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Summary

1. Biologists are increasingly using curated, public data sets to conduct phylogenetic comparative analyses.
Unfortunately, there is often a mismatch between species for which there is phylogenetic data and those for
which other data are available. As a result, researchers are commonly forced to either drop species from analyses
entirely or else impute the missing data.

2. A simple strategy to improve the overlap of phylogenetic and comparative data is to swap species in the tree
that lack data with ‘phylogenetically equivalent’ species that have data. While this procedure is logically straight-
forward, it quickly becomes very challenging to do by hand. Here, we present algorithms that use topological
and taxonomic information to maximize the number of swaps without altering the structure of the phylogeny.

3. We have implemented our method in a new R package phyndzx, which will allow researchers to apply our
algorithm to empirical data sets. It is relatively efficient such that taxon swaps can be quickly computed, even for
large trees. To facilitate the use of taxonomic knowledge, we created a separate data package
taxonlookup; it contains a curated, versioned taxonomic lookup for land plants and is interoperable with
phyndr.

4. Emerging online data bases and statistical advances are making it possible for researchers to investigate evo-
lutionary questions at unprecedented scales. However, in this effort species mismatch among data sources will
increasingly be a problem; evolutionary informatics tools, such as phyndyr and taxonlookup, can help
alleviate this issue.

Key-words: data imputation, evolutionary informatics, missing data, phylogenetic comparative
methods, taxonomy

This problem has become increasingly common: as the scale

Intr tion . .
oductio of phylogenetic comparative analyses expands — and fields out-

Phylogenetic comparative methods can be used to answer a
broad range of evolutionary questions (O’Meara 2012; Pennell
& Harmon 2013). At a practical level, doing so generally
requires a phylogenetic tree and some set of species-level data,
for example data on the species’ distribution, demography,
species-interactions, physiology or morphology. However,
researchers commonly encounter a very mundane roadblock:
for some species, there is sufficient genetic data to build a phy-
logeny, but those species have not been measured for traits of
interest; other species have been measured for traits yet are not
placed within a phylogeny. To gain optimal power for compar-
ative analyses, one generally wants to use as much data from
both sources as possible, but data mismatch prevents this.
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side of systematics find creative uses for phylogenetic data —
researchers often rely on previously published phylogenetic
resources, in the form of sequence data and/or phylogenies,
and trait data sets. There has been a recent push to assemble,
curate, and open up, large collections of data, analogous to
GEeNnBANK, for this purpose: TREEBASE (Sanderson ef al.
1994) and OpeN TRrEE oF Lire (Hinchliff ez al. 2015) for phylo-
genetic data and ENcycLoPEDIA OF LIFE (Parr et al. 2014), TRY
(Kattge et al. 2011), GBIF (http://www.gbif.org) and COMPADRE
(Salguero-Gémez et al. 2015), among many others, for com-
parative data. There is also the common use of community
presence/absence or local abundance as a trait of interest (Vel-
lend et al. 2011). The availability of phylogenetic data (both
original sequence data and phylogenetic trees from published
studies) is growing but is far from complete (Hinchliff & Smith
2014), and trait data are in a similar position. And both data
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sets represent biased samples of life’s diversity — some groups
of life and groups of traits have been studied much more inten-
sely than others.

Consider the availability of data for vascular plants, a rela-
tively well-studied group of organisms. There are 92 704 spe-
cies for which there is currently any sequence data in GENBANK
As of May 2015 —accessed using the NCBI TAXONOMY BROWSER;
Wheeler et al. 2007, http://www.ncbi.nlm.nih.gov/Taxonomy/
Browser/wwwtax.cgi). We compared this list to the 40 159 spe-
cies included in a recent data base of plant growth form (Zanne
et al. 2014); the key limitation for comparative methods is the
area of overlap between the two (Fig. 1). While one data set
might be a strict superset of the other, in practice they contain
overlap; we found 28 868 species represented in both data sets,
with more species with trait data having genetic data than the
other way around.

To increase the overlap (without gathering more data or esti-
mating new phylogenies), a researcher is left with few options.
First, it is possible to add unplaced taxa into the phylogeny. If
one is willing to assume the monophyly of some higher taxo-
nomic group, it is possible to paste new terminal branches into
the phylogenetic tree at approximately the correct location.
However, neither the topological position nor the divergence
time is known: one must either collapse the higher taxonomic
group down to an artificial polytomy or randomly resolve rela-
tionships. Kuhn, Mooers & Thomas (2011) and Thomas et al.
(2013) have suggested using a birth—death process, parameter-
ized from the observed data to randomly resolve polytomies
(see also Bapst 2013, for a related approach for fossil trees),
and this approach has been used to fill out trees for compara-
tive analyses (Jetz et al. 2012; Price et al. 2012; Jetz et al. 2014;
Rolland et al. 2014). For example, Jetz et al. (2012) produced
a phylogeny containing all 9993 species of birds, but 3323
(33.2%) of these lacked genetic data and were added in accord-
ing to a constant rate birth-death process and taxonomic
information.

Trait data

Overlap

Genetic data

Accepted names

Total diversity

Fig. 1. Overlap (purple) of species with recognized names (yellow), trait
data in the global woodiness data base (blue; FitzJohn er al. 2014;
Zanne et al. 2014), and which have sequences deposited in GENBANK
(orange) (All, as of May 2015). The total diversity of plants (grey) is not
known.

While such an approach may be very useful in some con-
texts, it may generate biases. A number of simulation studies
have investigated this effect (Losos 1994; Martins 1996; Davies
et al. 2012; Bapst 2014; Rabosky 2015) but the rationale is
straightforward. If an unresolved clade in a rooted tree con-
tains three taxa, then the true phylogeny will only be sampled
in 1/3 of random resolutions; more often than not, incorrect
sister pairs will be generated. And if a trait of interest has any
phylogenetic signal, then the sister species will appear more
divergent than they actually are, thus inflating the apparent
rate of evolution. Of course, this problem quickly gets much
worse as even more unplaced taxa are considered.

The problem of a mismatch between phylogenetic and trait
data could be tackled from the other direction — some lincages
may be included in the phylogeny without a corresponding
trait value in the data set — using some sort of data imputation
method. A number of recent studies have suggested
approaches to accomplish this, some using the parameters of
a phylogenetic model (Garland Jr & Ives 2000; Bruggeman,
Heringa & Brandt 2009; Fagan et al. 2013; Guénard, Legen-
dre & Peres-Neto 2013; Swenson 2014; Jetz & Freckleton
2015) and others using a taxonomic sampling model (Ogle,
Barber & Sartor 2013; FitzJohn et al. 2014; Sandel et al.
2015; Schrodt et al. 2015). These each have their benefits and
drawbacks: using phylogenetic models assumes the observed
trait values are a random sample of the distribution of trait
values, an assumption that may often be egregiously violated
(FitzJohn et al. 2014), whereas taxonomy-based approaches
do not make full use of the structure of the phylogeny and
require ad hoc assumptions about the sampling distribution
for the traits. In any case, all of these approaches involve
assumptions and the validity of these assumptions may be dif-
ficult to assess.

The strategies described above are potentially useful for
increasing the overlap between the tree and the comparative
data set, but as noted, they may have unintended (and in many
cases, poorly understood) consequences for downstream com-
parative analyses. There is, however, a much simpler
approach: swap unmatched species in the tree with unmatched
species in the data that carry equivalent information content.

Consider a five taxon tree (Fig. 2a) of the structure
((((A,B),C),D), ). If the reconstructed tree contains only
taxa A, C, D and &, such that the resulting tree has the topology
(((A,C), D), ), but our data set only contains taxa 5, C, D
and & then trait data from taxa 5 can be used in place of trait
data for taxa A without any loss of information. If we simply
dropped unmatched taxa, our analysis would only contain
three taxa, C and D and &, whereas if we exchanged B for A,
we would have four taxa in our analysis.

This trivial example demonstrates that whether external
knowledge is available, either in the form of a taxonomy or a
more comprehensive topological hypothesis, and then, it is
possible to increase the phylogenetic coverage of the data sim-
ply swapping phylogenetically equivalent taxa. This is both
logically straightforward and (likely) commonly done, even if
such swaps may not always make it into the methods section.
While it is easy to make such swaps ‘by hand’ when considering
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Fig. 2. A few examples illustrating the reason- E D
ing behind our algorithm. Blue labels indicate
species with trait data, and orange indicates
those without. Panel (a) Because they are sister
species, lineages A and B are interchangeable;
if we have trait data for one and phylogenetic
data for the other, the labels can be swapped
(as indicated by the label B over A on the right
side). The challenge with incorporating taxo-
nomic information (purple) is that the phylo- (© Yx
genetic hypothesis may suggest that named Genus 'Y
groups are paraphyletic. If the placement of —

Genus X implies that Genus Y is paraphyletic, E D
then label swaps are only permissible in Genus
X if trait data are available for representatives
of both X and Y (Panel b). However, if trait
data are only available for a representative of
genus Y, the label of this lineage can be
exchanged with any other member of the
genus as all tips from Genus X will be dropped
(Panel c). If one has a topological tree (purple
branches; Panel d), a similar principle to the
taxonomic case can be applied. Even though
lineages C and D are in different positions in
the topological tree and the chronogram,
because no members of the clade (A,C,D)
have data, one can swap in species B for any of
these lineages without inducing any splits in
the tree.

(d)

only a couple of taxa, the problem quickly becomes much
more complex as the number of mismatches and potential taxa
swaps increases, and even more so when there is conflict
between the supplied topology or taxonomy and the phyloge-
netic tree being used for analysis. Here, we develop simple
algorithms to generate a set of swaps that maximizes the inter-
section of the phylogenetic tree and comparative data without
inducing any new splits in the tree or adding unmeasured taxa
to the data set. We have created an efficient implementation of
our algorithm which is available as the R package phyndr.

Taxon-swapping algorithm

Our algorithm takes a time-scaled phylogeny, or chronogram,
a list of species with trait data and an externally supplied guide
— the guide is distinct from the chronogram. The guide may be
either a ropological tree, a tree containing a more inclusive set
of taxa than the chronogram or else a taxonomy. The algo-
rithm differs slightly depending on the type of guide supplied
so we deal with these each in turn. We note that technically our
algorithms are simply swapping the labels at the tips of the
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phylogeny, but we think it is easier to think of exchanging or
swapping taxa, as these are the units of analyses.

We conjecture that whether a topological tree or taxonomy
is supplied as a guide, our algorithm will always maximize the
intersection of the species in the phylogeny and the data set
without inducing any splits that do not occur in the guide (we
refer to such swaps as being permissible). In this way, our
method is conceptually distinct from approaches that ran-
domly place taxa in a tree given some taxonomic knowledge
(Kuhn, Mooers & Thomas 2011; Jetz et al. 2012; Thomas
et al.2013).

USINGACOMPLETETOPOLOGY

Most modern phylogenetic comparative methods are model-
based (see recent reviews by O’Meara 2012; Pennell & Harmon
2013), such that branch lengths must be in units of (relative)
time for analysis. Using the best estimate of branch lengths is
crucial for most modern phylogenetic comparative methods
because they infer rates of different evolutionary processes.
However, topological information — with no branch length
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information — may be available from a larger set of the taxa

than included in the estimated chronogram: topological trees

may come from large supermatrix phylogenies, supertrees,
mega-phylogenies (Smith, Beaulieu & Donoghue 2009), or
more recently, from synthetic tree alignment graphs (Smith,

Brown & Hinchliff 2013), such as those generated by the OPEN

TRrEE oF LIFE project (Hinchliff ez a/. 2015). In their raw form,

these data sources are not suitable for comparative analyses.

However, in combination with a chronogram, phyndr can

use this information.

We use a few key definitions to explain the algorithm: all
nodes (including tips, nodes without any descendants) can be
complete or incomplete; all descendants of incomplete nodes do
not have data, while for complete nodes at least one descen-
dant species has data. This definition follows from the fact that
we do not consider any swaps for species that have trait data,
even if such swaps are permissible given the topology. Each
node in the guide topology is defined by a set of daughter taxa
(tip ‘nodes’ are defined by themselves); for each corresponding
node in the chronogram, these taxa represent a candidate set of
possible matches. We store these at nodes where we might
prune the tree down to that node.

The following are the steps in the phyndz algorithm:

1. Drop all species from the chronogram that are not in either
the data or in the topological tree as these tips are not save-
able.

2. Drop species from the topological tree that are not in the
data or the chronogram as they are not informative.

3. Flagall tips in the chronogram that have trait data as com-
plete, and all other tips and nodes as incomplete.

4. Initialize a candidate set for each tip and internal node:

a. for tips that have data, the candidate set is the species
name;

b. for tips without data, the candidate set is the clade
within the topological tree that includes the tip and does
not include any other species in the chronogram.

5. In post-order traversal of the chronogram (Felsenstein

1973), for each node:

a. if any descendant tip/node is complete then this node is
complete; the candidate set remains empty;

b. otherwise:

i. compute the descendants of this node within the
chronogram;

ii. compute the most recent common ancestor (MRCA)
of these descendants in the topological tree;

iii. compute the descendants of that node within the topo-

logical tree;

iv. if any descendant in the topological tree is complete,

label this node complete;

v. otherwise grow the candidate set to include the descen-
dant nodes’ candidate set, and then clear the descen-
dant nodes’ candidate sets. (This process leaves all
species that can be used in exactly one candidate set,
and every node will be complete.)

6. Drop all tips in the chronogram with an empty candidate
set.

USINGATAXONOMIC RESOURCE

It is likely more common that a taxonomic resource is available
for the group of interest. Numerous taxonomic resources are
available on the Web and emerging tools, such as the R pack-
age TAXIZE (Chamberlain & Szocs 2013), make it possible to
interact with them from within R. For the specific examples in
this project, we also built a tool, the taxonlookup R
package, for building a curated taxonomy of vascular plants
(see below for details).

For the taxonomic case, the phyndr algorithm works as
follows:

Start with a table of taxonomic information; row names are
the tip labels in the tree; each column is an increasing taxo-
nomic level (e.g. genus, family, order) that are perfectly nested.
Let a group be all species at an instance of a taxonomic level (a
group may or may not be monophyletic in the chronogram).

For each taxonomic level in decreasing order:

1. Match species in the chronogram to the data; these species
are fixed.

2. Drop all species that are in the same group as species that
have data but which do not have trait data.

3. For each group without data, identify whether they are
monophyletic (i.e. the species in the group form a clade to
the exclusion of all other species in the tree).

4. If the group contains at least one member with data:

a. if the group is monophyletic, collapse into a single tip;

b. otherwise, determine whether the group can be made
monophyletic by dropping other groups that do not
have data and if so drop those groups and collapse the
focal group.

5. Otherwise (groups with no data), and if the group survived

being dropped above:

a. if the group is monophyletic, collapse into a single tip;

b. otherwise leave it alone.

Dealing with topological conflict

It is important to be explicit about what assumptions we are
making when we use a topological tree or taxonomy as a
guide. We do not assume that the guide is always correct.
Rather, we assume that a group in the topological tree or
taxonomy is monophyletic if and only if there is no phyloge-
netic evidence to contradict this assumption. The phyndxr
algorithm thus explicitly allows for conflict between the
guide and the chronogram. In Fig. 2, we walk through some
examples of how our algorithm deals with paraphyletic
lineages. It is important to keep in mind that monophyly
is assessed using species with trait data — even if a lineage
renders a group non-monophyletic, it will not affect the
permissible swaps if it does map to any trait data. We argue
that this set of assumptions is rather weak: it tends towards
not swapping taxa in cases of conflicting information. And
seems likely to be reasonable for many, but not all, stages
of development of taxonomic knowledge about specific
clades.
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NOTES ON THE ALGORITHM

A number of points are worth considering when applying our
algorithm. First, the algorithm does not generate all possible
taxon swaps: for lineages that occur in both the tree and the
trait data (i.e. those that are considered complete in the initial
step of the algorithm), we do not consider swaps that exclude
the matched species from the final data. If the split (A, B) exists
in the guide (whether topological tree or taxonomy) and both
taxa A and B occur in our data set, but only A is in the chrono-
gram, it would be consistent with our algorithm to swap B in
for A. However, we have decided to ignore this possibility
because it requires making an additional assumption without
any gain in information content. (We also note that allowing
such swaps would require a more complex algorithm than the
one we have proposed.)

Secondly, while running analyses across multiple permuta-
tions of the data sets may be interesting and useful, this does
not account for any uncertainty in topology or branch lengths
and can therefore not be considered a ‘posterior distribution’
or even a ‘pseudo-posterior distribution’ (sensu Thomas et al.
2013; Rabosky 2015). For model-based comparative methods,
it is better to consider alternative taxa sets as different realiza-
tions of the same process. Of course, using different subsets of
the same data set may suggest different conclusions; we think
that this is a good thing as it may provide a better sense of the
true (biological) variance.

Thirdly, our algorithm is restricted to ultrametric phyloge-
nies and extant taxa; taxa are only exchangeable if they are
equidistant from their MRCA, a condition that is only neces-
sarily met when all taxa are sampled at the same time point
(see Slater 2014, for more discussion of this point and its impli-
cations for models of trait evolution). So while phylogenetic
approaches are becoming increasingly important for analysing
fossil and epidemiological data, alternative strategies will need
to be deployed for these cases.

Fourthly, our approach will not be appropriate when testing
for trait-dependent diversification (Maddison, Midford & Otto
2007; FitzJohn 2012) or correlations between rates of diversifi-
cation and rates of trait evolution (Rabosky ez al. 2013, 2014)
—see Pennell, Harmon & Uyeda (2013) for a discussion of the
distinction between these two types of analyses. Dropping tips
without any data, which is a step of the phyndzx algorithm,
will tend to push the terminal nodes rootwards and thus bias
estimation of diversification rates. Essentially, this is similar to
biases introduced by ‘representative’ sampling, in which phylo-
genies are built using representatives of major taxonomic
groups (Hohna er al. 2011; Stadler & Bokma 2013). Such a
sampling regime is different from that considered by FitzJohn,
Maddison & Otto (2009); an alternative correction will there-
fore be required for unbiased estimation of trait-dependent
diversification parameters after applying the phyndzr algo-
rithm.

And last, we distinguish our algorithm from data imputa-
tion approaches because we are not adding any information
that is not contained in the chronogram, guide or original trait
data. As almost all current phylogenetic trait models assume
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that evolution occurs independently along each branch (but
see Nuismer & Harmon 2015); all else being equal, swapping
taxa to increase the overlap of the tree and the data will not
introduce any bias into the inference of evolutionary processes.
However, in biology, all things are rarely equal: the degree of
genetic sampling and phylogenetic/taxonomic resolution will
likely vary across the tree (Hinchliff & Smith 2014). If this vari-
ation is correlated with trait diversity — for example, if woody
plants were more likely to be included in the final analysis than
herbaceous ones (FitzJohn et al. 2014) — this can mislead infer-
ences. Of course, this is a problem whenever one is working
with large, taxonomically diverse data sets, but applying the
phyndr algorithm may exacerbate (or mitigate) its impact
on the analysis in ways that may be difficult to predict.

phyndr Rpackage

We have implemented our algorithm in a new R package
phyndxr. It can be downloaded from the CRAN repository
and the development version is available on GitHub
(https://github.com/traitecoevo/phyndr). phyndzx relies on
the ape (Paradis, Claude & Strimmer 2004) tree structure
and diversitree (FitzJohn 2012) tree manipulation
functions. phyndr contains two primary functions,
phyndr_topology and phyndr_taxonomy,
that use topological trees and taxonomies, respectively, as
guides. (Generic names can be stripped from taxon labels and
used to create a genus-only taxonomy with the function
phyndr_genus.)

The phyndr__ functions each generate an object of class
‘phyndx’ (these are also of class ‘phy 10’ such that all reg-
ular phylogenetic operations are still possible). These objects
contain all permissible swaps for each tip in the tree. Research-
ers can generate any number of tree permutations from these
objects using the functions phyndr_sample,
phyndr_combn and phyndr_n_distinct,
which can then be matched to the trait data set. Note that given
the combinatorial nature of the problem, the number of poten-
tial relabellings can grow rather quickly.

taxonlookup R package

The taxonlookupR package dynamically builds a taxo-
nomic lookup table for vascular plants from three canonical
sources: THE PLANT List (The Plant List 2015), Linnaean tax-
onomy (families and orders) from APWEB (Stevens 2001) and
a recently published higher taxa lookup table that includes
non-Linnaean node names (Zanne et al. 2013 compiled by
D.C. Tank, J.M. Eastman, J.M. Beaulieu, W.K. Cornwell,
P.F. Stevens and A.E. Zanne). Moreover, unlike existing plant
taxonomy tools, taxonlookup is complete — all genera
accepted by THE PLANT LisT match exactly one family. Species
diversity numbers for each genus from THE PLANT List are also
easily accessible.

The lookup table within taxonlookup is also explic-
itly versioned, and previous versions will be available via the R
package. The version of the underlying data associated with
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this paper is version 1.0.1 and has its own DOI (10.5281/zen-
0d0.33930). Each new version of taxonlookup will have
new version numbers and DOIs. This system is designed to aid
in building reproducible workflows — at any future time users
will be able to programmatically access specific stable older
versions of the lookup to reproduce particular analyses.

taxonlookup is designed to form part of a workflow
with a name standardization tool such as TAXONSTAND
(Cayuela et al. 2012) or TNRS (Boyle ez al. 2013). Any tool that
uses THE PLANT List v1.1 as source data, should work well with
taxonlookup. taxonlookup is available on
GitHub (https://github.com/traitecoevo/taxonlookup); cur-
rently, only land plants are covered by this resource, but the
system could be extended to cover other taxa.

AN EXAMPLE

As a use-case, we applied our algorithm to a recently published
time-calibrated phylogeny of vascular plants (Magallon et al.
2015) and a data base of plant growth form (Zanne et al.
2014). The (Magallon et al. 2015) chronogram contains 798
taxa, and many of these were chosen as single representatives
of major groups. This feature of the data makes it an ideal situ-
ation for applying our algorithm; there will be less opportunity
for swapping taxa in data sets where taxon sampling is more
phylogenetically clustered. Dropping species for which there
was not an exact match between the phylogeny and the trait
data would leave us with only 238 taxa — 540 data points are
lost!

|
\\\‘\\\\\\\n iy,

To improve the overlap, we use phyndzx in conjunction
with the taxonomic table in taxonlookup as follows (as-
suming we have already loaded a phy [an ape: :phylo
object]and a dat [a data.frame with rownames equal
to the species names] objects into the workspace):

We can get the entire taxonomy table from taxon-
lookupusingplant_lookup:

library(taxonlookup)
tax_all<-plant_lookup ()

But for our algorithm, we only need taxonomy for all species
in tree and data, which can be obtained with the function
taxonlookup::lookup_table:

spp<-unique (c(phy$tip.label, rownames (dat))
tax_spp<-lookup_table(spp, by _species=TRUE)
tax_spp<-tax_sppl,c(‘genus’, ‘family’, ‘order’)]

We can then run phyndr to get all permissible taxon
swaps:

library(phyndr)
phyndr_taxonomy (phy, rownames (dat) , tax_spp)

This gives us a comparative data set including 769 species;
we have recovered a match for all but 29 of the previously
unmatched taxa (Fig. 3). (Code to reproduce this example can
be found at https://github.com/traitecoevo/phyndr-ms.) Simi-
larly, we could have used phyndr_topology and
replaced the taxonomic table with a previous topological
hypothesis for this group

/
g
_
=
/
=
—
=
= =
=
=
=
S
$ Fig. 3. The phylogenetic tree of vascular
plants from Magallon et al. (2015) after per-
\\ forming label swaps with phyndr using the

taxonomic resources in taxonlookup.
The original phylogeny contained 798 taxa,
only 238 (blue) of which were also in the
growth form data base. Using phyndr, we
were able to find matches for 531 additional
taxa (yellow).
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Closing remarks

In recent years, there has been increasing coordination to
assemble different species-level data types including observa-
tions, traits, genes and phylogenies (Parr et al. 2012). These
data sources, while already large and growing, do not overlap
completely and are unlikely to do so for the foreseeable future.
As such, any type of synthetic research involving two data
sources have a matching problem, and this matching problem
will be increasingly common moving into the future. Develop-
ing methods to fill out either the phylogeny or trait matrix has
been a very active area of research over the last several years
(Garland Jr & Ives 2000; Bruggeman, Heringa & Brandt 2009;
Kuhn, Mooers & Thomas 2011; Fagan et al. 2013; Guénard,
Legendre & Peres-Neto 2013; Ogle, Barber & Sartor 2013;
Thomas et al. 2013; Swenson 2014; FitzJohn et al. 2014; Jetz
& Freckleton 2015; Sandel et al. 2015; Schrodt et al. 2015).
The downstream effects of these approaches, including the one
presented here, are poorly understood; more studies evaluating
their impacts with both simulated and empirical data are sorely
needed. We think our approach is a useful addition to the com-
parative biologists’ toolkit because it requires a minimal set of
assumptions, can be used in conjunction with other data impu-
tation strategies and makes maximal use of the data biologists
have already collected.

On one level, our method is rather obvious. Simpler
versions of the same concept (based on genera only) have
been implemented in previous software packages
(phyloGenerator; Pearse & Purvis 2013). If one is
willing to assume that when a node it is present in both the
chronogram and a topological or taxonomic hypothesis it
can be taken as correct, our method follows from a basic
property of ultrametric trees: at any node, the labels of the
daughter clades are interchangeable. However, for large,
complex topologies with varying degrees of conflict, it is
challenging to reason through all permissible label swaps.
And even for relatively simple scenarios, automating the pro-
cess is non-trivial. We believe that phyndxr will enable
empirical biologists to efficiently and reliably make the most
of their valuable data.

A generalized comparative methods workflow consists of
the following steps: (i) match exact names; (i) match mis-
spelled and outdated names; (iii) substitute close relatives; (iv)
substitute wherever you can without introducing error; (v)
prune the tips with missing data; and (vi) do analysis. In recent
years, the tools for some of these steps have improved. For
example, step (ii) might involve using t ax i ze (Chamberlain
& Szocs 2013), Taxonstand Cayuela et al. (2012) and
other tools.

Our taxonomic package taxonlookup, built upon
open data sets from THE PLANT List (The Plant List 2015),
APWEB (Stevens 2001), and OpeN TRee ofF Lire (Hinchliff
et al. 2015), and the algorithms in phyndzr are aimed to
maximize effectiveness of steps (iii) and (iv). We think that our
tools will help biologists get the most of their data and be a
generally applicable addition to many different comparative
methods workflows.

Matching comparative data with phyndxr 7
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