-
ically the effect of branch length optimization on diver-
gence time estimation, using nrITS sequence data from
Myosotis (Boraginaceae; Winkworth et al., 2002) and the
Hawaiian silversword alliance (Asteraceae; Baldwin and
Robichaux, 1995). For each data set multiple sequence
alignments were performed using ClustalX, with visual
inspection. Prior to phylogenetic analyses all ambiguous
and gapped positions were excluded from data matrices
(available as supplementary materials from the System-
atic Biology website). For Myosotis we used a HKY85+I1
correction for distance calculations; the model and pa-
rameters were those used by Winkworth et al. (2002).
Baldwin and Sanderson (1998) used a HKY85+4-G substi-
tution model for maximum likelihood analyses of nrITS
sequences from the Hawaiian silverswords and rela-
tives. Our data sets differ somewhat from those used
in that study and so we tested for a best-fit model using
Modeltest Version 3.06¢ (Posada and Crandall, 1998); a
GTR+I+G model was selected for a data set including
outgroups, and an HKY model best-fit the ingroup-only
data set. However, these tests rely on a bifurcating rep-
resentation of the data (i.e., Modeltest uses a neighbor-
joining tree) and our preliminary analyses suggested
that these data were not treelike. Rather than attempt to
choose between models in this case we instead consider
uncorrected distances. Standard and least squares opti-
mized splits graphs, as well as the corresponding good-
ness of fit measures, were calculated using SplitsTree4.0
(beta 06; Huson and Bryant, 2004).

So that our age estimates were directly comparable
to those from the earlier studies we used different ap-
proaches to divergence time estimation for each data
set. For Myosotis we estimated the age of the austral
group using the total (HKY85+I) distance between the
most recent common ancestor of Northern and South-
ern Hemisphere lineages and Myosotis exarrhena, which
was identified as the most divergent austral taxon in the
maximum likelihood analysis of Winkworth et al. (2002).
The corresponding edges in the splits graphs are labeled
and thickened in Figure 4. To calculate absolute time we
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FIGURE4. Splits graphs for nrITS sequences from 34 Myosotis taxa, constructed using HKY85-+1 distances estimated in PAUP*4.0b10 (Swofford,
2002). GenBank accession numbers for sequences are given in Winkworth et al. (2002). (a) Branch lengths estimated using the standard implemen-
tation of split decomposition (SplitsTree4.0 beta 06; Huson and Bryant, 2004). Shaded circles indicate austral taxa. Myosotis australis is represented
by four accessions—'Mt. Kozciuscko (Australia), 2New Guinea, *Tasmania, ‘australis “yellow” (New Zealand). Sum of differences goodness of
fit = 46.1%, least squares goodness of fit = 71.75%. Thickened arrow indicates placement of outgroups when included in analyses. (b) Branch
lengths optimized using the least-squares function as implemented in SplitsTree4.0 (beta 06; Huson and Bryant, 2004). Australasian taxa, M.
australis accessions, and outgroup root position denoted as for (a). Sum of differences goodness of fit = 93.31%, least squares goodness of fit =
99.37%. In both graphs edges used in divergence time estimation (see text) are thickened and labeled.
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used the most conservative evolutionary rate suggested
by Winkworth et al. (2002); a fossil pollen—based calibra-
tion of 1.10 x 10~ substitutions/site/year. To test the
robustness of our estimates we constructed confidence
intervals using nonparametric bootstrapping. For 1000
replicates we recorded the lengths of edges A and B (as-
signing length zero if the corresponding split did not ap-
pear in a specific replicate). Total length estimates (i.e.,
the sum of A and B) were ranked and the total width
of the 95% confidence intervals given by age calibrating
replicates 25 and 975.

In contrast Baldwin and Sanderson (1998) calculated
an average age for the radiation of the Hawaiian silver-
sword. Specifically, they estimate the age of this radia-
tion using the average divergence from the most recent
common ancestor of the Hawaiian lineage. In order to
root our networks, we conducted preliminary analyses
that included the outgroup taxa Madia madioides, Madia
bolanderi, Raillardiopsis muirii, and Raillardiopsis scabrida.
We then measured the total distance between the node
corresponding to the root and each terminal (i.e., the
sum of edge lengths along the, or one of the, shortest
paths between these points) in graphs that contained
only Hawaiian taxa. The average divergence within the
Hawaiian silversword alliance was calculated and age
calibrated using an evolutionary rate from Richardson
et al. (2001; 3.00 x10~? substitutions/site/year). Confi-
dence intervals for our estimates were again constructed
using nonparametric bootstrapping.

RESULTS AND DISCUSSION

Utility of Splits Graphs for the Study of Recent
Species Radiations

Molecular phylogenetic analyses suggest that for
many plant groups contemporary species diversity has
been strongly influenced by late Tertiary and Quaternary
events. Particularly striking are dramatic morphological
and ecological radiations that appear to be correlated
with Quaternary climatic fluctuations (e.g., Comes and
Kadereit, 1998; Kadereit et al., 2004) or recent coloniza-
tion of insular environments (e.g., Baldwin, 1992; Bohle
et al., 1996). Often these radiations are characterized by
hybridization and introgression, and in some cases also
by polyploidization (Schaal et al., 1998). Indeed, in spe-
cific cases the evidence indicates that hybridization has
been an important process in the adaptive radiation of
plant lineages (Rieseberg et al., 2003). If shown to be a
general phenomenon, then plant species radiations are
likely to be characterized by complex patterns of phylo-
genetic relationship.

It is well recognized that reticulate evolution (e.g., hy-
bridization and polyploidy) can confound phylogeny
reconstruction because different marker loci may have
different histories. For plants, processes such as intro-
gression (e.g., Rieseberg and Wendel, 1993), “chloroplast
capture” (e.g., Soltis et al., 1991; Whittlemore and Schaal,
1991), and genome reorganization (e.g., Song et al., 1995;
Rieseberg et al., 2003) are potential outcomes of reticulate
evolution. However, hybridization and polyploidy may

also influence molecular evolution at specific loci. For
example, the presence of heteroplasmic nucleotide posi-
tions in nrITS sequences from putative hybrids has been
interpreted as reflecting the failure of concerted evolu-
tion to homogenize differentiated parental ITS repeats
following hybridization (Sang et al., 1995a; Sota and
Vogler, 2003). Disruption of the correction mechanism
may also allow incomplete gene conversion or crossing
over to recombine diverged parental sequences. As a re-
sult, hybrids display novel sequence types containing
character states derived from both the maternal and pa-
ternal lineages (Buckler et al., 1997; Aguilar et al., 1999;
Sota and Vogler, 2003). Clearly these character incom-
patibilities cannot be mapped onto a single bifurcating
tree; but such situations can be visualized using a phy-
logenetic network. Potential examples are illustrated in
Figures 1e and 5; in both cases the observed reticulations
may have resulted from introgressive hybridization and
recombination between nrITS sequences.

It is important, when drawing inferences from splits
graphs, to bear in mind that the internal nodes of a splits
graph are not necessarily equivalent to those in a bi-
furcating tree. When nucleotide site patterns are pair-
wise compatible, the internal nodes of a splits graph
will correspond to ancestral sequences (as they gener-
ally do in a bifurcating tree). However, if incompatibility
is high then internal nodes may not represent ancestors.
Instead they are simply vertices required for construction
of the splits graph. Consequently, reticulations in splits
graphs should generally be considered indicators of phy-
logenetic complexity rather than diagnostic of specific
evolutionary events. Although this conservative inter-
pretation may appear biologically unsatisfying, keep in
mind that bifurcating evolutionary models are unlikely
to provide an unambiguous reconstruction of phyloge-
netic relationships or ancestral states using such data.
For example, in Figure 1 both the parsimony and maxi-
mum likelihood searches recovered multiple trees. Pre-
senting these topologies in the form of a strict consensus
tree (Fig. 1c) results in a loss of phylogenetic informa-
tion, whereas reporting a single tree does not fully repre-
sent the underlying complexity (Fig. 1d). In contrast, the
splits graph (Fig. 1e) displays the complex relationships
between the sequences, and, despite our conservative
interpretation of the reticulations, provides a framework
for evolutionary inference.

Branch Length Estimation in Splits Graphs

Although a standard splits graph may represent com-
plex evolutionary relationships more fully than a bifur-
cating tree, branch length estimates in such graphs may
differ substantially from those calculated using a global
reconstruction method such as least squares or maxi-
mum likelihood. Specifically, the conservative criterion
for selecting branch lengths in a standard splits graph
is likely to systematically underestimate distances in the
original data set. This is particularly problematic in the
context of divergence time estimation because ages cal-
culated from such graphs would also be underestimates.
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FIGURES.  Splits graphs constructed from p-distances from a nrITS data set for the Hawaiian silversword alliance. GenBank accession numbers
for sequences are given in Baldwin and Sanderson (1998). (a) Branch lengths estimated using the standard implementation of split decomposi-
tion (SplitsTree4.0 beta 06; Huson and Bryant, 2004). The three silversword genera are indicated—grey, Argyroxiphium; white, Dubautia; black,
Wilkesia. Eight taxa are represented by multiple accessions: A. grayanum—'East Maui, > West Maui; A. sandwicense—" subsp. sandwicense,zsubsp.
macrocephalum; D. ciliolata—"subsp. glutinosa, *subsp. ciliolata; D. knudsenii—'subsp. knudsenii, >subsp. filiformis, *subsp. nagatae; D. laxa—'subsp.
hirsuta,*subsp. laxa; D. linearis—'subsp. linearis,>subsp. hillebrandii; D. plantaginea—'subsp. plantaginea,*Kaua’i, *subsp. humilis; D. scabra—'subsp.
leiophylla, *subsp. scabra. Sum of differences goodness of fit = 77.33%, least squares goodness of fit = 94.19%. Thickened arrow indicates place-
ment of outgroups when included in analyses. (b) Branch lengths optimized using the least squares function as implemented in SplitsTree3.2.
Silversword genera, multiple accessions, and outgroup root placement denoted as for (a). Sum of differences goodness of fit = 96.16%, least

squares goodness of fit = 99.79%.
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In contrast, least squares optimization is expected to pro-
duce splits graphs that better represent the relationships
between sequences because edge lengths are not sys-
tematically biased. We illustrate these differences using
Australasian Myosotis (Winkworth et al., 2002) and the
Hawaiian silversword alliance (Baldwin and Robichaux,
1995).

Recent molecular phylogenetic analyses of nrITS
and chloroplast matK sequences have improved our
understanding of relationships within Myosotis (the
“forget-me-nots”). This study suggested that the mor-
phologically diverse Australasian taxa are a mono-
phyletic group that arrived recently by long-distance
dispersal from the northern hemisphere (Winkworth
etal., 2002). Using maximum likelihood estimation (with
an HKY+Imodel of evolution) on the optimal bifurcating
tree for the nrITS sequences, these authors conservatively
estimated that the austral lineage had diverged from its
northern hemisphere relatives approximately 14.7 mil-
lion years ago (Mya). We constructed standard (Fig. 4a)
and least squares optimized (Fig. 4b) splits graphs using
the Myosotis nrITS sequences of Winkworth et al. (2002).
The standard splits graph for these data is treelike; how-
ever, the relatively low value of the split decomposition
fit statistic (i.e., 46.1%) suggests that some nucleotide in-
compatibilities in the original data set are not represented
by the graph. Least squares optimization provided a sub-
stantial improvement in the goodness of fit. Specifically,
the sum of differences goodness of fit increased from
46.1% to 93.31%, whereas the least squares goodness of
fit increased from 71.75% to 99.37%. A visual compar-
ison also indicates pronounced changes in the relative
lengths of several branches following least squares opti-
mization of the splits graph. For example, edge A, which
subtends the austral radiation, is more than four times
longer in the optimized splits graph (branch length =
0.01315) than in the standard graph (branch length =
0.00267). This difference has a substantial impact on the
inferred age of the Australasian lineage. Age estimates
from the standard splits graph suggest that the diver-
gence of northern and southern hemisphere Myosotis oc-
curred 4.4 Mya (95% bootstrap confidence interval 0-
8.6 Mya). In contrast, the least squares optimized graph
suggests this event is 14.8 Myr, old (95% bootstrap confi-
dence interval 6.7-26.1 Myr), an age much closer to that
suggested by the maximum likelihood analysis.

The Hawaiian silversword alliance—consisting of
Argyroxiphium, Dubautia, and Wilkesia-—is perhaps the
best-known and well-studied botanical example of
adaptive radiation on an oceanic island archipelago.
Evolutionary studies on this morphologically and
ecologically diverse group have considered cytoge-
netic, isozymic, and DNA variation. Using the nrITS
sequences reported by Baldwin and Robichaux (1995),
we constructed standard and optimized splits graphs.
These graphs indicate that the evolution of the nrITS has
not been strictly treelike in this group (Fig. 5a and b).
As in the previous example, least squares optimization
improved the fit of branch lengths in the network to
those observed from the data. The standard graph had

a sum of differences goodness of fit of 77.33% compared
to 96.16% for the optimized graph; the least squares
goodness of fit statistic improves from 94.19% to 99.79%.
Visual comparison of the splits graphs indicates changes
in relative branch length that correspond to differences
in inferred divergence times. Assuming an evolution-
ary rate of 3.00 x 10~ substitutions/site/year (from
Richardson et al.,, 2001), edge length estimates from
the standard splits graph (Fig. 5a) suggest an average
age of 3.9 Myr, (95% bootstrap confidence interval
2.9-5.9 Myr) for the most recent common ancestor of the
Hawaiian silverswords. In contrast, the least squares
optimized graph (Fig. 5b) suggests that diversification
began 5.3 Mya (95% bootstrap confidence interval 3.7-
7.3 Mya). This latter estimate is closer to that of Baldwin
and Sanderson (1998), who suggest the most recent com-
mon ancestor of the silversword group was 5.2 + 0.8 Myr
old based on a penalized likelihood analysis of nrITS
sequences (using a HKY85+G substitution model).

These examples indicate that least squares optimiza-
tion (1) improves the fit between input distances and
branch lengths in the reconstructed graph, and (2) leads
to age estimates that more closely match those calcu-
lated from standard maximum likelihood approaches.
Although we expect least squares optimization to gener-
ally improve edge length estimation, the procedure will
be ineffective in two situations. Specifically, (1) if the fit
of the distances is already 100%, or (2) if, under the stan-
dard split decomposition implementation, support for
the internal split is zero (i.e., the split has length 0). This
latter problem may arise if the process of substitution is
not uniform across the underlying phylogeny or when
some sequences are very divergent, and consequently the
errors in distance estimation are large (e.g., Adachi and
Hasegawa, 1996; Phillippe and Douzery, 1994; Ranwez
and Gascuel, 2001).

CONCLUSIONS

The complex evolutionary processes that often char-
acterize plant species radiations are not likely to be well
represented by bifurcating tree models. In contrast, phy-
logenetic networks provide a powerful tool for exploring
the extent and distribution of incompatibilities because
they are capable of graphically representing the compet-
ing signals in a data set. Here we extend the utility of split
decomposition by implementing a least-squares opti-
mization procedure for estimating branch length, which
we show improves the fit between the input distances
and the resulting splits graph. In general we expect this
approach will lead to improved estimates for divergence
times and therefore more realistic inferences about his-
torical biogeography and species radiations.
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