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PHYLOGENETICALLY NESTED COMPARISONS FOR TESTING CORRELATES OF
SPECIES RICHNESS: A SIMULATION STUDY OF CONTINUOUS VARIABLES
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Abstract.—Explaining the uneven distribution of species among lineages is one of the oldest questions in evolution.
Proposed correlations between biological traits and species diversity are routinely tested by making comparisons
between phylogenetic sister clades. Several recent studies have used nested sister-clade comparisons to test hypotheses
linking continuously varying traits, such as body size, with diversity. Evaluating the findings of these studies is
complicated because they differ in the index of species richness difference used, the way in which trait differences
were treated, and the statistical tests employed. In this paper, we use simulations to compare the performance of four
species richness indices, two choices about the branch Iengths used to estimate trait values for internal nodes and two
statistical tests under a range of models of clade growth and character evolution. All four indices returned appropriate
Type | error rates when the assumptions of the method were met and when branch lengths were set proportional to
time. Only two of the indices were robust to the different evolutionary models and to different choices of branch
lengths and statistical tests. These robust indices had comparable power under one nonnull scenario. Regression
through the origin was consistently more powerful than the t-test, and the choice of branch lengths exerts a strong
effect on both the validity and power. In the light of our simulations, we re-evaluate the findings of those who have
previously used nested comparisons in the context of species richness. We provide a set of simple guidelines to
maximize the performance of phylogenetically nested comparisons in tests of putative correlates of species richness.
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Contemporary clades differ so much in species richness
that species must have differed significantly in their chances
of speciating, their chances of going extinct, or of both (Dial
and Marzluff 1989; Nee et al. 1996; Purvis 1996; Mooers
and Heard 1997). What factors have made species morelikely
to speciate or to go extinct? This question, of central im-
portance in evolutionary biology, is not simple to tackle
(Schluter 2000). If we knew the full history of a clade—the
compl ete pattern of speciation, extinction, and changesin the
species’ characteristics—it would be arelatively simple task
to test hypotheses relating diversity to particular attributes
of species. However, despite a few notable exceptions (e.g.,
Jablonski 1996; Smith and Jeffery 1998), the dearth of such
direct information about the history of most clades means
that biologists are typically restricted to testing hypotheses
by correlating the current diversity of clades with the attri-
butes of their extant species. Figure 1 illustrates the sort of
dataset that might be available, with species richness (S) and
trait values (X) for a number of related clades.

A common procedure has been to choose some taxonomic
level for analysis, say the family level, and then compare
speciesrichness and the trait of interest acrossfamilies, treat-
ing them as independent points for the purposes of analysis
(e.g., Van Vaen 1973; Dial and Marzluff 1988; Kochmer
and Wagner 1988; Martin 1992; Ricklefs and Renner 1994).
This practice has three main pitfalls: nhonmonophyly, non-
comparability, and nonindependence (Purvis 1996; Barra-
clough et al. 1998; Dodd et al. 1999). Comparisons among
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nonmonophyletic taxa are obviously hard to interpret. Non-
monophyly is always a potential problem, because estimation
of phylogeny always runs the risk of error, but the problem
is much more prevalent with the many taxonomic classifi-
cations that are not intended to reflect phylogeny accurately
(Harvey and Pagel 1991). Even comparisons of monophyletic
taxa of the same rank are problematic, however. They can
differ greatly in age and therefore in the time they have had
to diversify: the melanogaster subgroup of the genus Dro-
sophila, for instance, is older than the most recent common
ancestor of all extant apes (Avise and Johns 1999), and equal -
aged primate lineages range in taxonomic level from sub-
genus to superfamily (Purvis et al. 1995). Lastly, related taxa
may inherit determinants of diversification rate from a com-
mon ancestor, rather than evolve them independently; pseu-
doreplication is as much a problem here as in other sorts of
comparative study (Felsenstein 1985; Harvey and Pagel
1991).

All three pitfalls can be avoided by basing comparisons
on phylogeny (Barraclough et al. 1998), at least if the phy-
logeny is correct. Clades, unlike taxa, are monophyletic by
definition. Likewise, sister clades, unlike taxaof agivenrank,
are the same age. In Figure 1, taxon C (which has a large
value of trait X) has more species than either A or B, sug-
gesting a positive correlation between trait X and diversity;
but phylogenetic comparison shows that C actually has fewer
species than its sister clade. Lastly, comparisons between
sister families are sure to be mutually independent.

The recognition of the problems of nonphylogenetic anal-
ysis and the increasing availability of phylogenies have led
to sister-clade comparisons now being routinely used when
testing hypotheses linking diversity to particular values of
discrete characters. Such studies proceed in one of two ways.
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S X
A 30 1.9
B 40 1.2
C 50 3.1
D 1 2.4
E 90 1.3
F 20 0.6

Fic. 1. Hypothetical dataset and phylogeny for six taxa (A—F) that
differ in species richness (S) and a trait (X).

If the trait under consideration changes only rarely, its phy-
logenetic distribution is mapped to identify sister clades hav-
ing different character states (e.g., Mitter et al. 1988; Zeh et
al. 1989; Farrell 1998; Arngvist et al. 2000). If the trait is
more labile, a particular taxonomic level is chosen for anal-
ysis, and pairs of sister taxa compared to see whether the
more diverse clade has a higher or lower prevalence of the
character state proposed to increase diversity (e.g., Barra-
clough et al. 1995; Owens et al. 1999). Both approaches lead
to straightforward tests of the null hypothesis of no associ-
ation between character states and diversity. The replicates
are sure to be independent, because they consider totally
separate parts of the phylogeny, with no species being used
in more than one comparison. There is no reason to expect
homogeneity of variance among comparisons, however, so
testing is typically nonparametric.

The use of sister-clade comparisonsis less straightforward
when X isacontinuous variable like body size. Extant species
all differ in their body mass because the trait has evolved
along almost every branch of the phylogeny. This means that
all pairs of sister clades differ and it is no longer obvious
which comparisons to make. In Figure 1 there are five pos-
sible sets of independent comparisons. One choice, A versus
B and E versus F, suggests a positive relationship between
X and diversity. Another set, (A + B) versus C and D versus
(E + F), suggests anegativerelationship. Theremaining three
choices, A versus B and D versus (E + F), (A + B) versus
Cand EversusF, and (A + B + C) versus (D + E + F),
are equivocal. Which set is to be preferred? As a result of
such uncertainty, tests of hypothesesrelating diversity to con-
tinuous variables have lagged behind those for discrete traits
(Purvis 1996).

One resolution of the problem is to compare each pair of

sister taxa; in Figure 1, the comparisons are A versus B, (A
+ B) versus C, E versus F, D versus (E + F), and (A + B
+ C) versus (D + E + F). Unlike the sets listed above, these
comparisons are nested, that is, comparisons are made both
within and between clades, using information from the tips
to make comparisons deeper in the phylogeny. This process
involves making assumptions about how evolution has pro-
ceeded (see below) but nested comparisons have two obvious
advantages: there is no need for an arbitrary decision among
possible sets of comparisons, and more comparisons are
made. One comparison is made at each bifurcation in the tree
that has more than two species ultimately descended from it:
polytomies typically represent ambiguity about branching
structure (Maddison 1989) so should not yield comparisons,
and comparisons between sister species cannot bear on the
hypothesis.

To compare clade (A + B) with clade C, we need to com-
pute the values of Sand X for clade (A + B). Sa,g iSsSimply
the sum of the species richnesses of A and B, but estimation
of Xa,pg requires a model of character evolution. Brownian
motion (BM) is the most commonly used model in compar-
ative tests of correlated evolution among traits (Felsenstein
1985), although more complex and realistic models are in-
creasingly being used (Martins 1998; Pagel 1999). The model
assumes that each lineage has evolved in isolation from oth-
ers. If this is an adequate description of trait evolution, the
resulting AX values will be mutually independent (Felsen-
stein 1985). Furthermore, the model specifies how variance
accumulates over branch length, permitting scaling of the AX
values to give constant variance and thus allowing parametric
statistics to be used.

If, in the absence of any effect of X, all species have equal
chance of speciating and there is no extinction (the Yule
process; Yule 1924), then the rate of clade growth can be
estimated simply as r = In(§/t, where t is the age of the
clade (for other ways of estimating speciation rates see Nee
2001). For the comparison between clades A and B, for in-
stance, we can compute the absolute rate difference (ARD)
asrp — rg = In(Sa/Sg)/t. Under the Yule model, the ARDs
are mutually independent, with a variance that scales ap-
proximately as 1/t2 when t is large. If a linear relationship
between r and X is posited, such that r = a + bX + ¢ (where
e israndom error), then a suitably weighted linear regression
through the origin of ARD on AX might be used to assess
whether b is significantly different from zero. Under these
circumstances, the nested comparisons in both S and X are
independent under the null hypothesis.

However, real datasets arelikely to violate the assumptions
of Brownian motion and the Yule process, on which inde-
pendence and homogeneity of variance depend. Such vio-
lations will affect the validity of using nested comparisons.

First, the models assumed for character evolution may be
inadequate. If so, the AX will lose both independence and
homogeneity of variance (Pagel and Harvey 1992). The ef-
fects of misspecifying the model of character change have
been investigated thoroughly in the context of tests of cor-
related evolution among characters(e.g., Martinsand Garland
1991; Diaz-Uriarte and Garland 1996; Harvey and Rambaut
2000). Type | error rates (probability of rejecting a true null
hypothesis) are indeed elevated, but only moderately under
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most models considered, especially when statistical model
criticism is applied when analyzing the comparisons (but see
Harvey and Rambaut 2000).

Second, phylogenetic branch lengths are not known with-
out error and may not be known at all. Errors in branch
lengths effectively equate to misspecification of the model
of character change, with the effects noted above. Simulations
(Grafen 1989; Martins and Garland 1991; Purvis et al. 1994;
Diaz-Uriarte and Garland 1996; Ackerly 2000) againindicate
only moderate elevation of Type | error rates. Errorsin es-
timates of when lineages split will also cause heterogeneity
of variance in AS,

Third, extinction rates are probably seldom if ever zero.
If extinction is nonzero, r will tend to be larger when t is
small than when t is large (Harvey et al. 1994; Kubo and
Iwasa 1995), leading to a similar trend in the variance of
ARD. Extinction need not affect the independence of the AS.
they are still independent under a constant-rates birth-death
process, which we henceforth refer to as the Markov model.

Fourth, it is unlikely that the trait under study will be the
only factor that has shaped diversification rates. If diversi-
fication probabilities have differed among clades, the ASmay
lose independence.

In this paper, we report simulations designed to assess the
validity of nested comparisons when these assumptions are
violated singly and in combinations. We also report simu-
lations to assess power under one scenario in which the trait
being tested does indeed shape S. Our simulations examine
the performance of a range of measures of AS and AX and
two ways of testing for an association between them to assess
their robustness against violations. Our aim is to determine
which method of making nested comparisons is most robust
and, of the robust methods, which has greatest power to detect
true correlations. We then discuss previous uses of nested
comparisons (Gittleman and Purvis 1998; Gardezi and da
Silva 1999; Desdevises et al. 2001; Katzourakis et al. 2001,
Orme et al. 2002) to assess whether the methods used were
the best available and, if not, whether the significant results
of those studies are robust to reanalysis.

SIMULATIONS TO CoMPARE TYPE | ERROR RATES

The basic simulation procedure, outlined in greater detail
below, was to generate phylogenies and data according to
specific evolutionary models, then analyze these using a va-
riety of indices and statistical tests. One thousand phyloge-
nies and datasets were generated for each combination of
three models of clade growth and two models of trait evo-
lution (6000 datasets in total). Each dataset was analyzed by
the nested sister-clade method under arange of datatreatment
options. Associations between atrait, X, and speciesrichness,
S, were tested for by comparing the diversity difference, AS,
with phylogenetically independent contrasts in the trait, AX.

Models of Evolution

Three models of stochastic clade growth were used to pro-
duce phylogenies of uniform size (250 species) that varied
greatly in symmetry. The degree of symmetry affects both
the distribution of AS (however measured) and the proportion
of comparisons that are informative (i.e., the proportion of
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nodes with more than two descendant species). The models
were the Markov model and two variants in which the spe-
ciation rate of each lineage was a step function based on
lineage age. In all cases the probability of speciation was
independent of the lineage's value of X.

The instantaneous speciation rate under the Markov model
was set at 0.1 per time unit for all extant lineages. Mean
speciation rate in the first variant was also 0.1. However, this
was distributed such that the youngest 5% of lineages had a
speciation rate eight times higher than the remainder, with
both daughters of a speciation event considered to be newly
born. The values were chosen such that the mean balance
score (B, statistic, Shao and Sokal 1990; Kirkpatrick and
Slatkin 1993) of phylogenies produced by this model was
approximately six standard deviations lower than that pro-
duced by the Markov model. The third model incorporated
a refractory period (Losos and Adler 1995) to produce phy-
logenies that were more bal anced than those from the Markov
model: the instantaneous speciation rate for lineages younger
than the refractory period was zero, rising to 0.1 in asingle
step thereafter. Again, both daughters of a speciation event
were considered to be newly born. A refractory period of six
arbitrary time units was found to increase the mean balance
score by six standard deviations compared to Markov model.

All three clade growth models included a regime of back-
ground extinction. We present results in which the instan-
taneous extinction ratefor all lineagesin all modelswas0.075
per unit time. Results for other extinction rates (0.0, 0.025,
0.05 and 0.9) were not qualitatively different, and are not
described further.

The stochastic process of speciation, extinction, and trait
evolution was terminated immediately before the birth of the
251st species, thus allowing closely related species sometime
for phenotypic divergence. This produced phylogenies that
were comparable in size and balance score with those used
previously for nested comparisons with species-level phy-
logenies (271 carnivore species, 203 primate species; Gittle-
man and Purvis 1998).

Species values of X were generated by two models of trait
evolution: BM and speciational Brownian (SB; Garland et
al. 1993). BM was modeled by simulating the effect of nu-
merous small but independent changes such that the change
along any given branch is drawn from a normal distribution
with a mean of zero and variance equal to the branch length
(Felsenstein 1985). Under SB, there are saltatory changesin
both daughter lineages at speciation events, the magnitude
of change being drawn from a standard normal distribution.
Generally, the character X therefore evolves down the tree
according to Xgaughter = Xancestor T Ce&, Where e is a standard
normal deviate and c is the square root of the branch length
in BM and unity in SB.

Measuring AS

We present four candidate indices of AS, all symmetrically
distributed around zero under the null hypothesis (Fig. 2).
All are based upon sister clades containing § and § species
(no comparisons are made at polytomies) and are calculated
relative to the predictive trait, X, such that that S identifies
the clade with the larger value of X at any given node.
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Fic. 2. Distribution of relative rate difference (RRD, square sym-
bols), proportional dominanceindex (triangles), and S — S (circles)
at a node of 46 species. At any given node, absolute rate difference
(ARD) = RRD/t, where t is the age of the node.

As explained in the introduction, our first index is ARD,
given by In(S/S)/t, with units of time 1. ARD is not calcu-
lable when node ages are unknown. Our second index is the
relative, rather than absolute, difference in the rate of clade
growth between sister clades. By removing the focus on ab-
solute rates, we relax the assumption of density independent
clade growth and obviate the need for branch length infor-
mation. Relative rate difference (RRD) is dimensionless and
given by In(S/S). RRD has approximately constant variance
when § + § > 10, provided that the values of § and § are
drawn from a geometric distribution (S. Nee, pers. comm.),
as they are under the Markov model.

Our third index, which we term the proportional dominance
index (PDI), isgivenby S/(§ + §) — 0.5. Thistakesdiscrete
values but approximates to a uniform distribution between
— 0.5 and + 0.5 under the null hypothesis and the Markov
model, because the possible splits at a node containing S
species (i.e, S— 1:11, S— 2:2... 1:S— 1) are al equaly
probable in this scenario (Farris 1976). PDI gives equal
weighting to every informative node in the phylogeny and
is dimensionless.

Our final index isthe simple differencein species numbers,
S — §. This gives the same weight to nodal split of 11:1 as
to 100:90, even though the two splits represent a 10-fold
difference in the relative rates of cladogenesis. It will tend
to give higher weight to more basal splits, as the expectation
of § — § obviously increases with § + §.

Satistics, Analysis, and Calculation of the Error Rates

Differences in trait values (AX) were calculated as in Fel-
senstein’s (1985) method of independent contrasts. Contrasts
were generated both using branch lengths proportional to time
(henceforth “‘real’’) and set equal to unity (‘‘equal’’; these
were computed for the phylogeny linking extant speciesonly,
the nodes and branches leading to extinct species having first
been collapsed). Equal branch lengths are commonly used in
comparative studies when dates of lineage splits are unavail-
able (Purvis and Webster 1999; Ackerly 2000), so their per-
formance is of interest. Furthermore, the length of internal

branches is irrelevant in the evolution of trait values under
the SB or a punctuational model of trait evolution with no
extinction. Equal branch lengths are expected to outperform
real branch lengths in that case.

Statistical associations between AX and ASwere sought by
|east-squares regression through the origin (Garland et al.
1992), which uses the magnitudes of both sets of differences,
and by one-sample t-test (against AS = 0), which uses the
magnitudes of only the AS. Each dataset was analyzed using
all four measures of AS, both statistical techniques and both
branch length options (16 combinations). The Type | error
rate for each combination of evolutionary model and analysis
options (120 in all) was calculated as the proportion of 1000
replicates in which a significant relationship between AX and
AS was detected at a = 0.05.

TEsT oF PowER

A modified simulation procedure was used to compare the
power of the various options for data analysis under one
scenario, chosen for simplicity of simulation. An artificial
correlation between species richness differences and a test
character, Z, was generated using a biased sampling event
that is analogous to a contemporary mass extinction event.
One thousand replicates were performed as follows. A Mar-
kovian phylogeny of 500 species was generated, and two
traits, X and Z, evolved by BM aong it. Species were then
selected at random for possible extinction. If selected, their
probability of extinction depended linearly on their rank for
Z; thus, the species with the largest value of Z had an ex-
tinction probability of 1.0, the median species had probability
0.5, and the species with the lowest value of Z had probability
zero. Selection continued until only 250 species remained,
at which point the contrasts were computed for AS, AX, and
AZ. The power was measured as the proportion of replicates
in which AS was significantly correlated with AZ minus the
proportion in which ASwas significantly correlated with AX.
Each replicate was analyzed using all combinations of the
four indices of AS, thetwo statistical tests, and the two branch
length settings to estimate the relative power of each.

REsSULTS

All four indices of AS give the nominal Type | error rates
when the tree is Markovian, X evolves by BM, and the data
are analyzed by regression through the origin using real
branch lengths (binomial test P > 0.5 in all cases). However,
the four indices perform very differently when these as-
sumptions are violated and when data are analyzed in dif-
ferent ways. Comparison of the coefficient of variation in
error rates across all evolutionary models and analysis op-
tions (Table 1) reveals that two indices of AS are highly
susceptible to the simulation parameters and that two are
relatively robust.

The susceptible pair, ARD and § — §, have Type | error
rates that are elevated (P < 0.01 in both cases) and highly
variable (coefficient of variation > 0.5), with some very high
error rates. These properties make them unsuitable for testing
hypotheses about species richness. The robust pair, RRD and
PDI, have error rates that overall are not significantly dif-
ferent from « = 0.05 on average (P > 0.5 in both cases) and
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TaBLE 1. Comparative performance of the four indices of AS. *‘Best
case’’ isthe Typel error rate when all assumptions are met (Markovian
clade growth and gradual trait evolution) analyzed with branch lengths
proportional to time and regression through the origin. ‘““Mean’ refers
to the mean error rate across all combinations of evolutionary models
and analysis options, and ‘‘CV"’ is the associated coefficient of vari-
ation. There are 24 combinations for relative rate difference, propor-
tional dominance index, and § — § (three clade growth models, two
models of trait evolution, two statistical procedures, and two branch
length settings) and 12 combinations for absolute rate difference
(which can only be cal culated when branch length information is used).
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TaBLE 3. Power of different analysis options at « = 0.05 using a
biased sampling regime. R, regression through the origin; T, one-sam-
ple t-test (vs. mean AS = 0).

Branch

lengths Statistics  ARD RRD PDI S-5 Mean

Real R 10 193 186 100 133.8
T 20 128 127 65 90.4

Equal R n/a 209 192 96 1735
T n/a 82 81 21 57

Mean 15 153 146.5 70.5 n/a

ASindex Best case Highest Mean Ccv Diagnosis
ARD 0.052 0.511 0.084 1.44 susceptible
RRD 0.051 0.106 0.051 0.35 robust
PDI 0.050 0.109 0.048 0.34 robust
S-S 0.047 0.166 0.063 0.83 susceptible

that are much less variable (Table 1). The most elevated error
rates among PDI and RRD occurred when the t-test was used
to analyze data that had evolved by the SB model. The highest
error rate found when using regression with the robust indices
was 0.076 using equal branch lengths and 0.063 when set
proportional to time (Table 2).

The effects of the simulation parameters on the error rates
were explored using generalized linear model s with binomial
error structure, analyzed using GLM Stat 5.6.1 (Beath 2001).
The full model for RRD is presented in the Appendix; that
for PDI is qualitatively identical (not shown). The only pa-
rameter that increased the Type | error rate of RRD asamain
effect was the choice of branch lengths; setting all branch
lengths equal resulted in a higher error rate than using real
branch lengths (Z;5 = 6.46, P < 0.0001). Other factors af-
fected the error rates in combination with one another and

greatly contributed to the variation in error rates. These in-
teraction terms indicate conditions under which the Type |
error rates departed from the mean value of 0.051 (Table 1).
The model of trait evolution interacts with the model of clade
growth (Z;5 = 3.68, P < 0.001) and whether analysis is by
t-test or regression (Z,5 = 3.52, P < 0.001). Positive Z-scores
reflect the fact that the most unbalanced (asymmetrical) phy-
logenies and analysis by t-test both had inflated Type | error
rates under the SB model but were conservative under BM.
Both clade growth model and the choice of statistics also
interacted with the choice of branch lengths to affect the
variability in error rate (P < 0.0001 in both cases).

Results from the test of power (Table 3) revealed that the
susceptible measures of AS have very low power. RRD is
consistently more powerful than PDI, but this difference is
not significant (Zz; = 0.82, P = 0.41). Regression through
the origin was more powerful than the t-test across both in-
dices (Z, = 5.34, P < 0.0001). Interaction terms suggest that
regression analysisis also insensitive to the choice of branch
lengths (Z, = 0.878, P = 0.38), but the t-test has lower power
with equal branch lengths (Z, = —0.569, P < 0.0001). The

TaBLE 2. Type | error rates at « = 0.05 for four indices of AS across all combinations of evolutionary models and analysis options. R,
regression through the origin; T, one-sample t-test (vs. mean AS = 0). Numbers in bold are elevated, numbers in italics are conservative; other

rates are not significantly different from o = 0.05 (binomial test).

Clade Trait Branch
growth evolution lengths Stats ARD RRD PDI S-S
Balanced BM real R 0.047 0.039 0.043 0.049
T 0.049 0.042 0.046 0.035
equal R n/a 0.076 0.058 0.160
T n/a 0.034 0.035 0.024
SB real R 0.05 0.036 0.036 0.033
T 0.044 0.044 0.045 0.031
equal R n/a 0.072 0.053 0.114
T n/a 0.036 0.038 0.026
Markovian BM real R 0.052 0.051 0.05 0.047
T 0.045 0.042 0.044 0.037
equal R n/a 0.064 0.042 0.141
T n/a 0.029 0.028 0.023
SB real R 0.439 0.040 0.043 0.021
T 0.051 0.061 0.060 0.051
equal R n/a 0.065 0.055 0.151
T n/a 0.052 0.043 0.034
Unbalanced BM real R 0.042 0.043 0.048 0.043
T 0.026 0.047 0.053 0.033
equal R n/a 0.044 0.029 0.162
T n/a 0.026 0.025 0.015
SB real R 0.511 0.047 0.067 0.021
T 0.053 0.106 0.109 0.067
equal R n/a 0.067 0.047 0.166
T n/a 0.046 0.048 0.032
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complete minimum adequate model for the test of power is
presented in the Appendix.

Discussion

Phylogenetically nested comparisons are commonplace in
studies of character evolution, but their use in tests of hy-
potheses relating to species richness brings concerns about
independence of comparisons to the forefront. Our simula-
tions show that the use of phylogenetically nested compar-
isons is valid if the model of character change is accurate
and if real branch lengths are available and used, at least
where speciation and extinction rates do not change system-
atically through time. This conclusion holds for all four in-
dices of species richness difference, AS, for both regressions
and t-tests, for all three models of clade growth and under
all background extinction regimes. However, only two of the
indices, RRD and PDI, still perform reasonably when the
assumptions about character evolution are violated. These
two indices never gave Type | error rates greater than 0.087
in our simulations. This robustness may be because AS and
AX are controlled by different processes: interaction terms
without significant main effects in the model for Type | error
rates suggest that the assumptions of both processes have to
be violated before the error rate increases markedly.

One of the rejected indices, ARD, performed badly largely
because it gives high weighting to very young nodes. We
therefore investigated the effect of imposing a minimum val-
ueof § + § at which comparisons were made, to see whether
using such athreshold resulted in auseableindex. Thethresh-
old reduced the high error rate under the SB model, but error
rates remained significantly elevated even with a threshold
of 15 (results not shown). Theratio of comparisonsto species
is then about 1:7, making ARD impractical for most real
species-level phylogenies. Weighting each point by the in-
verse of the expected variance (i.e., t2) did not improve the
performance of ARD either, even under a Y ule process (re-
sults not shown). The other rejected index, § — §, performs
badly becauseits varianceincreaseswith § + §. Weexplored
an alternative, In|§ — S| with the sign given by the sign of
S — §, in which this heterogeneity of variance is reduced.
This alternative index had lower Type | error rates than the
two rejected indices, but was much more variable than RRD
or PDI (results not shown), so we do not recommend its use.

RRD and PDI were found to be equally powerful in de-
tecting that species-richness differences were associated with
the magnitude of trait Z. Thisissurprising because RRD gives
higher weight to the most unbalanced nodes, whereas PDI
weights all nodes equally. The suspicion remains that RRD
will be more powerful in detecting correlates of species rich-
ness when speciation probabilities are heritable and evolving.
Thisis apriority for further research. The Type | error rates
of PDI and RRD were always qualitatively similar when us-
ing real branch lengths (Table 2). Their performance under
equal branch lengths was very similar when analyzing with
the t-test, but RRD aways returned inflated Type | errors
using regression through the origin. This suggests that PDI
should be preferred, at least when nodal ages are unknown.
However, the distributions of the measures may be more
important in determining which should be used. Whereas PDI
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is bounded, the fact that RRD can take on very large values
when § + § is large (>10°) can lead to nonconstancy of
variance when the total number of comparisons is small
(C.D.L. Orme, pers. comm.). When many informative nodes
are available, as in the simulated phylogenies, RRD is more
normally distributed than PDI (Fig. 3) and is therefore more
appropriate for use in parametric statistics.

The choice of statistical analysis and branch lengths af-
fected both the validity and the power of all measures of AS.
The t-test was both less powerful and more sensitive to vi-
olations of the evolutionary assumptions than was regression
through the origin. Equal branch lengths increased the Type
| error rate overall and did not reduce the errors introduced
by the SB model (i.e., there was no ‘‘right model’’ effect).
However, equal branch lengths were relatively conservative
on the most unbalanced phylogenies. This highlights the im-
portance of measuring the shape of the phylogeny under ex-
amination, especially because the phylogenies of the real
world show atendency to be unbalanced (Heard and Mooers
2000).

We have tested the method’'s behavior under several de-
partures from the assumptions of the underlying models. Oth-
er departures from BM might have a more severe impact on
the Type | error rate (Diaz-Uriarte and Garland 1996; Harvey
and Rambaut 2000). Rates of speciation and extinction are
often variable through time (Zink and Slowinski 1995; Schlu-
ter 2000), which might affect the variance of AS. Such var-
iation might not matter, given the insensitivity of our results
to the background extinction rates. However, we recommend
that statistical model criticism be applied to all data derived
from nested comparisons. BM can be tested using diagnostic
tests of the branch length standardization procedures (Gar-
land et al. 1992; Pagel and Harvey 1992). Likewise, homo-
geneity of variance in AS can be tested by regressing ASon
node size or node age, although other methods provide more
direct and probably more powerful tests for nonconstant rates
of diversification (e.g., Pybus and Harvey 2000). Other fac-
tors not addressed in these simulations al so have the potential
to affect the method’s validity. Like more traditional uses of
independent contrasts, incomplete data is likely to affect the
validity of this method when taxon sampling is not random
(Ackerly 2000). More serious for comparisonsinvolving spe-
cies richness is the completeness and accuracy of the phy-
logeny. Missing clades will bias the values of § and § and
are likely to generate spurious results. Likewise, results will
obviously not be reliable if the taxa being compared are not
in fact sister clades.

The MacroCAIC program (Agapow and Isaac 2002) im-
plements both robust species-richness measures described
above and is available from www.bio.ic.ac.uk/evolve. It per-
mitsthe use of all the described analysis options and performs
the assumption checks described above. It is also able to
analyze phylogenies whose terminals are superspecific taxa
(e.g., genera in Katzourakis et al. 2001). We have not ex-
plicitly tested the effects of this form of analysis, athough
our simulations show that the Type | error rate is not in-
creased by raising the threshold value of § + § at which
comparisons were made (results not shown). We believe this
approach to be valid so long as comparable species concepts
are applied to describe the richness of taxa under consider-
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Fic. 3. Distribution of (a) relative rate difference and (b) pro-
portional dominance index, relative to a randomly evolved Brown-
ian motion character in balanced (n = 146 comparisons), Markovian
(n = 165), and unbalanced (n = 174) simulated phylogenies of 250
species each.

ation. For instance, biases in systematic practices have been
suggested as causes for the observed relationship between
body size and species richness (Van Vaen 1973; Kochmer
and Wagner 1988).

We are now in a position to assess the robustness of pub-
lished work that has used nested comparisons to search for
continuous correlates of species richness. Gittleman and
Purvis (1998) reported a significant negative correlation be-
tween RRD and body massin the Carnivorausing both branch
length options and statistical treatments presented here. An
important omission from their methods section, however, is
that contrasts in body mass were not standardized. The au-
thors reasoned that an extinction filter had shaped the car-
nivore phylogeny, and that the fate of sister-taxain extinction
events is likely to depend on the absolute difference in body
mass rather than the rate at which that difference evolved.
Simulations confirm that, under these circumstances, power
was higher using raw (unstandardized) contrasts than stan-
dardized (results not shown). However, use of raw contrasts
also significantly compromised the validity (results not
shown). Thisisnot surprising given theimportance of branch
length standardization to the validity of independent contrasts
(Diaz-Uriarte and Garland 1996).

We therefore reanalyzed the carnivore dataset using stan-
dardized contrasts. The reported correlation was found to be
qualitatively similar but marginally weaker than using raw
contrasts (two-tailed P = 0.032 vs. 0.021), although PDI is
more conservative still (P = 0.07 with real branch lengths,
P = 0.16 when set equal). Katzourakis et al. (2001) used
RRD to search for correlates of species richness in the hov-
erflies. Their use of raw contrastsislesslikely to beimportant
because all their significant results were from t-tests, which
areinsensitive to standardization. The shape of the phylogeny
is significantly more unbalanced than Markovian (Katzour-
akis et al. 2001), which suggests that their t-tests are likely
to have been conservative for all indices of AS (Table 2).
Desdevises et al. (2001) and Orme et al. (2002) used stan-
dardized contrasts but found no significant relationships. Gar-
dezi and da Silva (1999) also standardized contrasts and mea-
sured AS as RRD/V't. We found this index to behave much
like ARD, with high Type | and Type Il error rates (results
not shown). Their finding that body size predicts species
richnessin the three lightest mammalian ordersis marginally
supported using RRD instead (P = 0.048 vs. 0.01). The only
other uses of nested comparisons of which we are aware
(Marzluff and Dial 1991; Nee et al. 1992) did not make
quantitative comparisons using the species richnesses of de-
scendent clades and are therefore not directly comparable.

Conclusions and Recommendations

We have shown that the method of nested sister clade
comparisonsis areasonable approach for detecting correlates
of species richness and outlined the analysis procedures that
will optimize validity under a range of scenarios. We rec-
ommend: (1) that AS be measured as RRD when branch
length information is available and the phylogeny contains
at least 30 informative nodes, otherwise as PDI; (2) that
statistical analysis use regression through the origin rather
than a t-test; (3) that branch lengths be set proportional to
time where possible; (4) the assumptions of Brownian motion
and constancy of variance in AS and AX be checked; and (5)
phylogenies under study be tested against the null model of
constant rates. If the evolution of trait X cannot be adequately
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modeled or if X is a categorical trait, we recommend the use
of nonnested comparisons rather than the methods described
here. We have also demonstrated how to maximize the power
under one particular nonnull scenario. Future work will ex-
plore the merits of nested and nonnested comparisons, using
RRD and PDI, under models of variable diversification rates.
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APPENDIX
Appendix Tables 1 and 2 present minimum adequate models
(MAM) of the effects of simulation parameters on the error rates
of AS. The error structure is binomial in both models with the scale
parameter fixed at 1.0.

APPENDIX TABLE 1. Minimum adequate model of the validity results for relative rate difference (see Table 2). The statistical behavior of the
most balanced trees was found to be statistically equivalent to Markovian. The model for the other robust index of AS, proportional dominance
index, is qualitatively identical. Residual deviance = 17.41, df = 15. Model deviance = 122.29, df = 8.

Parameter Estimate SE z P

Constant -3.16 0.0857 —-36.9 <0.0001
Equal vs. real branch lengths 0.603 0.0934 6.46 <0.0001
t-test vs. regression 0.0562 0.109 0.517 0.605
Unbalanced vs. other trees 0.0779 0.114 0.685 0.494
SB vs. BM -0.114 0.0914 —-1.25 0.21

2 X 3 (Blens = .t-test) —-0.874 0.121 -7.23 <0.0001
2 X 4 (Blens = .Unbalanced) —0.504 0.125 —4.041 <0.0001
3 X 5 (t-test.SB) 0.423 0.120 3.52 0.0004
4 X 5 (Unbalanced.SB) 0.464 0.126 3.68 0.0002

APPENDIX TABLE 2. Minimum adequate model of the tests of power (see Table 3) for relative rate difference and proportional dominance
index. Residual deviance = 1.072, df = 4. Model deviance = 155.0, df = 7.

Parameter Estimate SE z P
Constant —1.45 0.0571 -255 <0.0001
Equal vs. real branch lengths 0.0701 0.0798 0.878 0.38
t-test vs. regression —0.470 0.0880 -5.34 <0.0001
2 X 3 (Blens = .t-test) —0.569 0.133 —-4.30 <0.0001




