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In this issue of Systematic Biology, a series
of authors use several different approaches
to examine the effects of taxonomic sam-
pling on phylogenetic analysis. This topic
is receiving increasing attention, in part
because recent studies have reached a con-
fusing diversity of conclusions about the
effects of taxonomic sampling. For in-
stance, contrast the conclusions reached in
two recent papers on this topic:

If the evolutionary question of interest does not re-
quire a large number of taxa, it seems best to use
fewer taxa because larger trees are more likely to
contain inconsistent branches. (Kim, 1996:372)

Including large numbers of taxa in an analysis may
be the best way to ensure phylogenetic accuracy.
(Hillis, 1996:131)

These recommendations, taken at face val-
ue, appear to be in direct conflict with re-
gard to advice on taxon sampling. The pa-
pers in this issue extend these studies and
modify these recommendations on the ba-
sis of analyses of real data sets (Soltis et
al., 1998; Poe, 1998), simulations (Graybeal,
1998), and theoretical considerations (Kim,
1998). One conclusion from reading these
papers is that whether increased taxonom-
ic sampling helps or hinders the process of
accurate phylogenetic estimation depends
to a great extent on how accuracy is eval-
uated and what is meant by “taxonomic
sampling.”

LocAL VERsUS GLOBAL EFFECTS OF
TAXONOMIC SAMPLING

Much of the apparent disagreement
among authors on the effects of taxonomic
sampling stems from the different evaluation

criteria being evaluated. Kim (1998) discuss-

es several of the criteria, and emphasizes the
differences between evaluating efficiency
versus consistency in phylogenetic analysis.
Although this difference is important, a
greater difference occurs depending upon

whether investigators choose to evaluate the
phylogenetic performance on a branch-by-
branch basis or on a tree-by-tree basis. For
every taxon added to an analysis, we are
also attempting to estimate an additional in-
ternal branch. Thus, the problem gets more
complex as we add taxa, and there are more
places in the tree where problems with in-
consistency may arise. This led Kim (1996)
to his recommendation just quoted, and
some authors (e.g., Graur et al, 1996) regu-
larly heed this advice by reducing taxonomic
problems to the simplest possible four-taxon
trees. Under this strategy, a systematist sam-
ples all possible quartets of taxa that involve
the internal branch of interest, and tabulates
the number of times each of the three pos-
sible trees is supported. For instance, Graur
et al. (1996) evaluated the relationships of
rabbits by evaluating all possible quartets of
taxa selected from rabbits, primates, other
mammals, and an outgroup (a marsupial,
monotreme, or reptile). None of the quartets
supported the traditional group Glires (rab-
bits plus rodents), which they took as evi-
dence that rabbits and rodents are not close-
ly related.

One problem with reducing a phyloge-
netic analysis to its simplest possible form
is that four-taxon trees can be very difficult
to estimate correctly if rates of evolution
are high (eg., Hillis et al, 1994). Kim
(1996:372) concluded “that to be 95% con-
fident of avoiding inconsistency problems,
the expected number of changes over the
entire tree for a given character must be
less than one out of four.”” However, much
higher rates of character evolution are ac-
ceptable (and even desirable) if the tree is
densely sampled. To demonstrate this
point, I modified the simulation of the 228-
taxon tree from Hillis (1996) by increasing
the expected amount of change along all
the branches by 10-fold (Fig. 1). This tree
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FIGURE 1. A model tree based on the phylogenetic analysis of angiosperm diversity by Soltis et al. (1997).
In the original simulation (Hillis, 1996), rates of divergence were based on the observed rates among the
angiosperms; in this case (simulation one), the scale bar represents 2% divergence. In the present paper, the
simulation was repeated (simulation two), but evolutionary rates were increased so that the expected divergence
was 10-fold greater (the scale bar represents 20% divergence in this case).

is based on a phylogenetic estimate of an-
giosperm relationships (Soltis et al., 1997),
and as such it represents an approximation
of the topology of the kind of tree that sys-
tematists are actually attempting to esti-
mate. The characters are evolving accord-
ing to a Kimura two-parameter model of
evolution, with a 2:1 transition:transver-
sion ratio, and rate heterogeneity among
sites (modeled with a gamma distribution
with the shape parameter a = 0.5). Under
these conditions, the average character is
changing 23.6 times across the tree, and
because of the rate heterogeneity among
sites, some characters change many more
times. At these high rates of evolution,
many of the terminal sequences are so dis-
similar that no biologist would recognize
them as homologous. Nonetheless, the tree
is accurately reconstructed with just a few
thousand nucleotides, and many of the
branches require fewer data to reconstruct
than at lower rates of evolution (Fig. 2).
Suppose we are interested in a particu-

lar internal branch in the tree (marked
with an arrow in Fig. 3). This branch is
correctly estimated in the full tree if all the
taxa are included. If we sample a quartet
of taxa to examine this same branch (e.g.,
as in Fig. 3), then the branch will be incon-
sistently estimated for almost every possi-
ble quartet. For the quartet of taxa shown
in Figure 3, the probability that a single
nucleotide will be misinformative about
the relationships of the four taxa under the
parsimony criterion is approximately 0.4.
The probability that a single nucleotide
will be informative about the relationships
of the four taxa under the parsimony cri-
terion is approximately 0.006. Thus, one
would expect to converge on the wrong so-
lution for these four taxa with great speed
under these conditions; only a few nucle-
otides would need to be sequenced to
guarantee finding the wrong solution. In
contrast, if all the taxa are included in the
analysis, then the branch is correctly re-
constructed with a few thousand nucleo-
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FIGURE 2. Performance of parsimony in estimating
the 228-taxon tree shown in Figure 1. “Percent of tree
correct” is based on the partition metric (Robinson
and Foulds, 1981; Penny and Hendy, 1985). All inter-
nal branches in the tree are correctly estimated with
5,000 nucleotides, for either simulation.

tides. Clearly, at least some phylogenetic
problems require intensive and extensive
taxonomic sampling,.

TAXONOMIC SAMPLING SCHEMES

There are many different ways that sys-
tematists might select taxa for analysis. In
many cases, the taxa selected will be based
on availability. In other cases, it might be
possible to select taxa according to a sam-
pling strategy. Let us assume that a sam-
pling strategy is possible, and imagine that
a systematist is interested in analyzing the
phylogeny of a large and diverse group,
such as angiosperms. We will also assume
that preliminary data are available for 20
species. The systematist now has time and
money to add 200 more species to the anal-
ysis, so some strategy for taxonomic sam-
pling is necessary. Consider five of the
many possible strategies:

1. Add the 200 additional taxa randomly
from living organisms (e.g., the system-
atist would sample randomly from the
tree of life).

2. Choose taxa randomly within the
monophyletic group of interest (in this
example, the systematist would ran-

domly sample 200 additional angio-
sperms).

3. Select taxa within the monophyletic

. group of interest that will represent the
overall diversity of the group. For ex-
ample, the systematist might select two
divergent representatives from each of
100 different families of angiosperms,
purposefully chosen to best represent
angiosperm diversity.

4. Select taxa within the monophyletic
group of interest that are expected
(based on current taxonomy or previous
phylogenetic studies) to subdivide long
branches in the initial tree.

5. Add (and delete) taxa until the a priori
biases of the systematist are supported.
I call this last strategy the Theriot Effect
after the tongue-in-cheek practices of
Theriot et al. (1995:4): “We added or
discarded characters [taxa] until we
achieved the results we believed, then
stopped.”

Although this range of options may seem
extreme, they reflect the range of studies
that have been conducted on the topic of
““taxonomic sampling.”” I expect few prac-
ticing systematists would purposefully
choose sampling strategies 1, 2, or 5. The
first strategy would ensure the inclusion of
very long branches in the tree, and genes
that were evolving at an appropriate rate
for elucidating the phylogenetic relation-
ships among angiosperms would likely be
saturated for changes among the other
taxa. Adding additional taxa would not re-
duce the branch lengths in the tree, and the
additional taxa would be highly unlikely
to help resolve angiosperm phylogeny. The
second strategy might seem more likely,
but I doubt any systematist would choose
this approach either. If he or she did, a
large percentage of the added taxa would
be composites and orchids, and most of
the families of angiosperms would be un-
represented. The dangers of the Theriot Ef-
fect (strategy 5) should be clear, and hope-
fully this strategy would not be selected. I
would expect the typical plant systematist
to choose something similar to the third
sampling strategy, or, if he or she was ex-



6 SYSTEMATIC BIOLOGY

vOL. 47

20% divergence
(p=0.2)

=4

Probability of misinformative character = 0.4
Probability of an informative character = 0.006

FIGURE 3. Correct phylogenetic estimation of a small internal branch (indicated by the arrow) is strongly
dependent on taxonomic sampling. Under the conditions simulated (10 times the observed rates of evolution
for angiosperms), if only the four taxa highlighted in bold were sampled, then a misinformative character (one
that would support one of the two wrong trees for four taxa) is approximately 67 times more likely than an
informative character (one that supports the correct tree). The wrong tree would be estimated with virtual
certainty if more than a few characters were collected. However, the branch in question is reconstructed correctly
in the analysis of all the taxa. The vast majority of other quartets of taxa defined by this (and many other)

internal branches show the same effect.

plicitly adding taxa to reduce problems
with long-branch attraction, the system-
atist might choose the fourth option. It is
likely that he or she would choose some
combination of strategies 3 and 4.

Kim’s (1996) study is most relevant to
sampling strategy 1, or adding increasing-
ly distantly-related taxa.to the analysis. In
his principal simulation, Kim (1996) eval-
uated a sampling scheme in which taxa are
added without reducing the average
branch length of taxa in the tree. Namely,
he randomly selected a tree relating t taxa,
to which he randomly assigned branch
lengths from an exponential distribution.
To examine the effects of taxonomic sam-
pling, he held the average branch length in
the tree constant while changing the num-
ber of taxa included in the analysis. In the
real world, this sampling scheme ‘could
only be approximated by adding succes-
sively more distantly related taxa (i.e., out-

side the original group of interest), so that
the addition of taxa did not reduce the
length of the average branch in the tree.
Kim’s (1996) simulation suggests that sys-
tematists are correct to avoid this strategy.

Kim (1998) conducted new simulations
to evaluate strategy 2, of randomly adding
taxa from the group of interest to the anal-
ysis. Under these conditions, he found that
addition of taxa can either increase or de-
crease the difference in parsimony scores
between the model tree and its nearest-
neighbor trees. Although this measure
does not directly assess the accuracy of
phylogenetic estimates, it does suggest
that it is better to add some taxa than oth-
ers. Which are the best taxa to add? Not
surprisingly, the taxa that break up long
branches (and thereby make the trees less
star-like) are the best ones to add. This
adds support for strategy 4, or the pur-
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poseful division of long branches in the
tree.

Yang and Goldman (1997) also recently
reported a set of simulations in which taxa
were randomly selected for analysis from
the group of interest (see also Purvis and
Quicke, 1997). They found that the per-
centage of taxa sampled from a clade had
a greater effect on phylogenetic accuracy
than did the absolute number of taxa sam-
pled. This is expected under random sam-
pling of taxa if the speciation and extinc-
tion rates are held constant through time
in the modeled tree. Under these condi-
tions, the estimated tree for 20 taxa sam-
pled from a model tree of 1,000 taxa will
be nearly star-like (very small internal

_branches with long peripheral branches),
whereas the estimated tree for 20 taxa
sampled from a model tree of 20 taxa will
have many relatively large internal branch-
es. Once again, this suggests that investi-
gator control of the addition of taxa can
have a highly beneficial effect on phylo-
genetic analyses.

Graybeal (1998) evaluated strategy 4,
namely, purposefully breaking up long
branches in the tree by judicious addition
of taxa. This follows the recommendations
of most recent authors on the subject of
taxon sampling (e.g., Hendy and Penny,
1989; Swofford et al., 1996). She found that
addition of such taxa is not only strongly
beneficial, but under many conditions ac-
curacy of the phylogenetic estimate im-
proves with the addition of taxa even if the
total number of characters examined remains
unchanged. In other wards, given a limited
amount of time and money for phyloge-
netic analysis, one can sometimes improve
the accuracy of the phylogenetic estimate
by collecting fewer data for more taxa. Ob-
viously, there are limits to this effect, but
Graybeal’s (1998) results highlight just
how beneficial judicious taxon sampling
can be.

What are the effects of taxon sampling
as practiced by real systematists? Obvious-
ly, this will vary from case to case, but the
studies by Soltis et al. (1998) and Poe
(1998) provide some insight. The apparent
tractability of the real angiosperm tree

sampled by Soltis et al. (1998) indicates
that systematists have chosen taxa well.
The study of empirical data sets by Poe
(1998) indicates that for clades with small
numbers of taxa, incomplete sampling is
not likely to be a serious problem. This re-
inforces the idea that the percentage of in-
cluded taxa in a clade may be a more im-
portant consideration than the total
number of included taxa. However, more
empirical studies are needed to examine
the effects of sampling few taxa from a
clade of many taxa; the angiosperm data
set of Soltis et al. (1998) appears to be ideal
for this purpose.

The papers in this issue are useful for
identifying the range of outcomes of tax-
onomic sampling schemes, from the very
bad (e.g., strategy 1: randomly adding taxa
from the tree of life) to the very good (e.g.,
strategy 4: adding taxa to break up long
branches). Random sampling of taxa from
a group of interest (strategy 2) can be ef-
fective or not, depending on the details of
the true tree. However, it is obviously not
the best strategy, nor is it the strategy like-
ly to be used by most systematists. Careful
addition of taxa to ensure coverage of the
group of interest and to purposefully
break up long branches (a combination of
strategies 3 and 4) seems to be optimal. In
some cases, deletion of problematic taxa
(e.g., taxa with abnormally high rates of
evolution) may also be warranted. Unfor-
tunately, purposeful addition and deletion
of taxa allows the possibility of consciously
or unconsciously biasing the results (the
dreaded Theriot Effect). This problem
would be easy to overcome through use of
a simple method, namely, the blinding of
taxon names during analysis. If taxa are to
be selected for inclusion or exclusion after
an initial analysis, this should be done
without the a priori knowledge of the in-
vestigator of the effects on the analysis of
the additions or deletions. Thus, all deci-
sions about inclusion or exclusion of taxa
would be based only on information about
the tree itself, thus avoiding the possibility
of an investigator selecting taxa on the ba-
sis of how closely the results match his or
her preconceived notions of relationship.
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Blinding of taxon names should be a stan-
dard feature of programs for phylogenetic
analysis.

Although there is still much disagree-
ment about the expected effects of taxo-
nomic sampling in phylogenetic analysis,
there are a few conclusions that seem to be
uncontroversial. First, at least some large,
very complex trees are far easier to esti-
mate than most systematists would have
guessed. Second, some small trees (e.g.,
quartets) are among the hardest possible
phylogenetic trees to estimate correctly.
Third, inclusion of many taxa in a densely
sampled tree permits more effective use of
rapidly evolving characters than in a poor-
ly sampled tree. Fourth, judicious addition
of taxa can move some phylogenetic prob-
lems from the virtually impossible to the
tractable. Fifth, addition of taxa does not
always make problems easier; adding
highly divergent taxa, for instance, can
make phylogenetic estimation harder.
Sixth, taxonomic sampling, as practiced by
systematists, typically does not involve
random sampling of taxa, nor is this ex-
pected to be a particularly effective strat-
egy. Finally, given the role of a systematist
in selecting taxa for inclusion or exclusion
in an analysis, and given the possibility of
thereby biasing the results of the analysis,
systematists should use blinding of taxon
names during the decision-making pro-
cess.

It is clear that taxonomic sampling can
have important consequences for phylo-
genetic analysis. Therefore, systematists
should give careful consideration to how
they decide which taxa to add to an anal-
ysis, and should describe their sampling
strategy. Theorists should evaluate com-
peting sampling strategies, and emphasize
realistic sampling strategies rather than in-
vent new sampling strategies that no sys-
tematist could or would use. Perhaps then
we can begin to formulate more practical
advice on the subject of how to best sam-

ple taxa to estimate relationships within
the tree of life.
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