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Abstract

Incongruence among trees reconstructed with different data may stem from historical (gene tree-species tree conflict) or process
(character change biases) phenomena. Regardless of the source, incongruent data, as determined with “global” measures of ho-
moplasy, have often been excluded from parsimony analysis of the combined data. Recent studies suggest that these homoplasy
measures do not predict the contribution of each character to overall tree structure. Branch support measures identify, on a
character to node basis, sources of support and conflict resulting from a simultaneous analysis of the data. We implement these
branch support measures to identify sources of character conflict in a clade of water striders consisting of Gerris Fabricius, Aquarius
Schellenberg, and Limnoporus Stal species. Separate analyses of morphology, mitochondrial cytochrome oxidase I (COI), large
mitochondrial ribosomal subunit (16SrRNA), and elongation factor-1a (EF-1a) data resulted in cladograms that varied in reso-
lution and topological concordance. Simultaneous analysis of the data resulted in two trees that were unresolved for one node in a
strict consensus. The topology agreed with current classification except for the placements of Aquarius chilensis and the Aquarius
remigis species group closer to Gerris than to congeneric species. Branch support measures indicated that support derived from each
data set varied among nodes, but COI had an overall negative effect on branch support. However, Spearman rank correlation of
partitioned branch support values indicated no negative associations of branch support between any data sets and a positive as-
sociation between EF-1o and 16SrRNA. Thus incongruence among data sets was not drastic and the gene-tree versus species tree
phenomenon was not implicated. Biases in character change were a more likely reason for incongruence, although saturation curves
and incongruence length difference for COI indicated little potential for homoplasy. However, a posteriori inspection of COI nu-
cleotide change with reference to the simultaneous analysis tree revealed AT and codon biases. These biases were not associated with
branch support measures. Therefore, it is difficult to predict incongruence or identify its cause. Exclusion of data is ill advised
because every character is potentially parsimony informative.
© 2003 The Willi Hennig Society. Published by Elsevier Inc. All rights reserved.
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Cladistic analysis that incorporates characters from
multiple presumably independent sources often results
in well resolved trees, increased branch support and
shorter analysis time as compared to separate analyses
of the data partitions (e.g., Baker et al., 2001; Cognato
and Vogler, 2001; Soltis et al., 1998). Even though these
benefits and the philosophical underpinnings for simul-
taneous analysis are well documented (e.g., Baker and
DeSalle, 1997; Brower et al., 1996; Kluge, 1989; Nixon
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and Carpenter, 1996; Wenzel and Siddall, 1999), in-
congruence occurs among data sets. Critics of combined
analysis cite incongruence as reason for separate anal-
ysis (e.g., Bull et al., 1993; Miyamoto and Fitch, 1995;
Swofford, 1991), although their criticism is commonly
based on incongruence measures of total tree length
(Templeton, 1983; incongruence length difference test
(ILD), Farris et al., 1995; Partitioned homogeneity test,
Swofford et al., 1996). These methods may help uncover
the disparate effects of gene histories (Doyle, 1992, 1997;
Pamilo and Nei, 1988; Sota and Vogler, 2001). How-
ever, the statistical significance of these measures has
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been questioned (Baker et al., 1998; Dolphin et al., 2000;
Yoder et al., 2001) and they may overestimate the in-
congruence caused by biases in DNA sequence evolu-
tion (Baker et al., 2001; Cognato and Vogler, 2001;
Yoder et al., 2001). Incongruence does not occur for all
clades within a tree nor with the same magnitude. Thus,
summarization of conflict in a single statistic can mis-
lead decisions of data analysis (Yoder et al., 2001).

Effects of a combined data analysis may be more
accurately reflected in nodal (branch) support measures.
Branch support (BS) (Bremer, 1994) and its elabora-
tions, partitioned branch support (PBS), and hidden
partitioned branch support (HPBS) (Baker and DeSalle,
1997; Gatesy et al., 1999) allow for the scrutiny of
support or conflict for each character partition for each
clade. These measures are calculated from comparisons
of tree lengths between the globally shortest tree and the
shortest trees constrained not to contain the focal node
(BS). The tree lengths of separate data partitions (PBS)
determine the contribution of each data set. Moreover,
comparison of PBS values to the tree lengths of the
separate analysis of each partition reveals the support or
conflict that results from the simultaneous analysis
(HPBS). Branch support is widely used in conjunction
with, or as an alternative to, statistical measures of node
support. The extent of its use has been questioned be-
cause raw BS values are not necessarily comparable
among data sets or nodes of the same cladogram (De-
bry, 2001). This problem is remedied by standardization
of the raw values with their division by tree length
(Baker et al., 1998). However, BS values are mostly
compared among data sets within a study to identify
sources of character support. Potentially, HPBS can be
used as a criterion for the choice of analysis variables
and for the phylogenetic utility of characters. The first
has been addressed for the choice of sequence alignment
variables (Cognato and Vogler, 2001). The highest total
HPBS was considered a robust assessment of nucleotide
alignment and an indication of overall positive data
interaction. The latter was explored for third codon
positions of the mitochondrial cytochrome oxidase
subunit I (COI) (Cognato and Vogler, 2001). In com-
bined analysis, these characters contributed support for
nodes regardless of phylogenetic rank. The generality of
these findings is unknown because studies that apply
HPBS values to the above questions are limited.

This study uses HPBS to identify sources of data
conflict among morphological and molecular data sets
for a clade of water striders (Heteroptera; Gerridae).
The clade comprises three genera of mainly northern
temperate species: Gerris Fabricius, Aquarius Schellen-
berg, and Limnoporus Stal. All three genera were treated
as subgenera of Gerris (Hungerford and Matsuda, 1960;
Matsuda, 1960) until recently, when their generic ranks
were reinstated and species were assigned to presumed
monophyletic species groups (Andersen, 1975, 1990,

1993; Andersen and Spence, 1992). Recent studies, in-
cluding the use of DNA sequence data, have largely
confirmed these species groups, but have also questioned
their relationships to one another (Damgaard et al.,
2000; Damgaard and Sperling, 2001; Sperling et al.,
1997). In addition, the relationships among the three
genera remain controversial (Andersen, 1993, 1995;
Gallant and Fairbairn, 1996).

Materials and methods

We sampled 49 of 65 species of Limnoporus, Aquarius,
and Gerris, including all species and subspecies of Lim-
noporus and Aquarius (Sperling et al., 1997, Damgaard
et al., 2000), and representatives of all subgenera and
monophyletic species groups of Gerris according to
Andersen (1993) and Damgaard and Sperling (2001).
For outgroup comparison we included Gigantometra
gigas (China) which is the closest living relative to the
three genera (Andersen, 1995; Matsuda, 1960). Table 1
lists species data and collection information.

Morphological characters

We used the 63 morphological characters from An-
dersen (1993) and Damgaard and Sperling (2001), and
added characters 5, 30, and 32 from Andersen (1990) as
our Nos. 64-66 following Damgaard et al. (2000) (see
Andersen, 1990, 1993 for morphological characters and
their states). Some characters (20, 25, 30, 32, 42, and 63)
were defined conditionally and could only be scored if
certain structures were present. These characters were
scored as inapplicable (denoted by a question mark “?”).
All multistate characters were treated as non-additive
(states unordered). The morphological data matrix
and character state definitions are available online as
an electronic appendix (http://hisl.tamu.edu; http://
www.cladistics.org; http://www.treebase.org).

DNA sequences and protocols

Most mitochondrial COI and elongation factor-lo
(EF-1a) sequences were obtained from earlier studies
(Damgaard et al., 2000; Damgaard and Sperling, 2001;
Sperling et al., 1997). We added 426 bp of the large mi-
tochondrial ribosomal subunit (16STRNA) gene for all
included taxa. This portion of the gene was amplified and
sequenced using PCR-primers LR-J-13417 (5-CGCCTG
TTTAACAAAAACAT-3') (Simon et al., 1994) and LR-
J-12961 (5-TTTAATCCAACATCGAGG-3') (Cognato
and Vogler, 2001). Conditions for PCR followed Cognato
and Vogler (2001), and cycle sequencing protocols fol-
lowed Damgaard et al. (2000).

Due to access to new specimens, we generated new
COI and EF-la sequences for A. adelaidis, A. amplus,
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A. chilensis, A. ventralis, Gerris brasili, G. costae fieberi,
G. incurvatus, G. marginatus, and G. yezoensis and EF-
la sequences for Limnoporus canaliculatus, dissortis, and
notabilis based on published primers and PCR-condi-
tions (Damgaard et al., 2000; Damgaard and Sperling,
2001; Sperling et al., 1997). All DNA sequences were
assembled in Sequencher (Gene Codes Corporation,
Ann Arbor, Michigan). Length variation of the COI and
EF-la sequences was not observed and they presented
no alignment ambiguity. Sequences generated for
16sRNA only varied in length by a maximum of six
nucleotides, thus alignment gaps were inserted using
ClustalX (Thompson et al., 1997). Suboptimal align-
ments have been produced by this program using the
default parameters (Cognato and Vogler, 2001). How-
ever, better alignments are produced when a user defined
guide tree is used (Caterino and Vogler, 2002) and an
optimality criterion such as the ILD (Phillips et al.,
2000) is implemented for the choice of alignment pa-
rameters. We aligned the 16STRNA data with the gap/
cost alignment value of, 2, 5, 10, 15 (default), 35, and 55.
All other alignment values were left as default. Align-
ments were guided with a parsimoniously reconstructed
tree based on combined COI, EF-1«, and morphology
data. Tree reconstruction followed the cladistic analysis
methodology described below. The first of 16 most
parsimonious trees (tree length: 1827 steps) was chosen
as the guide tree. The ILD values for each alignment
were calculated following Phillips et al., 2000. Gap/cost
values of 5 and 10 produced the same alignment and the
lowest ILD value (0.03565). This alignment was used in
all subsequent tree reconstructions. The guide tree,
alignment, and character matrix are available online at
http://hisl.tamu.edu; http://www.cladistics.org; http://
www.treebase.org. All newly generated sequences were
deposited in GenBank (Table 1).

Heterozygosity in EF-1o

As observed for water striders and other insects
(Cognato and Vogler, 2001; Damgaard et al., 2000;
Damgaard and Sperling, 2001; Moran et al., 1999; Reed
and Sperling, 1999) we recorded base ambiguities (si-
multaneous presence of different nucleotides at certain
positions) in EF-1a0 DNA electropherograms. For water
striders, the ambiguous sites in EF-la electrophero-
grams show only two alternatives at each position. The
number of such sites per specimen varies between 1 and
11 (Damgaard et al., 2000). Most base ambiguities oc-
curred in synonymous third positions, but a few poly-
morphisms were found in all codon positions
(Damgaard et al., 2000).

We consistently amplified only a single amplicon, and
found a maximum of 2% ambiguous sites, which sug-
gested the possibility of multiple copies of EF-la in
water striders is low. There is 18-25% nucleotide dif-

ference between EF-la copies in Drosophila and Apis
(Danforth and Ji, 1998). We therefore interpreted the
base ambiguities as heterozygosity due to different al-
leles of the same gene copy (Reed and Sperling, 1999),
and coded the sites as polymorphic for the phylogenetic
analyses using the nucleotide ambiguity code imple-
mented in Sequencher.

Cladistic analyses

Equally weighted parsimony analyses were performed
for all tree searches using the program PAUP* 4b2
(Swofford, 1998) heuristic search and 100 random-tax-
on-addition iterations. For simultaneous analysis (SA),
the morphological and molecular data sets were con-
verted into standard character states (0-3) in MacClade
(Maddison and Maddison, 1992) and analyzed using
parsimony under the same conditions as above. In ad-
dition, a ratchet tree search performed with NONA
(Goloboff, 1993) and the following settings, Fitch par-
simony, gap = fifth character state, # iterations =200, #
trees/iteration, characters sampled = 178, recovered the
same trees as the simultaneous analysis performed with
PAUP*. Clade reliability was estimated using bootstrap
values and branch support. Bootstrap values were gen-
erated in PAUP* from 500 x 10 random addition rep-
licates. Branch support (BS), partition branch support
(PBS), hidden partition branch support (HPBS), and
hidden branch support (HBS) measures were calculated
following published instructions and guidelines (Baker
et al., 1998; Cognato and Vogler, 2001; Gatesy et al.,
1999). Constraint trees for these analyses were generated
with TreeRot (Sorenson, 1999).

Phylogenetic congruence was addressed globally and
locally. Globally, ILD for pair-wise comparisons of the
data (Phillips et al., 2000) were used. Local (at each
node) congruence between each data set was measured
with Spearman’s rank correlations of PBS values ob-
tained for each partition on the simultaneous analysis
tree (SA) (Sota and Vogler, 2001). This metric permits
the analysis of support from each data partition under
separate and simultaneous analysis on a node-by-node
basis and factors in both the level of agreement in tree
topology and the magnitude of the signal. A positive
correlation indicates congruence of support, a negative
correlation indicates opposing support, and no correla-
tion indicates that support is not associated with any
pair-wise combination of data.

Potential saturation was compared with branch
lengths estimated under different models of nucleotide
evolution. For each data set, branch lengths were con-
strained to the SA tree and calculated under a model of
equiprobable character change (Jukes and Cantor, 1969;
see Olmstead et al., 1998 for discussion) and a complex
model (Tamura and Nei, 1993) that accounts for un-
equal nucleotide frequencies, variation in substitution
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rates, and transition bias. These values were plotted and
an asymptotic curve was interpreted as an indication of
saturated character change.

We also associated branch support (BS and HBPS)
with node level in order to test the phylogenetic utility of
each gene. A positive correlation indicates support oc-
curs mostly at deep nodes, negative correlation indicates
support occurs mostly at peripheral nodes, and no cor-
relation indicates support is scattered among the nodes.
The distance from taxa to nodes was calculated by
scaling branch lengths of the SA tree with a molecular
clock using maximum likelihood optimization. Thus, the
branch lengths calculated for each molecular data set
are comparable when graphed. Maximum likelihood
estimations were performed under the following settings
in PAUP*: ti/tv ratio equal, base frequencies equal,
among-site rate variation equal (Cognato and Vogler,
2001).

Results

A simultaneous analysis of all data resulted in two
most parsimonious trees (MPTs), one of them shown in
Fig. 1. The two trees differ in the arrangement of three
closely related Gerris species (node 9), so the zero value
of all branch support measures for this node indicates
that it is unresolved in a consensus of the two MPTs
(Table 2). The SA tree generally agrees with current
generic taxonomy and previous phylogenetic analyses;
Limnoporus (node 50) and Gerris (Node 27) are mono-
phyletic. However, Aquarius is paraphyletic; one clade
(node 31) is the sister group to Gerris while another
clade (node 44) is sister group to the clade that includes
Gerris and node 31. Relationships of subgenera and
species groups for the three genera are further discussed
below. Separate analyses of the molecular data sets
produced trees that differed in resolution and topology,
but exhibited a similar pattern to the SA tree, except for
generally less resolution. Only the separate analysis of
morphological characters revealed all three genera as
monophyletic. Limnoporus was monophyletic in all
separate analyses. Gerris was monophyletic in the
analysis of EF-1a alone, but paraphyletic in the analysis
of COI, and polyphyletic in the analysis of 16STRNA.
Aquarius was paraphyletic in analyses of 16SrTRNA and
EF-1a and polyphyletic in the analysis of COI. How-
ever, these relationships were either poorly supported or
unresolved in a strict consensus of the MPTs resulting
from the separate analyses.

An overwhelming pattern of PBS for the SA tree was
not observed because the contribution of each data set
to total support varied. For example, 16STRNA and
COI contributed the most support (199.3 and 148.9,
respectively), followed by EF-la (142.2) and morphol-
ogy (33.5) (Table 2). However, when PBS was stan-
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G.gibbifer
G.maculatus
G.lacustris

G.swakopensis
5 G.c. costae
G.c. poissoni
G.c. fieberi
G.thoracicus
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”10 G.incurvatus
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G.alacris
G.argenticollis
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A.amplus
A.chilensis
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Alili
A.distanti
A.antigone

A.fabricii
37+ A.p. amamiensis

A.p. paludum
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A.nebularis
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27
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A.najas
A.ventralis
46— L.dissortis
48 L.notabilis
49 4 L.genitalis
50 L.rufoscutellatus

l L.canaliculatus
L.esakii

G.gigas

Fig. 1. A cladogram of Limnoporus, Aquarius, and Gerris, species
rooted with G. gigas. One of two most parsimonious trees (length
2272) obtained from a simultaneous parsimony analysis of the 1787
characters from morphological and molecular data sets using 100
random addition replicates conducted in PAUP* (Swofford 1998).
Numbers refer to clades in Table 3, which also reports branch support
and bootstrap values for the different clades. Note that node 9 is
unresolved in a strict consensus tree.

dardized by the number of steps in each data set that
contributed to the overall signal, COI contributed the
least information in the combined analysis tree
(16SrRNA, 0.95; EF-1a, 0.33; morphology, 0.22; and
COl, 0.10) despite the greater number of characters in
this partition. In addition, half of the support was de-
rived from the simultaneous analysis as measured by the
HBS. Overall, total phylogenetic information was re-
vealed for 16STRNA, while generally more homoplasy
was observed for COI (Table 2, HPBS). Branch support
and contradiction also varied at individual nodes and
only 6 nodes are supported by all data sets. No one data
set provided appreciably more or less information ex-
cept for morphology. Correlation of PBS values was
only observed between the 16STRNA and EF-la data
sets (Table 2). Added together, a few nodes (39, 30, and
26) exhibited values several times larger then the average
PBS per node (10.5) (Table 4, total PBS). The negatively
supported nodes indicated that the data interaction can
also result in homoplasy (Table 2, node 26). However,
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71.2

65.0

9.6

33.6

ILD values suggested no obvious pattern of incongru-
ence between data sets except for higher ILD val-
ues between morphology and COI and EF-la data
(Table 3).

The absence of major taxonomic discordance among
the separate analysis trees (Fig. 2) and negative corre-
lation among branch support values (Table 3) suggests
that incongruence was due to homoplasy caused by bi-
ases in character change (Table 4) and not the result of
different gene histories. The source of homoplasy could
lie in saturated characters, but the Tamura—Nei versus
Jukes—Cantor plots of branch lengths showed a
non-asymptotic relationship for all three molecular
partitions and for codon positions (Fig. 3). Thus, these
results suggest that the rate of nucleotide change among
all sites was similar and saturation is minimal. Yet, there
was a declining trend between molecular data branch
support (BS) (Fig. 4) and node distance for all three
genes and codon positions. In addition, there was an
overall negative interaction between the COI and other
data (Total HPBS =—-47.1) which suggested this gene
was incompatible with the simultaneous analysis (Table
2). These observations suggest that the data sets con-
tained either few phylogenetically informative or many
homoplastic characters for the deeper nodes. Further
analysis of HPBS does not support the former hypoth-
esis. For all three data sets, these values were not cor-
related with node distance, and 16STRNA and EF-la
showed an increasing trend of HPBS (Fig. 4). Thus
phylogenetically informative characters for the deeper
nodes were present in the data but concealed by ho-
moplasy.

Dissecting the data further, nucleotide composition,
codon usage, and synonymous substitutions were biased
and potentially contributed to total homoplasy. Mito-
chondrial data were AT rich, the average nucleotide
composition of AT:GC was 0.63:0.37. For all data, no
correlation (COIL: » = 0.3; 16STRNA: » = 0.1; and EF-
lo: » = —0.08) was found between AT:GC ratio and
HPBS at each node. However, this bias was associated
with skewed codon usage in COI; only 15 codons had a
relative frequency over 70% among water strider species.
Of these codons, 14 contained at least two weak
bounding nucleotides. Nucleotide change at first
and third positions was variable among codons. For

Table 3
Pairwise analysis of congruence among data sets
Morphology COI EF-1la 16S
Morphology 0.189 0.121 0.021
COlI 0.176 0.015 0.01
EF-la —-0.135 0.036 0.016
16S —-0.218 —-0.193 0.611*

Above the diagonal, ILD/steps of SA tree, Below diagonal Spear-
man’s rank correlation of the PBS.
*P < 0.0001.
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Table 4
Nucleotide patterns observed for COI, 16S, and EF-1a for gerrid species
Matrix size Variable sites Inform sites Number of steps RI Mean ti/tv AT/GC bias
COI
Total 780 280 248 1407 0.6 1.77 2.56
Ist codon pos. 260 41 29 132 0.7 5.94 1.84
2nd codon pos. 261 7 6 10 0.95 14 9.1
3rd codon pos. 260 222 213 1224 0.59 1.54 1.6
16STRNA
Total 426 96 64 197 0.78 1.57 2.96
EF-lo
Total 515 141 94 387 0.77 3.32 1.05
1st codon pos. 172 11 5 12 0.97 1 1.42
2nd codon pos. 172 5 0 NA NA 0.33 0.78
3rd codon pos. 171 118 89 363 0.76 3.72 1.03
0.3
%
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Fig. 3. Scatter plot for COI, 16SrTRNA and EF-1a branch lengths constrained to the-SA tree (Fig. 1) and calculated under a Jukes and Cantor (1969)
model, which assumes equiprobable character change and Tamura and Nei (1993) model, which accounts for unequal nucleotide frequencies,
variation in substitution rates, and transition bias. The linear correlation is interpreted as an indication of non-saturated character change. Dotted

lines indicate the maximum value of branch length for data partition.

example, third positions of TTA (Leucine) changed near
Jukes—Cantor proportions (0.6 ti/tv) for synonymous
(G, 13 times), and non-synonymous (C, 2 and T, 19
times) nucleotides. The non-synonymous change would
have conferred an amino acid change to Phenylalanine if
not for the concordant change in first position to C, in
all cases. In contrast, changes at third position of TTT
(Phenylalanine) were synonymous transitions, while no
observable change occurred at the first position. In total,

only 49 amino acids changed and the majority was
Isoleucine (ATT) to Valine (GTA) transformation via
transitions in the first and third positions. Number of
nucleotide changes at the COI first (r = 0.12) and third
(r =0.09) positions do not correlate with HPBS. Al-
though our a posteriori inspection of the data suggests
that these biases may confer homoplasy, we do not have
any compelling reason to exclude data from the analysis.
COI data does provide information for some nodes and

<

Fig. 2. Phylograms of gerrid species obtained from parsimony analyses of individual data sets and rooted with G. gigas. Bremer support values are
given above branches and bootstrap support values >50% are given below. Nodes without support values are unresolved in the strict consensus of the
shortest trees. COI: 1 of 48 shortest trees of length 1486 (CI=0.29; RI=0.6); 16StRNA: 1 of 463 shortest trees of length 205 (CI=0.60; RI=0.78);
EF-1o: 1 of 40 shortest trees of length 397 (CI=0.46; RI=0.77); and Morphology: 1 of 64 shortest trees of length 149 (CI=0.29; RI=0.91).
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Fig. 4. Relationships between PBS values and nodal distance from tips of tree. Nodal distance is the ML branch length from a given node to the tip of

the tree.

the interaction of the data reduces homoplasy at the
deeper nodes as observed with the HPBS values (Figs. 4
and 5).

Discussion
Taxonomic implications

Limnoporus is monophyletic (node 50), and the SA
tree generally agrees with current generic taxonomy
(Andersen and Spence, 1992; Sperling et al., 1997). Al-
though Limnoporus dissortis and Limnoporus notabilis
are known to hybridize extensively in western Canada
(Spence, 1990), the two species have not been previously
regarded as sister species. Gerris is also monophyletic
(node 27). Damgaard and Sperling, 2001 suggested a
sister taxa relationship of the subgenera Gerriselloides
and Gerris s.str., but our analysis found Gerriselloides
(node 24) as basal subgenus and a sister group rela-
tionship between subgenera Macrogerris (node 24) and

Gerris s.str. (node 23) as originally proposed by An-
dersen (1993).

Within Gerris s.str., the gillettei-group (node 22) is
basal and the monotypic nepalensis-group was sister
group to the remaining Gerris species (node 19), as
previously reported (Andersen, 1993; Damgaard and
Sperling, 2001). This group was left highly unresolved
by Damgaard and Sperling (2001), but our results in-
dicate that the odontogaster-group (node 17) is at the
base of the clade. Andersen (1993) placed G. latiabdo-
minis in the marginatus-group, but we agree with
Damgaard and Sperling (2001) that it should be ex-
cluded from this clade. The sister species relationship
between G. latiabdominis and G. argenticollis (node 13)
is poorly supported, but since these species vary drasti-
cally in morphology (Andersen, 1993) they should both
be considered as monotypic species groups. Finally, in
contrast to Damgaard and Sperling (2001), we found a
monophyletic thoracicus-group (node 7), which is sister
to the lacustris+ swakopensis-groups (node 4). The
marginatus-group (node 11) was at the base of this clade.
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Fig. 5. Relationships between PBS values and nodal distance from tip of tree for COI and EF-1a codon positions. Nodal distance is the ML branch

length from a given node to the tip of the tree.

Aquarius is paraphyletic and A. chilensis and the remigis-
group (node 31) are more closely related to Gerris than
to other members of the genus (node 44) as mentioned
above. The South American A. chilensis was provision-
ally placed in the otherwise western Palaearctic najas-
group due to remarkable similarities in morphology and
ecology (Andersen, 1990: pp. 43, 74-75). Presence of
pretarsal aroliae in A. chilensis was regarded by An-
dersen as a possible character reversal, because this
character is shared only with more basal members of the
gerrine water striders. However, our study indicates that
the similarities between A. chilensis and other members
of the najas-group (node 43) are homoplasies probably
due to similar ecological constraints associated with life
on lotic waters. Matsuda (1960, p. 179) noted that
members of the remigis-group differ from other species
of Aquarius due to their relatively shorter antennal
segments, longer metasternum, modified male termina-
lia, etc. Our study supports the exclusion of the remigis-
group from Aquarius. The current placement of A.
chilensis and the remigis-group (Fig. 1, nodes 31, 32) is
not well supported and inclusion of more basal gerrine

water striders are needed for the resolution of these taxa.
The relationships among the remaining species groups
of Aquarius (node 44) resemble the traditional taxonomy
(Andersen, 1990; Damgaard et al., 2000). The najas-
group (node 43) was basal to the sister species groups,
conformis (node 40) and paludum (node 38), even though
our analysis failed to reconstruct a sister species rela-
tionship between A. paludum and (A. adelaidis/ Aquarius
lili) as suggested by Polhemus and Polhemus (1994). The
taxonomy of genera and species groups based on these
results are summarized in Table 1. However, broader
taxonomic, classification and biogeographic implica-
tions of these new finding will be treated in detail
in another publication (Damgaard and Cognato,
submitted).

Data interaction and patterns of homoplasy

Phylogenetic incongruence among gene trees and
species trees is often cited as a potential problem that
will stymie phylogenetic reconstruction (Bull et al., 1993;
Maddison, 1997). Gross discordance with previous



524 J. Damgaard, A.1. Cognato | Cladistics 19 (2003) 512-526

taxonomy and/or among mitochondrial and nuclear
gene trees is often the first warning of this problem.
However, real examples of this type of conflict are rare
(Brower et al., 1996; Sota and Vogler, 2001). Poor tax-
onomy and/or biases in nucleotide evolution (Baker and
DeSalle, 1997) may often falsely indicate gene tree-spe-
cies tree discordance. Evaluation of homoplasy patterns
within a simultaneous analysis can identify the origin of
incongruence (Baker et al., 2001; Cognato and Vogler,
2001; Gatesy et al., 1999). In data where true discor-
dance between gene trees and species trees exists, cor-
related opposing branch support values or a significant
difference in tree lengths will be observed between those
data sets that reflect separate species (morphology and
nuclear genes) and gene phylogenies (mitochondrial
genes) (Sota and Vogler, 2001). As with Ips bark beetles
(Cognato and Vogler, 2001), none of these patterns are
observed in our data. Separate analysis trees are gener-
ally congruent with each other and previous taxonomy
(Fig. 2). Significant heterogeneity between data sets was
not exclusively observed between the mitochondrial and
the nuclear genes or morphology data. In addition, pair-
wise comparisons of PBS values are not negatively
correlated and a positive correlation is observed between
nuclear (EF-1a) and mitochondrial (16SrRNA) genes
(Table 3). Interestingly, positive correlation of branch
support between the above genes has been observed for
bark beetle species (Cognato and Vogler, 2001). Thus,
the SA tree is a robust hypothesis of species phylogeny
and observed incongruence is due to both morphologi-
cal convergence and bias in nucleotide evolution espe-
cially with COI.

Surprisingly, the morphological data provides little
support for the SA tree and, in fact, the simultancous
analysis reveals less support than compared to its sep-
arate analysis (PBS values, Table 2). In part, this ho-
moplasy derives from the paraphyly of Agquarius.
Constraints of the water surface habitat may have pre-
cluded widely divergent change of structural morphol-
ogy for at least 50 million years (Andersen et al., 1993)
leading to the recognition of Aquarius based on homo-
plastic characters.

Utility of gene partitions in phylogenetic reconstruc-
tion has been an ongoing debate in theoretical and em-
pirical investigation (e.g., Friedlander et al., 1994;
Graybeal, 1994; Olmstead and Sweere, 1994; Yang,
1998). Nucleotide saturation is often used as evidence for
excessive homoplasy in a particular data partition and
these data are either removed from subsequent phylo-
genetic analyses (e.g., Cunningham, 1997; Dowton and
Austin, 2001) or down-weighted (e.g., Mitchell et al.,
1997; Reed and Sperling, 1999). The present analysis and
others (Cognato and Vogler, 2001; Olmstead and Swe-
ere, 1994; Wenzel and Siddall, 1999) demonstrate that
saturation is a poor predictor of homoplasy. For exam-
ple, the gerrid COI saturation plot (Fig. 3) indicates that

the data are not overwhelmed by homoplasy, yet these
data have an overall negative effect on the simultaneous
analysis. The opposite situation was observed for Ips
where a COI saturation plot indicated excessive homo-
plasy yet the interaction of these data in simultaneous
analysis was positive (Cognato and Vogler, 2001). The
utility of this gene could only be determined after cla-
distic analyses, however, the overall negative effect of
COI in the gerrid cladogram does not justify its exclu-
sion. In addition, measures of topological concordance
and total PBS have shown that phylogenetic information
is present in highly divergent data (Baker et al., 2001;
Bjorklund, 1999; Kallersjo et al., 1999). Our study con-
firms these observations. However, our data does not
confirm a superior utility of nuclear versus mitochon-
drial sequence data (Baker et al., 2001). Standardized
total PBS values for the data partitions show that the
water strider SA tree is supported most by 16sRNA
followed by EF-1a, morphology and COI. This similar
pattern was observed in Ips where most support was
derived from 16STRNA and EF-1a, followed by COI and
non-molecular data (Cognato and Vogler, 2001). We
also applied HPBS values to measure the conflict or
support that resulted from the simultaneous analysis at
each node though few studies have addressed character
information with this measure (Cognato and Vogler,
2001; Gatesy et al., 1999). As in the previous published
data sets, we found varying amounts of net hidden sup-
port within the gene partitions. For particular clades,
hidden support or conflict was not correlated with node
or taxonomic level (Fig. 4). In addition, we failed to as-
sociate codon or nucleotide composition biases with
HPBS values. Thus, the utility of a gene was unpredict-
able before conducting a simultaneous analysis.

In addition, “global” measures of homoplasy do not
predict phylogenetic utility (Sanderson and Donoghue,
1996) or justify exclusion of data from simultaneous
analysis (Yoder et al., 2001). They are summaries of the
concordance among secondary homologies (De Pinna,
1991) for the parsimonious reconstruction of a given
data set. Additional data and a different parsimonious
solution can elevate seemingly homoplastic characters
into secondary homologies. Phylogenetic utility of data
partitions may only be revealed by branch support
measures for the parsimonious cladogram. For example,
our COI data is deemed ‘““incompatible’ based on a total
negative HPBS but positive HPBS values for individual
nodes are observed. Like ILD, branch support measures
are data dependent, but the contribution of a data
partition is revealed at the node level. Hence, character
biases of particular partitions do not preclude simulta-
neous analyses. Some data provide more information
than others, but every character is potentially informa-
tive regardless of its origin. Prediction of phylogenetic
utility based on data type, saturation curves, or “global”
measures of homoplasy is ill advised.
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