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Abstract.—In this article, we use supermatrix data-mining methods to reconstruct a large, highly inclusive phylogeny of
Cyperaceae from nucleotide data available on GenBank. We explore the properties of these trees and their utility for
phylogenetic inference, and show that even the highly incomplete alignments characteristic of supermatrix approaches
may yield very good estimates of phylogeny. We present a novel pipeline for filtering sparse alignments to improve
their phylogenetic utility by maximizing the partial decisiveness of the matrices themselves through a technique we call
“phylogenetic scaffolding,” and we present a new method of scoring tip instability (i.e. “rogue taxa”) based on the I statistic
implemented in the software Mesquite. The modified statistic, which we call IS, is somewhat more straightforward to
interpret than similar statistics, and our implementation of it may be applied to large sets of large trees. The largest sedge
trees presented here contain more than 1500 tips (about one quarter of all sedge species) and are based on multigene
alignments with more than 20 000 sites and more than 90% missing data. These trees match well with previously supported
phylogenetic hypotheses, but have lower overall support values and less resolution than more heavily filtered trees. Our
best-resolved trees are characterized by stronger support values than any previously published sedge phylogenies, and
show some relationships that are incongruous with previous studies. Overall, we show that supermatrix methods offer
powerful means of pursuing phylogenetic study and these tools have high potential value for many systematic biologists.
[Cyperaceae; decisiveness; megaphylogeny; PHLAWD; supermatrix.]

The sedge family, Cyperaceae, is one of the world’s
10 most speciose families of flowering plants (Stevens
2008), containing more than 5400 species (Govaerts
et al. 2007). Sedge species richness is highest in
the tropics, but sedges may be found in nearly all
angiosperm-supporting habitats across the biosphere,
spanning arctic tundra, alpine zones, temperate and
tropical forests, savannas, prairies, marshes, swamps,
and deserts (Dahlgren et al. 1985; Bruhl 1995). Sedges
are phenotypically and ecologically diverse, including
tiny ephemerals, fire-resistant tussocks, scandent vines
more than 10 m long, and submerged aquatic herbs.
The combination of their broad distribution and diverse
phenotypes make sedges a compelling system for the
study of global macroevolutionary ecology in plants
(Naczi and Ford 2008).

Modern methods exploring macroevolutionary
dynamics frequently require well-resolved, highly
complete phylogenies (Smith and Donoghue 2008;
Smith et al. 2009; Holton and Pisani 2010), which
can be prohibitively expensive to obtain via directed
sequencing of individual loci. Fortunately, public
resources, such as GenBank contain an abundance of
existing data that can be used for this purpose. Here, we
take advantage of supermatrix data-mining methods
to reconstruct the most inclusive sedge phylogeny
yet published, using nucleotide data gathered from
GenBank via a novel data pipeline that relies on the
software PHLAWD (Smith and Donoghue 2008; Smith
et al. 2009). PHLAWD implements a protocol described
in its documentation as “megaphylogeny”—an iterative
process involving the extraction and alignment of
nucleotide sequences, which results in fully aligned
matrices. PHLAWD relies on the software Muscle

(Edgar 2004) and MAFFT (Katoh et al. 2005) to perform
recursive profile alignments that attempt to maximize
site homology even at deep evolutionary scales. The
pipeline we present in this article further improves the
utility of the resulting alignments through a series of
complementary refinement steps that filter taxa and
genes to improve taxon coverage and branch stability.

Supermatrix methods offer a variety of advantages,
including, perhaps most significantly, the ability to
reconstruct phylogeny at broad scales with minimal
investment in sequencing (McMahon and Sanderson
2006; de Queiroz and Gatesy 2007; Ren et al. 2009;
Davis et al. 2010; van der Linde et al. 2010; Wolsan
and Sato 2010), provided that the requisite sequence
data are already available. These methods often present
their own challenges, however, including issues of
computational power and time efficiency, contentious
questions regarding the effects of very sparse alignments
on branch lengths (Lemmon et al. 2009; Wiens and
Morrill 2011), and concerns about data integrity.

One important challenge is presented by the
detrimental effects that high levels of missing data may
have on tree reconstruction. A major component of this
effect has recently been examined in detail by Steel
and Sanderson (2010) and Sanderson et al. (2010). These
papers defined and explored a property of data matrices
that they named “partial decisiveness” (PDC), which is
a practical measure of the limits of a multilocus data
set to inform phylogenetic inference—PDC describes the
proportion of branches across all possible trees that may
be resolved given the pattern of missing samples. In most
real-world alignments, some branches in the treespace
cannot be resolved because of insufficient taxon overlap;
alignments containing such patterns thus have a PDC
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of <1, and are said to be “indecisive” for those branches
that cannot be reconstructed. Supermatrices are often
characterized by very high levels of missing data, and as
such can typically be expected to have PDC values lower
than more conventional matrices. The PDC metric has
not been broadly applied across a sample of such large
combined matrices, but in practice we have observed
PDC values between 0.6 and 0.7 to be common for
unoptimized matrices compiled from public databases,
which frequently contain >70% missing data. Although
it is not necessary to have a completely decisive matrix to
reconstruct the true tree (because all possible branches
in the treespace are not present in all trees), maximizing
PDC can nonetheless generally be expected to improve
tree resolution in the majority of real-world scenarios.

A related challenge is presented by so-called “rogue
taxa”—destabilizing tips that move around the tree
enough in replicate searches to cause the collapse of
clades and the erosion of branch support values. The
instability of a given tip may be compounded by multiple
attributes, although perhaps most frequently by (i) data
nonintegrity due to sequence misidentification and (ii)
very weak phylogenetic signal simply due to a dearth
of meaningful phylogenetic information. Identification
and removal of rogue taxa is generally expected to
help improve the resolution of trees containing such
unstable tips (Thorley and Wilkinson 1999; Thomson and
Shaffer 2010), and several methods have been presented
to accomplish this goal (Thorley and Wilkinson 1999;
Thorley and Page 2000; Smith and Dunn 2008). Here,
we present and make use of a statistic modified
from the I score implemented in Mesquite (Maddison
and Maddison 2010), which overcomes some of the
drawbacks of previously available instability metrics.

In this study, we present results from a supermatrix
phylogeny (a PHLAWD megaphylogeny) of Cyperaceae.
In this context, we address issues of data integrity
as they relate to large combined analyses, and we
explore the association between data decisiveness and
tree resolution. We compare the results of our tree
searches to results from a previously published family
level analysis of the Cyperaceae, and we show that
maximizing the number of loci and taxa using the
methods employed here may in fact yield greater power
to resolve phylogenetic trees than more traditional,
focused sequencing approaches that rely on smaller
numbers of better-sampled loci, even with a highly
incomplete alignment.

MATERIALS AND METHODS

Data Collection and Validation
Data were gathered from GenBank release 185 using

the software tool PHLAWD (Smith et al. 2009), which
searches the NCBI database for all nucleotide sequences
for species within a given taxon that match a given
text query. For instance, PHLAWD can be used to
yield an alignment of all NCBI sequences matching the
query string “internal transcribed spacer” within the

NCBI taxon Cyperaceae. Because some nonorthologous
sequences may be returned for any given query,
PHLAWD requires a set of presupplied guide sequences
for each query. Any query results that do not match these
guide sequences by some arbitrary minimum amount
of coverage and identity are excluded. We used cutoff
proportions of 0.3 for coverage and 0.2 for identity for all
searches.

We gathered data on 23 genes for all available species
within the Cyperaceae. Figure 1 presents a heatmap of
the coverage of these data for all recognized genera. We
also ranked genera by overall coverage for these markers,
according to several statistics intended to measure the
amount of information available for each genus (Fig. 1,
bottom 4 rows; see Supplementary material for details;
Data Dryad doi: 10.5061/dryad.6p76c3pb). From these
data, we generated alignment files representing more
than 1500 species from almost all of the family’s genera.
Guide sequences for each gene were chosen arbitrarily
from the set of available GenBank data, in a manner
that sought to maximize their phylogenetic spread. The
resulting alignment files were concatenated on the basis
of species name using the software phyutility (Smith
and Dunn 2008). This approach combines available data
from multiple exemplar specimens of each species to
make phylogeny estimation at this scale possible, and it
has proven effective for estimating phylogeny of large
numbers of species when parallel data from multiple
markers are not available from a single specimen (Jones
et al. 2002; Smith and Donoghue 2008; Smith et al. 2009).

Because data integrity on public databases such as
GenBank is uncertain, it is possible to include poor
quality or incorrectly identified sequences when data
mining these resources. When multiple sequences from
different vouchers are concatenated on the basis of
species identity, the potential exists for sequences from
misidentified species to be concatenated with correctly
identified ones, leading to the creation of so-called
“chimeric” taxa. The tip nodes that are associated with
these mistaken taxa are expected to contain conflicting
phylogenetic signal which, at least in the case of
bootstrapping, can erode support values for otherwise
well-supported clades, because the chimeric tip is
either expected to be placed near each of its different
constituent species in different replicate searches, or to
contain strong enough conflicting signal that it simply
causes parts of the tree to collapse. One approach to a
posteriori identification of these taxa involves scoring
each taxon for a leaf stability index—a statistic that
quantifies how much its position changes relative to
other taxa in replicate tree searches. Those taxa with the
lowest stability are assumed to contain either conflicting
phylogenetic signal (especially in the case of chimeric
taxa) or such low levels of signal that many placements
are equivocal.

Multiple methods of measuring leaf stability have
been proposed (Thorley and Wilkinson 1999; Thorley
and Page 2000; Smith and Dunn 2008). For this study, we
built upon previous work by Maddison and Maddison
(2010) in Mesquite version 2.7. They present a statistic,
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I, which summarizes taxon movement among a set of
trees, using differences in patristic distance between all
taxon pairs across all pairs of trees in the set. Each
difference in distance for a pair of taxa i and j between
each pair of trees x and y is scaled to the sum of
the patristic distance between i and j across both trees
x and y, and these are summed across all trees. The
Mesquite implementation of this method also requires
an alignment to be loaded because the instability scores
for each taxon are plotted against the percentage of
missing data for that taxon in the alignment, but this
requirement is inconvenient when the comparison of
instability to missing data is not of interest. An additional
drawback is that because the magnitude of the scores
depends on the number of trees and the number of
taxa, direct comparison of I scores generated from
different distributions of trees is not straightforward.
It is also not feasible to perform these analyses in
Mesquite using very large phylogenies because of
memory restrictions. To overcome these challenges, we
wrote a Python (http://www.python.org; last accessed
November 2012) program that can take advantage
of parallel multiprocessing architectures and large
amounts of memory to rapidly calculate instability
scores even for large sets of very large trees. This script
generates scores we have termed IS, which differ from I
in that they are instead scaled to the random expectation
for taxon movement in the provided set of trees. Thus,
for all combinations {x,y} of trees x and y in some set
of trees X (e.g. a set of bootstrap replicates or a Bayesian
posterior distribution), and all taxa j �= i in these trees, the
summary statistic IS

i for a given taxon i is calculated as:

IS
i =

2
∑

{xy}
∑

i �=j
|Dijx −Dijy|

DRe ·n(n−1)

where Dija is the unweighted patristic distance between
taxa i and j in tree a, and DRe is the random expectation
for this distance, which is calculated by taking the
average per-tree value of the numerator in the above
equation on a subsample of trees from X with their
tips randomized, and n is the number of trees in
X. This statistic has the advantage of being directly
interpretable as a multiple of the random expectation
for taxon movement, and as such it may be compared
directly even between different distributions of trees
with different sets of taxa. A score of IS

j =0.7, for
instance, means that taxon j moves ∼70% of the random
expectation for taxon movement relative to all the other
taxa across a given set of trees. A taxon with a score of
1.4 would, therefore, move twice this much.

Data Filtering and Heuristic Searches
We used 2 strategies to subsample the data gathered

by phlawd to improve the resolution of resulting trees.
The first strategy consisted of removing the top 10%
of taxa with the highest IS scores to improve branch

stability, the second of excluding taxa lacking sequences
for both of 2 loci that are broadly sampled and contain
strong phylogenetic signal for deep nodes in the tree;
these are ndhF and rbcL. This second approach, which
we refer to as phylogenetic “scaffolding,” improves the
PDC of the matrix by maximizing taxon coverage for
the selected markers, and relies on the assumption that
those markers contain sufficient signal and sampling
to reconstruct major relationships (i.e. deep nodes) in
the tree. To independently assess levels of phylogenetic
signal across our data set, we estimated phylogenetic
informativeness profiles (Townsend and López-Giráldez
2010; Townsend and Leuenberger 2011) for the most
broadly sampled loci in this study (Fig. 2), using
the PhyDesign website (López-Giráldez and Townsend
2011). Informativeness profiles indicate the predicted
phylogenetic signal contained by each locus as a function
of tree depth, and can be useful for assessing the utility of
loci to reconstruct relationships in different parts of the
tree. Although rbcL has overall lower informativeness
throughout the entire tree than ndhF (Fig. 2), it is the
most broadly sampled marker across the family and we
justified its use as part of the scaffold because it allows
the inclusion of many rare taxa that would otherwise be
absent, with a minimal decrease in decisiveness.

To assess the relative utility of both of our filtering
approaches, we conducted 4 parallel rounds of inference
using data sets filtered by either (i) neither method (i.e.
raw concatenated PHLAWD alignments), (ii) filtering
rogue taxa only, (iii) filtering taxa lacking sequences
for elected loci only, or (iv) both methods (Table 1).
We performed maximum likelihood (ML) bootstraps
to estimate phylogenies from these alignments using
RAxML version 7.2.6 (Stamatakis 2006). For each
alignment, a 300-replicate rapid bootstrap heuristic
search (RAxML’s “-f a” option) was performed. Finally,
we calculated descriptive statistics about the alignments
and the resulting trees to compare our filtering methods’
efficacy for improving tree resolution.

For comparison, we also reconstructed the Cyperaceae
family alignment used in Muasya et al. (2009), which
consisted of rbcL and trnL-trnF data. We applied the
same heuristic search methods to this alignment and
evaluated the resulting trees under the same criteria.
The sequence data were gathered directly from GenBank
release 185 using the accession ids listed in Muasya et
al. (2009). Alignment was performed in Muscle v3.7
(Edgar 2004), with subsequent manual adjustments by
eye. The trnL-trnF region is highly polymorphic at this
phylogenetic depth and some regions were excluded
because of difficulty assessing homology, as in the
original paper. Using these methods, we were able to
collect and align sequence data for 253 of the original
262 taxa.

RESULTS

A heatmap of sampling density for select markers
across all currently recognized Cyperaceae genera is
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bottom right panel contains the chronogram used by the informativeness algorithm. Shapes in the tree represent the same clades as in Figure 3.

TABLE 1. Descriptive statistics for alignments and trees resulting from each of four combined approaches to data filtering, and an
rbcL/trnL-trnF alignment reconstructed from Muasya et al. 2009

Method Tips Sites Missing Decisiveness Resolved >0.95 >0.7 >0.6

0. trnL-F+rbcL tree 253 3006 0.46 0.95 0.49 0.31 0.77 0.91
1. All tips/rogues not filtered (AT/NF) 1526 20017 0.89 0.74 0.57 0.31 0.72 0.86
2. All tips/rogues filtered (AT/RF) 1366 19425 0.88 0.76 0.64 0.33 0.74 0.87
3. Scaffold taxa only/rogues not filtered (SC/NF) 484 16025 0.79 0.86 0.71 0.41 0.75 0.87
4. Scaffold taxa only/rogues filtered (SC/RF) 435 16016 0.79 0.86 0.76 0.42 0.76 0.86

Notes: Row 0 corresponds to this rbcL/trnL-trnF alignment. Rows 1–4 correspond to various filtering methods applied to the PHLAWD alignment:
1. No filtering, all available data for the markers chosen at the data-mining step are used. 2. Filtering of unstable tips only—all sequence data
from the 90% most stable tips are used. 3. Filtering of less informative loci only—taxa not represented by at least an rbcL or ndhF sequence are
removed, all other available markers for the remaining taxa retained. 4. Filtering of loci and taxa—all available loci for the 90% most stable taxa
represented by at least ndhF or rbcL are retained. All decimal values are proportions. The “Tips” and “Sites” columns show the actual count
of tips and sites in the alignments; “Missing” is the proportion of missing data across all cells; “Decisiveness” is the PDC metric; “Resolved”
shows the proportion of resolved nodes in the majority rule consensus trees calculated from the ML bootstrap tree sets, and the last 3 columns
represent the proportion of these resolved nodes bearing a bootstrap support value greater than or equal to the respective cutoff value.

presented in Figure 1. Only a small handful of loci (those
at the top of the matrix) show reasonably broad sampling
across the family. The broadest sampled are ndhF and
rbcL. The second to last row, ABS_importance, contains
values of a summary statistic we developed to quantify
taxon coverage for each genus, for the markers used in
this study (see Supplementary material for formulas).
Because all genera have been poorly sampled for most
of these markers, all their importance scores are quite
similar. We therefore calculated the percentile rank of
each importance score, which are presented in the last
row, ABS_import_rank. High scores in this row indicate
those genera with the lowest levels of sampling. This

heatmap was generated using the gplots package in R
(Warnes et al. 2011).

Table 1 presents statistics describing the alignments
and corresponding ML trees constructed from the raw
and filtered phlawd alignments and also the rbcL +
trnL-trnF alignment reconstructed from Muasya et al.
(2009). Despite having very high decisiveness, the
rbcL +trnL-trnF alignment performed similarly to the
concatenated, unfiltered PHLAWD alignment, and was
actually surpassed by the raw PHLAWD data in terms
of total proportion of nodes resolved, by ∼10%. For the
filtered PHLAWD alignments, each increase in filtering
stringency was associated with further improvement to
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the resolution of the resulting consensus trees (Fig. 3), as
evidenced by the increase in the proportion of resolved
nodes (Table 1). Although the frequency of nodes
with >0.6 bootstrap proportion (BP) varied little as filter
strictness increased, the proportion of nodes with 0.7 or
greater BP showed a steady increase. The most dramatic
improvement was seen when taxa not represented
by either an rbcL or ndhF sequence were excluded
from the alignment—the proportion of nodes resolved
with >0.95 BP increased by 8%, with a concomitant and
presumably related 10% increase in the decisiveness of
the matrix. The best-resolved and best-supported tree
(Figs. 4–7) was generated from the most strictly filtered
alignment (Table 1, row 4), which contained only the
90% most stable tips from the alignment consisting only
of those taxa represented by a sequence for at least one
of the loci ndhF and rbcL.

The majority-rule consensus topologies from the ML
bootstrap searches corresponding to rows 1–4 of Table 1
are presented in Figure 3. The trees are presented
without taxon names or support values because space
constraints preclude legible presentation of these data
in printed form (higher-resolution versions of trees
1–3 with legible taxon names and support values are
available in Supplementary material, respectively; Data
Dryad doi: 10.5061/dryad.6p76c3pb). Figure 3 clearly
shows an overall increasing trend in the proportion
of resolved nodes that accompanied more stringent
filtering methods. The best-resolved consensus tree,
corresponding to the most heavily filtered alignment
(Table 1, row 4), is presented in Figures 4–7. Support
values throughout most of the tree are high, especially
for deep nodes, and relationships among major lineages
of sedges are generally well-resolved, with strong
support for the monophyly of the 2 subfamilies
Mapanioideae and Cyperoideae, and generally strong
support for most previously recognized major clades.
The monophyly of many currently recognized genera,
however, is not supported, in agreement with previous
findings from the studies that generated the data we
gathered from GenBank.

DISCUSSION

Data Decisiveness and Tree Reconstruction
PDC (Sanderson et al. 2010; Steel and Sanderson

2010) provides a general method of assessing the effect
of missing data on tree reconstruction methods, and
it is of interest for supermatrix data mining because
maximizing PDC is likely to improve phylogenetic
resolution. This metric is independent from measures of
phylogenetic signal; instead it describes the proportion
of branches, out of the set of all branches in all possible
trees, which may be reconstructed given the patterns of
taxon overlap among markers in the data set. Sampling
matrices with high decisiveness may be used to
reconstruct most or all branches in many trees, whereas
those with low decisiveness may lack the taxon overlap

to even allow resolution of many or all branches, even if
the sampled markers have strong phylogenetic signal.

Because missing data can have such strong effects
on tree searching, decisiveness should be of interest
to all systematists working with even moderately
incomplete data sets, and particularly so for those
using very large, sparse data sets. However, achieving
complete decisiveness is not necessarily a requirement
for resolving the best tree (or set of trees), because under
the common assumption that there are relatively few
best trees (or just one), only a tiny fraction of all possible
branches is represented in them (at least for large trees).
As long as patterns of missing data do not preclude the
resolution of these “good” branches, very good trees may
be found using matrices with PDC considerably <1, as
we have demonstrated here.

The PDC metric itself actually measures the
proportion of 4-way combinations (quartets) of taxa
that are represented by homologous data for at least a
single locus in the alignment. Matrices within which
every quartet is represented by a set of homologous
sequences for at least one locus are fully decisive. Steel
and Sanderson (2010) called this the 4-way partition
property. The phylogenetic scaffolding approach we
used relies on this property: it maximizes the proportion
of homologous quartets/triplets by excluding taxa not
represented for some subset of loci—the scaffold
backbone. When a single locus is used as a backbone,
scaffolding results in a completely decisive matrix,
because the 4-way partition property is met through
the presence of all taxa at that locus. We used 2 well-
sampled—but not completely sampled—loci to form
a backbone, which does not necessarily result in a
completely decisive matrix, but has the advantage of
allowing more tips to be included.

Phylogenetic Informativeness and Scaffolding
An additional advantage of phylogenetic scaffolding

is that it provides a means to robustly reconstruct
deep nodes in the tree (using the backbone loci), while
allowing the inclusion of faster evolving markers to
inform shallower relationships, even when sampling
does not overlap among clades. Identifying good
backbone markers requires consideration not only of
how broadly sampled the candidate markers are but
also the depths at which they will be maximally
informative. One metric that may be helpful for selecting
scaffold backbones is the phylogenetic informativeness
of Townsend and Leuenberger (2011) and Townsend and
López-Giráldez (2010), which quantifies the predicted
phylogenetic signal for a given marker as a function of
tree depth.

As shown in Figure 2, some loci that are broadly
sampled, such as ITS and trnL-trnF, are characterized
by having informativeness peaks at relatively shallow
depths. The peak informativness is presumably the point
at which the sequence data reach saturation in terms
of number of changes, and beyond which their signal
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a) b)

c) d)

FIGURE 3. Majority-rule consensus trees resulting from parallel 300-replicate ML bootstrap searches performed on each of the alignments
summarized in Table 1. a)–d) correspond to rows 1–4 from Table 1, respectively. Although tip and branch labels could not be included due to
space constraints, several topological landmark nodes corresponding to several major clades are labeled. The star labels the genus Carex, the
square Eleocharis, the circle the tribe Cypereae, and the triangle the tribe Schoeneae. The dotted lines in c) and d) indicate an area of the tree
that apparently experienced a decrease in resolution as a result of more stringent rogue taxon filtering, although as discussed in the text, this
apparent loss of resolution may actually represent an increase in phylogenetic accuracy.

is replaced by noise. Markers showing this pattern are
presumed to be more informative for shallow nodes
than deep ones. Loci exhibiting this pattern are of
suspect utility for use as a scaffold backbone, but may
be included in alignments containing strong signal in
other loci for deep nodes. In the context of this study,
loci such as rbcL and ndhF have lower predicted overall
signal than some more rapidly evolving markers, but
because they remain unsaturated deep in the tree, they
are presumed to contain more information to resolve
deep nodes (Fig. 2). Unsaturated loci such as these
are better candidates for use as backbones. We have
observed, however, that high predicted signal does not
necessarily equate with high resolution even in clades

for which a locus is well-sampled (e.g. trnL-trnF for
the genus Carex). The relatively low performance of the
rbcL+trnL-trnF alignment (Table 1, row 1), despite the
exceptional predicted signal for trnL-trnF, provides an
example of this (Fig. 2).

Rogue Taxon Filtering
Filtering out the 10% least stable taxa from the most-

inclusive alignment (Table 1, row 2) resulted in a 7%
increase in the proportion of resolved nodes, whereas
filtering the 10% least stable taxa from the scaffolded
alignment resulted in a 5% increase. These differences
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FIGURE 4. Majority rule consensus tree resulting from a 300-replicate ML search performed on the alignment corresponding to Table 1, row
4. Branch labels indicate BP. Major clades and grades of the Cyperaceae are labeled to the right. D. = Dulichieae; Fuir. grade = Fuireneae grade;
T. = Trilepideae. Each labeled group occurs only once in the tree, but it may extend across multiple pages. In these cases, the parts of the group
on different pages are labeled individually.
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FIGURE 5. See legend to Figure 4.

may seem small, but visual inspection of the resulting
consensus trees (Fig. 3, compare 3a vs. 3b and 3c vs. 3d)
confirms that they represent a meaningful increase in
resolution. The newly resolved nodes are concentrated in
areas of the tree that were mostly to entirely unresolved
by the unfiltered alignments. Some areas of the tree

actually experienced an apparent decrease in resolution
as a result of stringent rogue filtering (see dotted
outlines in Fig. 3d), but the nodes that were lost were
characterized by relatively low support values, and with
their removal, support values for surrounding nodes
increased.
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FIGURE 6. See legend to Figure 4.
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FIGURE 7. See legend to Figure 4.
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Several leaf instability indices exist, all of which can
be used to filter rogues (Thorley and Wilkinson 1999;
Thorley and Page 2000; Smith and Dunn 2008; Maddison
and Maddison 2010). They serve similar purposes
and should have essentially similar results, but their
interpretations may differ. The statistic developed by
Thorley and Wilkinson (1999), implemented in RadCon
(Thorley and Page 2000) and phyutility (Smith and Dunn
2008), is based on branch support values and may be
sensitive to them, while the I statistic employed by
Maddison and Maddison (2010) in Mesquite measures
taxon movement directly (as opposed to using support
values), but is not standardized among data sets. The
statistic IS that we employ also measures movement
directly, but creates scores that may be directly compared
among data sets. The python script implementing the
IS calculations may also be applied to larger sets of
larger trees than some of the other methods, using
parallel computation. How the IS method compares to
the graph-based approach RogueNaRok (Aberer et al.
2012) remains to be seen.

Data Filtering and Sampling Strategies
Although filtering taxa out of alignments reduces their

taxonomic inclusivity, it is a tradeoff that may be useful
for developing highly resolved trees (Kearney 2002;
Wiens 2003b; Campbell and Lapointe 2009; Thomson
and Shaffer 2010; Aberer et al. 2012). In the case
of supermatrices, even heavily filtered data sets are
often considerably more taxon inclusive than manually
generated ones. In this study, our best-resolved tree
has 435 tips—only 29% of the available Cyperaceae
operational taxonomic units (OTU) on GenBank—
but this still represents an addition of 173 OTUs (a
66% increase) when compared with the next largest
published phylogeny for the group (Muasya et al. 2009).
In addition, our trees present stronger support for
deep relationships than any previous family level tree
(Katsuyama et al. 2007; Muasya et al. 2009; Hinchliff et al.
2010), which is likely directly due to the greater number
and variety of loci used to generate them.

The sampling patterns shown in Figure 1 reflect a
composite sampling strategy that has been applied to
many organismal groups, because most phylogenetic
studies have traditionally fallen into one of 2 sampling
categories (i) many studies focus narrowly on a single
(often large, species rich) clade, which is sampled
extensively for a small number of rapidly evolving
markers that may not be shared by other studies,
while (ii) some studies take a broader sample across a
deeper taxonomic scale of one or more relatively slowly
evolving markers that are often not shared with the finer-
scale studies. High-throughput sequencing is likely to
influence these strategies, but there will still exist slowly
evolving markers that are broadly represented, and fast
markers specific to certain groups.

In the case of Cyperaceae, ndhF and rbcL have been
sampled broadly by family level studies, whereas ITS,
ETS and a variety of chloroplast markers have been
used by infrageneric studies. Because of low levels
of overlap among studies, Figure 1 contains a high
proportion of blue cells representing absent data for
most locus-taxon combinations. This apparent lack of
sampling, however, is not necessarily problematic for
phylogeny reconstruction because the nature of the
phylogenetic sampling is geared specifically to address
the relationships in the most reasonable trees, though
careful selection of markers and taxa by the authors of
phylogenetic studies.

While careful addition of sequence data to sparse
alignments can dramatically improve results (van der
Linde et al. 2010; Brown J.W., unpublished data), it is
typically redundant to require complete coverage for
all markers, and prohibitively so for supermatrices. The
power of these methods is their ability to tie together
disparate but already information-rich data sets, and
the generation of full alignments is not required for
success (Wiens 2003a). This is simply because, given the
sampling patterns inherent in phylogenetic studies, only
a small subset of additional sequence data are likely
to contain additional phylogenetic information—it is
not advisable to exhaustively sample slowly evolving
markers for closely related taxa, because they will
contain little variation, nor does it makes sense to
sequence rapidly evolving markers for distantly related
taxa, because they will contain a great deal of noise.
It is worth pointing out, however, that despite our
abilities to accurately reconstruct relationships despite
high levels of missing data, sparse alignments can
(and do) negatively impact our ability to infer branch
lengths (Lemmon et al. 2009). Some disagreement exists
regarding the severity of this problem (see Wiens and
Morrill 2011), and the topic of sampling optimization
remains of interest (Yan et al. 2005; Mittelbach et al. 2007;
Weir and Schluter 2007; Svenning et al. 2008; Sanderson
et al. 2010; Thomson and Shaffer 2010; Townsend and
López-Giráldez 2010; Cho et al. 2011).

Implications for Large Combined Analyses
Results from our large-tree analyses are promising.

The best resolved trees from this study improve upon
less inclusive family level trees (Katsuyama et al. 2007;
Muasya et al. 2009; Hinchliff et al. 2010), suggesting an
important role for effective methods to deal with large,
sparse, and potentially noisy data sets As advances in
sequencing technology drive the generation of more
large, noisy data sets, these methods will become
increasingly more important. Harnessing the power of
these data sets requires an initial planning investment
to ensure data integrity and to optimize phylogenetic
resolution, but the result of successful planning and
data management is very large, very well-resolved
phylogenies, that in many cases may surpass previous
expectations about the limits of possibility.
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Although supermatrix methods may offer an
alternative to the generation of novel sequence data,
it is important to keep in mind that these approaches
are complementary. Data mining methods rely on
the adequacy of previous sampling, and many taxa
and genomes remain absent from public databases
(Fig. 1). Wet laboratory techniques fulfill the vital role
of improving the coverage of these collaborative data
sets, and the generation of novel sequence data is likely
to remain essential to progress in systematic biology for
the foreseeable future.

Systematics and Classification of Cyperaceae
Our results corroborate many previous findings

regarding sedge phylogeny, but provide new results
that contradict some earlier studies. One of the largest
differences between this and the next most-inclusive
sedge phylogeny in the literature (Muasya et al. 2009)
is that the tree we present has very strong support
for nearly all relationships among major clades. Several
differences in topology also exist. Classification units
referred to herein follow Simpson et al. (2007) and
Goetghebeur (1998). For a thorough, concise discussion
of classification, refer to Muasya et al. (2009).

In our best-resolved sedge phylogeny (Figs. 4–7),
subfamily Mapanioideae is strongly supported as sister
to the rest of the Cyperaceae, with the Trilepideae sister
to the all remaining, as in Muasya et al. (2009) (Fig. 4).
However, we find a Sclerieae+Bisboeckelereae clade
strongly supported as sister to all remaining Cyperaceae,
which is incongruous with Muasya et al. (2009)
where these tribes were nested within the Schoeneae.
A monophyletic Sclerieae+Bisboeckelereae that is
separate from Schoeneae better fits expectations based
on morphological classifications (Goetghebeur 1998)
and some previous molecular phylogenetic analyses
(Simpson et al. 2007). Like Muasya et al. (2009), however,
we resolve Didymiandrum and Lagenocarpus, members of
tribe Cryptangieae that have previously been classified
with Scleria (Goetghebeur 1998), within the Schoeneae
with very high support (Fig. 4). We find support for
this Schoeneae+Cryptangieae clade as sister to all
other remaining lineages. Although relationships within
the Schoeneae are generally unresolved, several well-
supported clades corresponding to major genera are
present. Some genera in Schoeneae appear polyphyletic,
such as Tetraria (corroborated by Verboom 2006) and
Gahnia (though this finding is incongruent with Zhang et
al. 2004). There is good support for a sister relationship
between Cladium and the rest of the tribe (Fig. 4). The
genus Rhynchospora is strongly supported as sister to all
remaining lineages and contains all present members of
the genus Pleurostachys (Fig. 4).

Strong support exists for one large additional
major clade consisting of 2 sister subclades:
(i) Cariceae+Dulichieae+Khaosokia+Scirpeae; and
(ii) Abildgaardieae+Cypereae+Eleocharis+Fuireneae
(Figs. 5–7). Within the first of these, Dulichieae

is supported in a sister relationship with a
Cariceae+Khaosokia+Scirpeae clade, but relationships
between Cariceae, Scirpeae, and the monotypic
Khaosokia caricoides are unresolved. The monophyly of
the genus Carex, if circumscribed to include Cymophyllus,
Kobresia, Schoenoxiphium, and Uncinia (i.e. the Cariceae),
is strongly supported (Figs. 5 and 6). Most species of
Scirpeae present in this data set are not represented by
sequences at rapidly evolving, data rich markers such
as ndhF and ITS, and the addition of these markers
may help clarify the relationships within this group
and among Cariceae, Khaosokia, and Scirpeae. The
monophyly of a clade containing the Abildgaardieae
and Eleocharis is well supported, as is the monophyly
of both Eleocharis and the Abildgaardieae themselves
(Fig. 6). Relationships among the genera Bolboschoenus,
Fuirena, Schoenoplectiella, and Schoenoplectus are poorly
resolved (Figs. 6 and 7), and additional studies involving
novel sequencing effort will likely be necessary to shed
light on this problematic area. Within the Cypereae,
a strongly supported sister relationship is indicated
between (i) a Ficinia + Isolepis clade in which these 2
genera form nearly monophyletic groups, and (ii) a
clade in which Scirpoides is sister to a clade containing
a highly paraphyletic Cyperus with numerous other
genera interdigitated throughout it (Fig. 7).

Relationships within major clades are in general less
well-resolved than those in the studies from which these
data were originally published (Roalson and Friar 2000;
Yen and Olmstead 2000; Muasya et al. 2001; Roalson
et al. 2001; Muasya et al. 2002; Yano et al. 2004; Zhang
et al. 2004; Chacón et al. 2006; Verboom 2006; Ghamkhar
et al. 2007; Katsuyama et al. 2007; Simpson et al. 2007;
Hinchliff and Roalson 2009; Muasya et al. 2009; Starr
and Ford 2009; Thomas et al. 2009; Waterway et al. 2009;
Hinchliff et al. 2010; Roalson et al. 2010). This may be due
to decreased levels of decisiveness for shallow branches
because of the addition of samples (such as outgroup
taxa) that bridge taxonomic gaps among studies but
lack overlap for sampled genes. Low resolution near the
tips may also result from lower amounts of phylogenetic
information available to inform shallow splits, because
of the smaller numbers of taxa (and therefore fewer
sampled loci) that can be used.

We find strong support for recognizing the following
clades (disregarding the taxonomic rank at which they
are recognized): Mapanioideae, Trilepideae, Sclerieae
(including Bisboeckelereae), Schoeneae (including
Cryptangieae), Rhynchosporeae, Abildgaardieae
(including Arthrostylideae), and Eleocharideae
(Figs. 4–7). The Scirpeae+Cariceae clade (Figs. 5 and 6),
and the Fuireneae+Cypereae clade (Figs. 6 and 7), each
contain poorly resolved regions, which may contain
clades that conflict with current classification units. The
key question regarding the Scirpeae+Cariceae clade is
whether the Scirpeae is monophyletic or forms a grade
leading to Cariceae; both of these patterns have been
resolved in published studies (grade: Hinchliff et al.
2010; clade, including Dulichieae: Muasya et al. 2009),
although never with strong support. The phylogeny we
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present suggests the presence of 4 lineages, if Eriophorum
crinigerum groups with the rest of Scirpeae: the
Dulichieae (Dulichium + Blysmus), Khaosokia, Scirpeae,
and Cariceae. More targeted work on the Scirpeae will
be necessary to clarify this. The Fuireneae+Cypereae
clade presents a similar problem: the monophyletic
Cypereae contains 2 well-supported clades (Cyperus
s.l. and Ficinia/Isolepis), but the taxa usually attributed
to the Fuireneae form a polytomy below Cypereae
(Figs. 6 and 7). Previous studies have seen these lineages
positioned in many different locations, usually without
strong support (Simpson et al. 2007; Muasya et al. 2009),
but a study using ndhF and psbB-psbH (Hinchliff et
al. 2010) showed strong support for a Fuireneae grade
leading to the Cypereae. Additional sampling of ndhF
and other data-rich cpDNA regions such as psbB-psbH
and perhaps matK may help clarify these relationships.

Overall, 9 clades are strongly supported and
morphologically diagnosible (Mapanioideae,
Trilepideae, Sclerieae, Schoeneae, Rhynchosporeae,
Abildgaardieae, Eleocharis, and Cypereae), and should
be recognized in a new classification, as previous
classifications are clearly do not define phylogenetic
lineages as we now know them. Additional research
will clarify how many diagnosible lineages will need to
be recognized within the Carex + Dulichieae + Khaosokia
+ Scirpeae clade and the Fuireneae assemblage.

CONCLUDING REMARKS

We have shown that highly incomplete alignments can
produce well-resolved, highly taxon-inclusive trees, and
that supermatrix data-mining methods that yield these
are feasible to employ. The utility of highly incomplete
alignments may be negatively impacted by missing data,
but the PDC metric of Sanderson et al. (2010) provides
a powerful way of assessing and extending these limits
to inference. One such improvement method is matrix
scaffolding: the removal of tips lacking data for one or
more backbone loci known to contain strong signal for
important nodes deep in the tree. We have shown that
this method can dramatically improve both the PDC of
a matrix and the resolution of the resulting trees. We
also present a novel statistic for identifying tips with
weak or conflicting signal, IS, based on previous work
by Maddison and Maddison (2010), but which can be
more easily interpreted across varied data sets.

The trees we present represent the largest, most
well-resolved sedge phylogenies published to date, and
have direct implications for sedge systematics and
classification. This study is exemplary of a recent but
rapidly developing trend in systematics, where large,
aggregate data sets gathered by automated tools can
be used to yield answers to longstanding questions in
biology at scales once thought impossible. As these
methods continue to mature, we can expect to see
greater data integration, more powerful tree-searching
and statistical tools, and many new opportunities for the
study of organic evolution on Earth.
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