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Endless tests: guidelines for analysing
non-nested sister-group comparisons
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ABSTRACT

Question: How can we best use phylogenies and sister-group comparisons to understand the
impact of ecological and life-history traits on diversification rates?

Analysis: Brief review of the basic structure of sister-group comparisons. Description of
the sign, Slowinski-Guyer and species-diversity contrast tests. Elucidation of the potential
shortcomings of these tests.

Conclusions: The Slowinski-Guyer test has statistical flaws and should no longer be used to
analyse hypotheses about the effects of traits on diversification rates. Species-diversity contrast
tests are the most conservative, yet powerful, methods for analysing sister-group comparisons.

Keywords: diversification, key innovation, sister-group comparison, Slowinski-Guyer test.

INTRODUCTION

Sister-group comparisons are usually invoked when attempting to address whether a par-
ticular trait or syndrome is associated with variation in diversification (i.e. speciation minus
eXtiHCtiOI’l) rates (Slowinski & Guyer, 1993; Nee ef al., 1996; Barraclough et al., 1998; de Queiroz, 1998). Several
traits have been shown to be correlated with either decreased or increased diversification
rates, including body size (Gittleman & Purvis, 1998) and phytophagy (Mitter es al, 1988) in animals,
and floral symmetry (Sargent, 2004) and sexual system (Heilbuth, 2000; Vamosi and Vamosi, 2004) in plants.
Heilbuth (2000), for example, used sister-group comparisons to demonstrate that the low
representation of dioecy in angiosperms was associated with lower speciation and/or higher
extinction rates of dioecious lineages. This conclusion was based on the observation that
dioecious lineages tended to have fewer species than their non-dioecious sister groups. If
a single well-resolved phylogeny is available for a group that possesses variation in a
continuous trait, one can analyse whether differences in species richness correlate with
differences in that trait using MacroCAIC (Agapow and Tsaac, 2002). However, in the case of
categorical traits that are relatively rare (e.g. dioecy in angiosperms), it is necessary to
use several different phylogenies to address whether a relationship is present between
diversification and the trait of interest. In these cases, the preferred methodology to address
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the effect of a trait on diversification is to consult phylogenies of the groups of organisms of
interest, and identify sister taxa that differ in the trait of interest (see Fig. 1). In Fig. 1, the
lineage with the trait of interest has more species than its sister group, which is associated
with the other state of the trait. This sister-group pair would constitute one independent
replicate, and multiple other sister-group pairs composed of different groups of genera
(or other higher-order taxa) would be required to allow the application of recommended
statistical tests of the hypothesis. Because sister taxa are the same age by definition (vrba, 1980;
Felsenstein, 1985), this approach accounts for the effects of shared ancestry and focuses on the
differences in diversification that have accrued during the time since the taxa last shared a
common ancestor. Rather than elaborating on our summary, we point readers to more
detailed descriptions of the method that can be found elsewhere (e.g. Nee er al, 1996; Barraclough
et al., 1998; Heilbuth, 2000).

ANALYSING SISTER-GROUP COMPARISONS

Throughout this paper, we assume that the reader is interested in the practical aspects of
determining the evolutionary effects of the presence or absence of a trait on diversification.
For some perspective on the philosophical debate that has surrounded the practice
of correcting for phylogenetic relatedness of lineages, we point interested readers to
Rosenzweig’s (1996) discussion about the potential loss of statistical power associated with
considering only sister taxa with contrasting values of the trait of interest, and Barraclough
and colleagues’ (1998) detailed reply that elaborated on the justification for the use of sister-
group comparisons in addressing the correlates of diversification. We also reiterate the
caveat that traits may open up novel ecological opportunities without affecting speciation or
extinction rates (Schiuter, 2000). A potentially interesting application of the use of sister-group
comparisons to explore ecological differentiation of related taxa, illustrated with a
consideration of seed size evolution, was recently developed by Ackerly and Nyffeler (2004).
Finally, a sister-group comparison framework may also be applied when attempting
to understand the effects of human activities on taxa possessing different ecological and
life-history traits (vamosi and Vamosi, 2005).

The two main decisions faced when undertaking a sister-group comparison are how to:
(1) assign a value to the contrast in species richness for each sister-group pair, and (2)
combine the information from a number of sister-group pairs to produce a meaningful test
(especially when the total number of sister-group pairs is low). Several methods have been
devised for the analysis of sister-groups comparisons, with various approaches to the two
steps outlined above (e.g. Mitter et al., 1988; Slowinski and Guyer, 1993; Wiegmann et al., 1993; Barraclough et al.,

Genus A (20 spp.) Focal lineage

Genus B (4 spp.
{ (4 spp) Sister group

* Genus C (5 spp.)

Fig. 1. An example of a sister-group pair that would constitute a single replicate in a sister-group
comparison. In this example, the clade with the trait of interest (i.e. the focal lineage) has more species
than its sister group, which is lacking the trait of interest. The focal lineage has 20 species, whereas the
sister group has 9 species.
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1995, 1996). Here, we will not consider a further alternative, the maximum likelihood approach
recently advocated by McConway and Sims (2004). The main impetus for developing their
approach was spurred by a concern over the shortcomings of the Slowinski-Guyer method
(Slowinski and Guyer, 1993). Their analyses, accordingly, are focused primarily on comparisons
between the two methods. Interestingly, they state that neither method is appropriate when
one ‘labels’ a priori a particular member of a sister-group pair, which is exactly what one
would do before determining whether a particular trait is associated with higher or lower
diversification rates. Thus, their analysis is most appropriate for determining whether
heterogeneity exists, not if that heterogeneity is associated with a particular trait.

To help illustrate our discussion of the various methods, we consider the relationship
between species diversity and fruit characteristics (fleshy or dry) for 19 sister-group pairs of
angiosperms (Table 1). In each sister-group pair, one clade has fleshy fruits and the other
has dry fruits. These sister-group pairs were derived from a larger sample of non-dioecious
(i.e. monoecious and hermaphroditic) families considered by Vamosi and Vamosi (2004). We
chose this data set for two reasons. First, the sample size is within the range of several
published studies [fOI' example, 10 (Slowinski and Guyer, 1993), 19 (Sargent, 2004); 31 (Barraclough et al.,
1995)]. Second, fruit characteristics have been hypothesized to influence diversification rates,
although a consensus about whether fleshy or dry fruits are correlated with increased
diversification rates has not been reached (e.g. Donoghue, 1989; Tiffney and Mazer, 1995; Smith, 2001; Vamosi
and Vamosi, 2004). Our goal here is to contrast the various methods, not to demonstrate
conclusively the impact of fruit characteristics on angiosperm diversification.

SIGN TEST

The sign test was the first test applied to the analysis of sister-group comparisons (e.g. Mitter e
al., 1988; Farrell er al., 1991). Considering our example, we can ask: ‘Do families with fleshy fruits
typically have more species than their sister groups (that lack fleshy fruits)?” Here we are not
concerned with effect size, rather with whether the trait of interest is associated with the
larger clade more often than expected based on the binomial distribution. The clade with
fleshy fruits had more species in only 7 of the 19 comparisons, whereas the reverse was true
in the remaining 12 comparisons (Table 1). This pattern is judged to be not significantly
different from the random expectation with a one-tailed sign test (P =0.36). For 19
replicates, the larger clade would have to be associated with the trait of interest in 14 or
more sister-group pairs to reject the null hypothesis. Because the sign test ignores the
magnitude of differences in species richness, it has considerably less power than the
Wilcoxon signed-rank test (zar, 1984), which is typically applied when using the various
species diversity contrast methods. Use of the sign test in sister-group comparisons
should be limited to cases where only approximate numbers of species or the order of the
comparison is known with confidence.

SLOWINSKI-GUYER METHOD

A common criticism of studies that utilize sister-group comparisons is that the results need
to be analysed with the method first proposed by Slowinski and Guyer (1993). The perception
that the Slowinski-Guyer method is the de facto test for sister-group comparisons is perhaps
surprising, given that its various flaws have been discussed by a number of authors (e.g. Nee
et al., 1996; de Queiroz, 1998; Goudet, 1999; Schluter, 2000; McConway and Sims, 2004). The very fact that studies that
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utilize this method continue to be published (e.g. Smith, 2001; Holliday and Steppan, 2004) suggests that
readers have not appreciated the descriptions of the underlying flaws and/or that suitable
alternatives have not been clearly identified. Because of this, we illuminate the limitations of
the Slowinski-Guyer method using plain language and a real data set, referring readers to the
results of simulation studies where appropriate. Later, we use the same approach when
discussing the preferred alternative methods.

First, we review the basic structure of this method. For each sister-group pair, given
a species in the lineage with the trait of interest and b species in the sister group, one
calculates:

b

T(a+b-1) M

P

Each of these proportions is log transformed and the sum of these values is multiplied by —2
and compared with a y’ distribution with 2k degrees of freedom, where k is the number of
sister-group pairs. Applying the Slowinski-Guyer method to our data in Table 1, we find
highly significant support (3> =71.28, P =0.0009) for the hypothesis that fleshy-fruited
clades experience enhanced diversification rates.

Such striking rejection of the null hypothesis using an analysis based on only 19 replicates
warrants closer inspection. Recall that only 7 of the 19 sister-group pairs were in the
predicted direction (i.e. clade with fleshy fruits larger than sister group with dry fruits; see
Sign column in Table 1). In other words, the clade with fleshy fruits is actually smaller than
the clade with dry fruits in more than half of the sister-group pairs. Furthermore, the
clade with dry fruits was strikingly larger than the clade with fleshy fruits in several of the
12 sister-group pairs that were not in the predicted direction, yet this did not appear to
diminish the support for the hypothesis. Finally, if we had instead used the same data set to
test whether dry fruits lead to increased diversification (i.e. the opposite hypothesis), we
would have rejected the null hypothesis in this case as well (x° = 58.8, P =0.017).

How can a single data set provide support for opposing hypotheses? The root of the
problem lies with the use of Fisher’s combined probability test, and is perhaps best stated
thus: ‘For any given set of k comparisons, if kK —n comparisons produce a test statistic
greater than the critical value, then the direction or magnitude of the remaining n compar-
isons has no consequence for the outcome’. Nee et al. (1996, p. 246) first pointed out that ‘using
this procedure, it would be possible to establish significance . . . with just one sister-group
comparison, if there is a large difference in size between clades’. Curiously, this statement,
and the accompanying discussion of significance regions for combined probability tests, has
been largely ignored or dismissed. This issue crops up in our analyses of the data in Table 1
and is best illustrated with a subset of the sister-groups (Table 2). Heterogeneity in species
richness for these six sister-group pairs is random with respect to the trait being investi-
gated. However, the Slowinski-Guyer method would lead one to reject with confidence the
null hypothesis (P = 0.03). Furthermore, this problem becomes progressively more serious
with increased sample sizes. For example, doubling the cumulative probability observed in
Table 2 (corresponding to 12 sister-group pairs, with two instances of each sister-group pair
that support the prediction and two instances of each sister-group pair that oppose the
prediction) results in a highly significant (false) rejection of the null hypothesis (P = 0.006).
Because they do not rely on combined probabilities, neither the sign test nor any of the
species diversity contrast methods reject the null hypothesis in either case.
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Table 2. Heterogeneity in species richness among clades in sister-group pairs and its effects on the
Slowinski-Guyer method

Sister-group Clade Sister group Slowinski-Guyer Cumulative
pair with trait without trait P Probability probability
1 216 3 0.014 8.54 8.54

2 64 1 0.016 8.27 16.81

3 33 2 0.059 5.66 22.47*

4 2 33 0.971 0.06 22.53

5 3 216 0.991 0.02 22.55

6 1 64 1.000 0 22.55

Note: Each of three sister-group pairs from Table 1 each appear twice, once in the predicted direction (i.e. clade
with trait is larger than sister group lacking the trait) and once in the opposite direction. For example, the contrast
of 216 species vs. 3 species appears in sister-group pairs 1 and 5. Although the heterogeneity in species richness is
random with respect to the trait being considered, the null hypothesis of no association between the trait and
diversification is rejected (P = 0.03). The asterisk indicates that a consideration of only the first three sister-group
comparisons was required to reject the null hypothesis (i.e. the cumulative probability from sister-group pairs 1 to 3
was greater than the critical value of 21.026 with k = 12 degrees of freedom).

The Slowinski-Guyer method is thus prone to elevated Type I errors, and this bias is
especially pronounced when the data possess a U-shaped distribution (Goudet, 1999). U-shaped
distributions, which arise when there are large differences in species diversity of sister
lineages regardless of their traits, have been frequently reported (e.g. de Queiroz, 1998; Mooers and
Heard, 1997; Goudet, 1999; Sims and McConway, 2003). Indeed, Goudet (1999) found that 7 of 11 data sets
used to test for associations between traits and diversification rates, including the one used
by Slowinski and Guyer (1993) to illustrate their method, possessed U-shaped distributions
of P-values. We can demonstrate the effect by plotting the proportion of species within each
sister-group pair that have fleshy fruits (Fig. 2A). Species with fleshy or dry fruits comprised
80% or more of the total number of species in the sister-group pair in six (32%) or seven
(37%), respectively, of the sister-group pairs. Furthermore, only one of the 19 sister-group
pairs [Davidsonia (fleshy clade) vs. Bauera (dry clade)] had a roughly equal number of
species in each lineage. Thus, both states of the categorical trait being considered were
associated with a few sister-group pairs that had many species (and whose sister group had
few species).

Recognizing that large differences in species richness of members of sister-group pairs
were quite common, de Queiroz (1998) advocated a modification: test the proportions gener-
ated by the Slowinski-Guyer test against the ‘true’ null distribution of species diversity
differences derived from real phylogenies. We generated a null distribution for the data in
Table 1 by sampling a set of 94 non-dioecious sister-group pairs from Vamosi and Vamosi
(2004). The focal clades and their sister groups in this sample are random with respect to their
fruit characteristics. Not surprisingly, the expectation in this null distribution was not 0.5,
with the median proportion being 0.31. Furthermore, over half of the comparisons pro-
duced extreme values: about one-third (32 of 94) of the pairs had proportions < 0.10 and
another fifth (20 of 94) had proportions > 0.90. We then determined what proportion of the
sister-group pairs in this larger data set generate Slowinski-Guyer probabilities at least as
extreme as observed for each of the 19 sister-group pairs. We found no support for either
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Fig. 2. The distribution of the proportion of species (categorized as 0-20%, >20-40%, . . . >80-100%)
with the trait of interest [A: fleshy fruits, data from Table 1; B: zygomorphic flowers, data from Sargent
(2004)] in each sister-group pair. In panel A, there are a roughly equal number of sister-group pairs that
are composed almost exclusively of species with dry (i.e. 0-20%) or fleshy (>80-100%) fruits. Con-
versely, in panel B, there are few sister-group pairs that are composed almost exclusively of species
with actinomorphic (i.e. 0-20%) flowers. Species diversity contrast methods confirm that zygomorphic
flowers, but not fleshy fruits, are associated with increased diversification. N = 19 sister-group pairs in
both panels.

hypothesis — that is, that fleshy (P = 0.23) or dry (P = 0.85) fruits are associated with higher
species richness.

The use of random null distributions has not caught on, probably for two good reasons.
First, there is no way to know with any confidence the appropriate null distribution, as
admitted by de Queiroz (1998). Certainly our null distribution captured the inherent
asymmetry in species richness among the lineages that comprise sister-group pairs. How-
ever, if we were to base our conclusions about the impact of fruit characteristics on
diversification on the results of this analysis, we should not be surprised to encounter a
number of criticisms, not the least of which would be: why did we use this particular sample
of sister-group pairs? Second, this modified test continues to rely on a combined probability
framework, which is fraught with a number of shortcomings.
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SPECIES DIVERSITY CONTRAST METHODS

Several methods exist that consider both the sign and magnitude of species richness
differences among members of sister-group pairs, yet do not use combined probabilities
(eg. Wiegmann er al, 1993; Barraclough er al, 1995, 1996). The diversity of alternatives may have
inadvertently contributed to the continued use of the Slowinski-Guyer method; indeed,
Barraclough and colleagues (1995, 1996) used two different variants in subsequent papers with
no explanation for the change or, for that matter, the choice of method in either study. The
latter contrast measure, which relies on log transformations of species numbers, likely
derives from the expectation that the log of species number may be proportional to net
speciation rate under certain models of diversification (e.g. Stanley, 1979).

The general approach when applying species diversity contrast methods involves a series
of simple steps. First, contrasts in species diversity are tabulated for every species pair.
Second, these contrasts are ranked from largest to smallest irrespective of whether they
support or oppose the hypothesis (i.e. by their absolute value). Third, contrasts that are in
agreement with the hypothesis are assigned a ‘+’ and those that oppose the hypothesis
are assigned a ‘—’. Finally, the values are tested against the null expectation with a
non-parametric test, typically either the randomization test for matched pairs (if sample
sizes are low) or the Wilcoxon signed-rank test (Siegel, 1956).

The major difference between the various methods is the way in which the species
diversity contrast values are calculated. Wiegmann et al. (1993) (hereafter the WMF method)
simply calculated the difference between the species richness of the focal clade and its sister
group for each sister-group pair. For example, the WMF method would produce a species
diversity contrast value of 20 — 9 = 11 for the sister-group pair in Fig. 1. Barraclough et al.
(1995) (hereafter the BHN95 method) calculated the proportion of species in the focal lineage
[i.e. 20/(20+9)=0.69 for the example in Fig. 1]. In contrast, Barraclough et al (19%)
(hereafter the BHN96 method) calculated:

log(x)

2
log(y) @

for each sister-group pair, where x is the number of species in the larger clade and y is the
number of species in the smaller clade. Using our sister-group pair in Fig. 1, the BHN96
method would produce a value of log(20)/log(9) = 1.36. The differences in calculating
the contrasts also change the null expectation. With multiple sister-group pairs, the null
expectations for the three methods are 0, 0.5 and 0, respectively.

Although we advocate the general approach, there are some difficulties with the
calculation of the individual contrasts that first need to be dealt with. Because it relies on
raw differences, the WMF method would produce the same test statistic (i.e. 10) for the
following sister-group pairs: (1020 vs. 1010 species) and (20 vs. 10 species). Intuitively,
the latter contrast should be assigned greater support for the hypothesis than the former
contrast. The BHN96 method solves this problem but introduces a related one. Consider
the following sister-group pairs: (500 vs. 50 species) and (50 vs. 5 species). There are 10 times
as many species in the focal group as in its sister group in both pairs, yet their analysis would
produce a score of 1.59 and 2.43 for the first and second comparison, respectively. This
property of the test would lead to the inflation of Type I error if young lineages were
disproportionately represented among the groups in favour of the hypothesis. Also, if the
data set includes even a single clade that is monotypic (as in Table 1), one needs to add
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the value of one to all signed-ranks values to prevent division by zero. Finally, sister-group
pairs in which the two clades have equal species richness need to have their contrast value
manually changed to zero.

The power and error rates of the different metrics have recently been examined using
simulations of nested sister-group comparisons (Isaac et al, 2003). Although they were inter-
ested in continuous variables, the findings of their study are applicable to our discussion
(A. Mooers, personal communication). The use of raw differences in species richness (i.e. the WMF
method) was observed to have high and variable Type I error rates and low power, while
using log-transformed ratios (BHN96 method) or proportional differences (BHNO9S
method) was observed to have acceptably low Type I error rates and high power (isaac er al,
2003). Their recommendation was to use proportional differences if branch lengths are
unknown and sample sizes are low, and log ratios in all other cases. Because a simple
sister-group comparison does not typically incorporate branch length information, it may
follow that the BHN95 method would be the most reliable way to perform a sister-group
comparison. However, the log transformation employed by the BHN96 method has the
advantage of controlling for the multiplicative nature of diversification (i.e. that initial
differences in species diversity become ever larger over time). The randomization test for
matched pairs as used by Barraclough ez al. (1995) is needed only if sample sizes are low
[Siegel (1956) suggests N = 12 or fewer]; for larger sample sizes, the Wilcoxon signed-rank test
may be applied. Because sister-group pairs used in a study are frequently of different ages,
and hence are drawn from different distributions, parametric tests should be avoided.
Monte Carlo simulations suggest that the Wilcoxon signed-rank test is as powerful as the
t-test when the assumption of normality is not upheld and, indeed, may be more powerful
with small sample sizes (Tanizaki, 1997).

Because these methods are not influenced by data with U-shaped distributions (e.g. Goudet,
1999), we do not find support for the hypothesis that possessing fleshy fruits enhances
diversification (using the sister-group pairs in Table 1). Applying the Wilcoxon signed-rank
test, we obtain the following P-values: 0.38, 0.41 and 0.51 for the WMF, BHNO95 and
BHN96 methods, respectively.

SLOWINSKI-GUYER VERSUS SPECIES DIVERSITY CONTRAST METHODS

Although we largely agree with assessments of the Slowinski-Guyer test made previously
(Nee et al., 1996; de Queiroz, 1998; McConway and Sims, 2004), we Wish to address a comment made by
de Queiroz (1998) regarding alternative methods. In his consideration of the statement
made by Nee et al. (1996) that the Slowinski-Guyer test can reject the null hypothesis with a
single sister-group pair, de Queiroz (1998, p. 711) argued, ‘Nee et al.’s criticism should be
generalized to all tests that consider the magnitude of differences in clade size’. This
statement appears to have been misinterpreted as indicating that only the sign test avoids
this criticism of the Slowinski-Guyer test. The null hypothesis of the species diversity
contrast methods is conceptually identical to the sign test, rather than to the Slowinski-
Guyer test. In the latter, the null hypothesis is that species richness of sister groups should
be roughly equivalent. In the sign test and species diversity contrast methods, however, the
null hypothesis is that the directions of species diversity contrasts are random with respect
to any given trait. Therefore, unlike in the Slowinski-Guyer test, if no clear pattern exists,
extreme species diversity contrasts in one direction will tend to be balanced by extreme
contrasts in the opposite direction. Furthermore, one cannot conduct a randomization
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or Wilcoxon signed-rank test with only a single replicate as one can for the Slowinski-Guyer
test.

Because we are trying to settle an issue rather than fuel a debate, we would like to point
out that both de Queiroz (1998) and McConway and Sims (2004) admitted, near the end of
their papers, that species diversity contrast methods (e.g. Barraclough er al, 1996) were reasonable
choices. In the former paper, however, this statement appears to have been overlooked by
readers and, in the latter, it was mentioned as an afterthought. Thus, we feel the need to
unequivocally state that these species diversity contrast methods are the most conservative
yet powerful methods available for ascertaining whether a particular trait, or trait complex,
is associated with variation in diversification rates.

A PROSPECTUS

Data exploration has long been considered a good first step in analysing the results of an
experiment. In an analogous fashion, we propose that the distribution of the proportion of
species with the trait of interest for all sister-group pairs be considered before formal
analyses and presented in articles. Applying this approach to the 19 sister-group pairs of
angiosperms studied by Sargent (2004), for example, we find a right-skewed distribution
(Fig. 2B), lending support to her conclusion that angiosperm lineages with zygomorphic
flowers are typically larger than sister groups with actinomorphic flowers. Combined with
a proper analysis, a data set possessing a U-shaped distribution (e.g. Fig. 2A) should not
be considered as providing support for an association between a particular trait and
diversification.

We advocate with some vigour that further use of the Slowinski-Guyer method be
abandoned. Although it spurred interest in analysing the correlates of diversification, its
methodological shortcomings are legion (Nee e al, 1996; de Queiroz, 1998; Goudet, 1999; Schluter, 2000;
McConway and Sims, 2004; this paper). To quote Nee et al. (1996, p. 246), the Slowinski-Guyer method
simply ‘cannot be used to test hypotheses about the correlates of diversification’. The sign
test, although it avoids the pitfalls of the combined probability framework, is rather limited
in its applicability. For the vast majority of cases, we recommend the use of species diversity
contrast methods, with the possible exception of the differences method first used by
Wiegmann et al. (1993). The log transformation method of Barraclough et al (1996) may be
most appropriate, given the multiplicative nature of diversification that is typically
assumed. Finally, contrasts should be analysed with non-parametric tests, typically the
Wilcoxon signed-rank test or randomization procedures when few sister-group pairs are
available.

Understanding the role of phenotypic traits and ecological interactions in macro-
evolution is a fundamental goal of evolutionary biology and should not be hampered by
confusion over the assumptions and limitations of statistical methods. We hope that our
treatment of sister-group comparisons will help remove these impediments and encourage
further studies of the processes that generate biological diversity.
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