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Are most species small? Not within species-level

phylogenies

C. David L. Orme", Nick J. B. Isaact and Andy Purvis
Department of Biological Sciences, Imperial College, Silwood Park, Ascot SL5 7PY, UK

The robust macro-ecological observation that there are more small-bodied species implies that small-
bodied organisms have experienced elevated net rates of diversification. We investigate the role of body
size in creating non-random differences in rates of cladogenesis using a set of 38 species-level phylogenies
drawn from a range of animal groups. We use independent contrasts to explore the relationship between
body size and species richness within individual phylogenies and across related sets of phylogenies. We
also carry out a meta-analysis looking for associations between body size and species richness across the
taxa. We find little evidence for increased cladogenesis among small-bodied organisms within taxa, and
no evidence for any consistent differences between taxa. We explore possible explanations for the incon-
sistency of our findings with macro-ecological patterns.
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1. INTRODUCTION

Body size is one of the most fundamental ecological para-
meters for animal taxa, correlating with many other
life-history traits (Peters 1983). Understanding the distri-
bution of body sizes among related species in an ecological
community is, therefore, a key question in macro-ecology.
Interspecific distributions of body size commonly exhibit
a high degree of positive (or right) skew and often retain
significant skew after log transformation (e.g. Gaston &
Blackburn 2000). This macro-ecological pattern has
prompted the development of models providing functional
explanations for the abundance of small-bodied species.
Models of body-size evolution are reviewed elsewhere (e.g.
Gardezi & da Silva 1999; Gaston & Blackburn 2000) but
fall into four broad categories based on: (i) the finer sub-
division of the environment or resources by small-bodied
organisms (Hutchinson & MacArthur 1959); (ii) interspe-
cific body-size optima resulting from energetics (e.g.
Brown ez al. 1993); (iii) intraspecific optimization of body
size, with consequent predictions about interspecific dis-
tributions of body size (Kozlowski & Weiner 1997); and
(iv) passive diffusion of body size with constrained minu-
mum size (Stanley 1973). Whilst such models have been
successful in generating body-size distributions that match
those found empirically, there has been less success in
demonstrating evolutionary correlations between body
size and increased species richness.

Early studies comparing body sizes across lineages did
find correlations between smaller body size and increased
species richness (e.g. Dial & Marzluff 1988; Kochmer &
Wagner 1988; Van Valen 1973). In the absence of well-
resolved phylogenies, however, such studies employed
statistics based on taxonomic rank, an approach that is
subject to the confounding effects of non-equivalence
within a taxonomic rank and differing degrees of shared
evolutionary history below that rank (Harvey & Pagel
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1991; Avise & Johns 1999). The use of phylogenies to
identify sister taxa ensures that comparisons are made
between equivalent taxa (i.e. those of equal age); using the
differences in a biological trait between sister taxa, rather
than the absolute values of that trait, accounts for the
shared evolutionary history of those taxa before they
diverged (Felsenstein 1985). This method has recently
been used to study patterns of species richness and body
size within a number of taxa: for example, carnivores and
primates (Gittleman & Purvis 1998); all mammals
(Gardezi & da Silva 1999); birds (Nee ez al. 1992); hov-
erflies (Katzourakis et al. 2001); and a broad-scale study
of the metazoan phyla (Orme ez al. 2002). Although some
such studies have looked for differences in pattern within
subclades (Nee er al. 1992; Gittleman & Purvis 1998; Gar-
dezi & da Silva 1999), we are unaware of any study look-
ing at differences in the relationship between species
richness and body size across a broad range of taxa.

We present the results of a meta-analysis of the results
from 38 new and directly comparable analyses of the
relationship between body size and species richness. We
examine the distribution and evolutionary pattern of body
size across a range of species-level phylogenies from ver-
tebrate and invertebrate groups, and look for common
trends across and within taxa.

2. DATA

We collected a set of 38 complete species-level phy-
logenies from the recent literature. All are constructed
using an optimality criterion: the majority use maximum
parsimony but maximum likelihood, neighbour joining
and matrix representation using parsimony phylogenies
are also included. In all cases, we used the single most
parsimonious or most likely phylogeny found, or the strict
consensus of all equally most parsimonious trees. Phy-
logenies were selected that contained at least six species
and where body-size data were available for at least 75%
of those species. Whilst not selected randomly, the phy-
logenies are otherwise unbiased with respect to species
richness and body size.
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We collected body-size data for as many species as poss-
ible, using a consistent linear measurement within each
taxon. Linear measurements were used throughout to
facilitate direct comparison of the results of analyses
among clades. Where data were only readily available as
body mass, we converted mass to linear dimensions using
a power function. Parameters for the power function were
taken from Peters (1983) for the avian taxa, and calculated
for the mammalian taxa from the following datasets: mar-
supials (Seal 1997), carnivores and primates (Gittleman &
Purvis 1998). Within each phylogeny, we collected data
from a single sex where possible but have accepted mixed
sex datasets where sources did not record the sex of indi-
viduals. Where neither sex provided a complete dataset,
we have filled the gaps in the more complete set using
data for the other sex. Within mammals and birds, the
mean body size of species was used; for all other taxa we
recorded the maximum body size for each species, since
mean size data were not available for the majority of spec-
ies. Body-size data were log transformed before further
analysis.

The phylogenies and data sources, and details of the
body-size measurement used, are given in table 1 and the
full datasets are available on request from the senior
author and from the following URL: http://www.bio.ic.ac.
uk/evolve/index.html. Table 1 also records the number of
species in each phylogeny and the number of species for
which body-size data were available. Many of the phy-
logenies are too small to produce powerful tests on their
own, but our main intention was a meta-analysis to assess
any general tendency.

We also constructed a phylogeny (figure 1) linking the
taxa comprising the 38 studies, in order to identify valid
comparisons between groups of our study taxa at higher
taxonomic levels. Resolution of the three phyla studied
(Chordata, Mollusca, Arthropoda) is non-controversial
(e.g. Nielsen 1995; Zrzavy et al. 1998), as is the division
between Osteichthyes and the amniotes (e.g. Hedges
2001). The amniotes are left as a polytomy due to uncer-
tainty over the position of the turtles (Gauthier ez al
1988). Resolution of the mammalian and avian groups fol-
lows, respectively, Liu ez al. (2001) and Sibley & Ahlquist
(1990), whilst the osteichthyean taxa under study are
resolved using phylogenies in Springer & Williams (1994)
and Vari (1989a). Resolution of the clade of chelicerates,
hexapods and crustaceans follows Giribet ez al. (2001) and
Hwang er al. (2001). The relationships of the orders of
the hexapods are taken from Wheeler ez al. (2001). Within
the hexapod orders, we used information presented in the
Tree of Life Web site (http://tolweb.org/tree/phylogeny.
html).

3. ANALYSIS

(a) Species richness and body size

For each phylogeny, we calculated standardized phylo-
genetically independent contrasts of body size at each
bifurcating node according to the methods described by
Felsenstein (1985) and Pagel (1992). We also calculated
the species-richness contrasts as the relative rate difference
(RRD): In (n/n;), where n; and »; are the number of spe-
cies in the larger and smaller bodied clade; no species-
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richness contrast can be calculated where both clades are
single species (Agapow & Isaac 2002; Isaac er al. 2002).
Calculation of both sets of contrasts was performed using
the computer program MacroCaic (Agapow & Isaac
2002). Although branch lengths are available for some of
the phylogenies, we assumed all branch lengths were equal
to ensure that all 38 phylogenies are comparable. We ana-
lysed the calculated contrasts as follows.

First, we used least-squares linear regression through
the origin (Garland ez al. 1992) to examine the relation-
ship between body-size and species-richness contrasts
within each phylogeny. The p-values from these
regressions were assessed using a sequential Bonferroni
test (Rice 1989) to correct the bias in significance levels
resulting from multiple tests. In order to evaluate whether
the probability of finding a significant correlation increases
with the phylogeny size, we calculated a least-squares lin-
ear regression of the individual test p-values against the
number of contrasts (n.). We used a logit (log(p/(1 — p)))
transformation of p and log transformation of 7. to remove
non-normality in these variables. We used a Wilcoxon
signed-ranks test to establish whether the central tendency
of the set of regression coefficients (b) across phylogenies
differs from zero. In order to account for the uncertainty
in the calculated regression coefficients, we also performed
a Wilcoxon signed-ranks test on b weighted by the inverse
of the standard errors of b. The choice between Wil-
coxon’s signed-rank test and z-tests of location throughout
these analyses was made on the basis of unreported
Shapiro Wilks’ tests for normality.

Second, analysis of the central tendency of the set of
values of regression coefficients does not reveal whether
there are significant differences between individual values
of b. We therefore used figure 1 to identify sets of our 38
studies for which it is phylogenetically meaningful to look
for differences in b. At each node in figure 1, we used
analysis of covariance (ANCOVA) to compare regression
coefficients calculated for the sister taxa descending from
that node. To enable comparisons at higher taxonomic
levels (i.e. internal nodes), we created sets of contrasts for
the sister taxa at a node, by pooling the contrasts from the
studies within each sister taxon. For example, the
ANCOVA at node 1 incorporates a pooled analysis of all
38 datasets, and compares the slopes of the vertebrate and
invertebrate taxa. ANCOVA also enabled us to assess
whether any clade delimited by a node in figure 1 showed
an overall relationship between RRD and body-size con-
trasts.

Last, the calculation of phylogenetically independent
contrasts includes the calculation of an estimate of the
mean log body size at each node. We used linear
regression of nodal mean body size as a predictor of RRD
to assess whether the relationship between body size and
species richness changes with the actual sizes of the organ-
isms, following Gittleman & Purvis (1998). The sign of
RRD values for any body-size contrast indicates whether
the smaller or larger bodied clade is more speciose. A sig-
nificant negative regression, therefore, indicates the exist-
ence of a global intermediate optimum size: at small body
size, the larger bodied clade is more speciose (positive
RRD), but at large body size the smaller bodied clade is
more speciose (negative RRD).
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Table 1. Phylogenies and body-size data sources used in this study.
(The phylogeny source for each taxon is identified along with the higher taxonomy and the number of species (7,,,). The body-
size metric is given for each taxon along with an indication of whether the data are taken from males (M), females (F), individuals
of both sexes (B) or whether the sex is unknown (U) and the number of species for which body-size data were available
(Mpoay sizes)- The body-size data source is also identified; where the source is the same as the phylogeny source this is indicated

by a dash.)
body-size
clade higher phylogeny source ny, body-size metric sex source Mody sizes
Mallos and Mexitlhia Arenoidea Bond & Opell (1997) 17 body length F — 17
Pimoidae Arenoidea Hormiga (1994) 20 cephalothorax B — 20
length
Chimarrita Trichoptera  Blahnik (1997) 18 forewing length M — 18
Contulma Trichoptera  Holzenthal & Flint 21 body length M — 21
(1995)
Greya Lepidoptera  Davis ez al. (1992) 15 wingspan F — 15
Xylomia Lepidoptera  Mikkola (1998) 7 wingspan U — 6
Rekoa Lepidoptera  Robbins (1991) 7 forewing length M — 7
Pnyxiopalpus Diptera Vilkamaa & Hippa 16 forewing length B — 16
(1999)
Thinempis Diptera Bickel (1996) 6 body length U — 6
Bonjeania Diptera Winterton ez al. (2000) 10 body length B — 10
Bitheca Diptera Marshall (1987) 14 body length U — 14
Mosillus Diptera Mathis ez al. (1993) 6 body length U — 6
Hecamede Diptera Mathis (1993) 12  body length U — 12
Microdonacia Coleoptera Reid (1992) 10 body length M — 10
Hister servus group  Coleoptera Caterino (1999) 6 body length U — 6
Neoclypeodytes Coleoptera Miller (2001) 25 body length U — 25
Plarynus degallieri Coleoptera Liebherr (1992) 36 body length U — 36
group
Anchomenus clade Coleoptera Liebherr (1991) 29  body length U — 29
Ortheziola Hemiptera Kozar & Miller (2000) 16 body length F — 16
Atractotomus Hemiptera Stonedahl (1990) 37 body length M — 37
Amicotermes Isoptera Sands (1999) 12 head width U — 12
Astacoides Decapoda Horton (1987) 6 body length M — 6
Cardiolucina Mollusca Taylor & Glover (1997) 11  shell height U — 11
Pyrgulopsis Mollusca Hershler (1994) 60 shell height U — 60
Istiblennius Osteichthyes  Springer & Williams 14 body length M — 14
(1994)
Blenniella Osteichthyes  Springer & Williams 9 Dbody length M — 9
(1994)
Curimata Osteichthyes  Vari (19895) 12 body length U — 12
Steindachnerina Osteichthyes  Vari (1991) 21 body length U — 21
Psectrogaster Osteichthyes  Vari (1989a) 8 body length U — 8
Ctenoluciidae Osteichthyes  Vari (1995) 7 body length U — 7
Gruidae Aves Krajewski & King (1996) 15 body mass B  Soden (2001) 15
Sulidae Aves Friesen er al. (1996) 9 body mass F  Soden (2001) 9
Tetraoninae Aves Lucchini ez al. (2001) 17 body mass B  Soden (2001) 17
Alectoris Aves Randi (1996) 7 body mass B Soden (2001) 7
Kinosterninae Chelonia Iverson (1991) 20 body length U  Ernst et al 20
(1998)
Marsupialia Mammalia Seal (1997) 273 body mass B Silva & 215
Downing
(1995)
Primates Mammalia Purvis ez al. (2000) 233 body mass B Gittleman & 194
Purvis
(1998)
Carnivora Mammalia Bininda-Emonds ez al. 271 body mass B  Gittleman & 240

(1999)

Purvis
(1998)

(b) Body-size distribution

We explored the distribution of body sizes within our
dataset in two further ways. First, we calculated the skew
(g1) of the log-transformed body sizes within each phy-
logeny and tested for significant skew (Sokal & Rohlf
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1995). We used a r-test to assess whether the mean skew
across phylogenies differed significantly from zero. We
also used a x? contingency table to reveal whether the
signs of the values of g, and b are independent, or whether
an excess of large or small body sizes produces, respect-
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Figure 1. A cladogram of the relationships between the 38 study taxa.

ively, a positive or negative regression coefficient. Second,
we examined the distribution of body-size values on each
phylogeny to reveal whether there is any consistent pattern
in the direction of body-size evolution. We used the num-
ber of nodes between each tip on the phylogeny and the
root as a simple measure of whether species are placed
distally or basally, and used Spearman’s rank correlation
(rg) to test for any relationship between body size and
node count within phylogenies. Node count and body size
show non-independence within phylogenies and hence the
significance levels of within phylogeny tests are unreliable.
We therefore only assess, using a z-test, whether the mean
rs across phylogenies is significantly different from zero.

(¢) Tree imbalance

Questions concerning differing rates of diversification
between taxa are only meaningful if one can demonstrate
that such rates do, in fact, differ. Tree imbalance statistics
provide a way of assessing the likelihood of the distri-
bution of taxa on a test phylogeny under a null model of
equal net speciation rates across all lineages: the Equal
Rates Markov (ERM) model (Raup er al. 1973). Many
such statistics have been described, and their behaviour is
well understood (see a review by Mooers & Heard 1997).
We have used a modification of Fusco & Cronk’s (1995)
I, proposed by Purvis er al. (2002) and implemented in
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the computer program Mesa (Agapow & Purvis 2002).
The weighted mean I has an expected mean of 0.5 under
an ERM model (Purvis er al. 2002). We calculated the
weighted mean I for each phylogeny, and used a Wil-
coxon’s signed-ranks test to establish whether the
weighted mean I across phylogenies varies significantly
from the expectation of 0.5. It should be noted that it is
only sensible to calculate an imbalance for bifurcating
nodes with four or more daughter taxa, since smaller
nodes do not vary in their topology.

MacroCaic and Mgsa both run under Mac OS and are
freely available from http://www.bio.ic.ac.uk/evolve/
software/index.html. Regression through the origin within
studies is performed automatically by MacroCaic
(Agapow & Isaac 2002): all other statistical analyses,
including diagnostic plots for assessing the suitability of
statistical models, were performed using R v.1.3.1 for
Macintosh (Thaka & Gentleman 1996).

4. RESULTS

Table 2 presents the results of the analyses of inde-
pendent contrasts of body size against RRD, giving, for
each phylogeny: the number of contrasts and the results
of regression through the origin. Only one regresssion, for
Butheca, is significant at a table-wide level after sequential
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Table 2. Results of within phylogeny analyses.

(The table shows the number of nodes for which I could be calculated for each phylogeny and the weighted mean of those I-
values within phylogenies. The number of independent contrasts (n.) calculated from each phylogeny is given along with the
following details of regression through the origin of RRD against body-size contrasts for individual taxa: the regression coefficient
(b), the standard error of b (s.e.,), and the p-value (calculated from an F-ratio with 1 and n. —1 degrees of freedom). The sequential
Bonferroni correction, assuming independence between the individual tests, has been used to calculate critical individual values
of p for table-wide significance (a=0.05) (Rice 1989). The skew in the distribution of log. body size and the Spearman’s rank
correlation coefficient (rs) of node height against log. body size are also given. Significant tests are indicated as follows:

*p < 0.05, **p < 0.01, ***p < 0.001.)

tree imbalance

independent contrasts size distribution

taxon Mpodes mean I, . b 8.€. b skew A
Mallos and Mexitlia 9 0.87 10 1.85 5.51 0.744 —0.21 —0.03
Pimoidae 4 0.39 6 4.79 3.09 0.182 —0.34 0.25
Chimaritta 6 0.26 8 —3.77 2.25 0.138 0.01 —0.77***
Contulma 3 0.64 7 3.90 4.32 0.402 0.57 0.11
Greya 6 0.74 8 5.95 5.14 0.285 —0.74 0.33
Xylomia 3 0.65 4 —9.18 15.37 0.592 0.35 —-0.14
Rekoa 3 0.43 3 4.45 18.07 0.829 0.66 0.28
Pnyxiopalpus 6 0.29 7 —4.39 5.44 0.451 -0.5 —-0.07
Thinempis 2 0.45 3 3.36 3.05 0.386 —0.39 0.64
Bomnjeania 6 0.94 7 3.30 4.87 0.523 —0.25 0.04
Bitheca 7 0.33 7 —8.95 1.57 0.001* —0.62 —0.76**
Mosillus 1 0 3 —3.48 3.91 0.467 0.25 —0.41
Hecamede 3 0.76 4 —-8.85 18.10 0.658 0.01 —-0.34
Microdonacia 5 0.56 6 —6.30 9.13 0.521 —0.55 0.06
Hister servus group 2 0.74 3 —3.46 4.05 0.483 0.98 —0.49
Neoclypeodytes 5 0.68 6 25.57 30.58 0.441 —0.68 0.02
Plarynus degallieri

group 16 0.79 22 —8.09 6.91 0.255 —0.33 —0.35*
Anchomenus clade 14 0.78 18 —0.98 4.48 0.830 0.21 —-0.17
Ortheziola 8 0.95 9 —0.69 5.83 0.909 —0.69 —0.48
Atractotomus 21 0.88 26 —3.36 4.79 0.489 0.51 —0.29
Amicotermes 7 0.91 9 0.68 21.37 0.976 0 0.09
Astacoides 2 0.74 3 6.49 4.05 0.250 -0.1 0.74
Cardiolucina 3 0.36 5 —1.55 1.60 0.388 0.05 —0.65*
Pyrgulopsis 16 0.85 20 —1.89 2.31 0.425 —0.05 0.04
Istiblennius 2 0.79 4 1.02 12.74 0.941 —-0.73 0.30
Blenniella 2 0 2 —1.34 0.43 0.198 -0.3 0.00
Curimata 2 0.35 4 —4.29 4.67 0.427 —-0.25 —-0.27
Steindachnerina 7 0.86 8 4.57 5.55 0.437 0.25 0.08
Psectrogaster 3 0.71 3 4.07 7.98 0.661 —0.95 0.28
Ctenoluciidae 2 0.25 3 4.37 1.80 0.136 0.61 0.75
Gruidae 7 0.72 10 —1.94 5.08 0.711 —0.14 0.06
Sulidae 4 0.71 6 8.31 6.11 0.232 0.05 0.25
Tetraoninae 7 0.48 10 1.05 3.13 0.745 0.35 0.53*
Alectoris 4 1 5 2.59 24.96 0.922 —0.68 0.27
Kinosterninae 12 0.81 15 —1.86 4.65 0.695 -0.1 —0.02
Marsupialia 69 0.61 75 -0.25 1.12 0.826 0.04 0.20**
Primates 71 0.55 98 0.32 1.34 0.810 —0.32 0.25***
Carnivora 105 0.61 117 —1.78 0.96 0.066 0.64***  —0.18"*

Bonferroni correction (indicated by an asterisk in table 2).
There is no tendency for the logit significance level of
these regressions to increase with the log number of con-
trasts (a= —0.20, b= —0.10, F, 34=0.108, p=0.74). The
regression coefficients across phylogenies do not differ sig-
nificantly from zero, as assessed by a Wilcoxon signed-
ranks test (=365, n=38, p=0.94). A Wilcoxon test of
b weighted by the inverse of the standard error of b is also
non-significant (V'=327, n= 38, p=0.54).

The results of the analyses of covariance using higher
taxonomic relationships shown in figure 1 are summarized
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by node in table 3. Our model for the root node
(node 1) shows no overall significant correlation for all
pooled contrasts (b= —0.77, F, 565 =2.322, p=0.13). Lin-
ear regression, using all pooled contrasts, shows that RRD
does not change with the mean body size at a node
(a=0.02, b= —0.025, F, 56, =0.988, p=0.32).

The mean skew in body sizes across phylogenies is not
significantly different from zero (mean skew= —0.090,
s.e. =0.076, 3, = —1.182, p = 0.25) and the signs of g; and
b are independent (x=1.08, p=0.30). There is no con-
sistent phylogenetic pattern of body size with respect to
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Table 3. Analyses of covariance for higher taxonomic comparisons between our study taxa.

(For each node in figure 1, the contrasts are pooled for all the studies in the clade defined by that node, and also identified as
subsets by daughter clade at the node. This table lists the F- and p-values for the overall relationship between RRD and body-
size contrasts for the pooled contrasts and the F- and p-values for a difference between regression coefficients calculated for each
daughter clade. The number of contrasts (n.) pooled at each node is shown: the degrees of freedom for all F-tests are 1 and
n. — 2, except for the two polytomous nodes (3 and 28) where the degrees of freedom are 1 and n. — 3 for the overall relationship
and 2 and n. — 3 for the subset differences. Significant tests are indicated as follows: *p < 0.1, **p < 0.05.)

nOde ne Fpooled ppooled Fsubsets psubsets
1 564 2.32 0.13 0.07 0.79
2 360 1.34 0.25 0.63 0.43
3 336 1.69 0.19 0.19 0.83
4 290 1.70 0.19 0.43 0.51
5 215 2.14 0.15 1.58 0.21
6 31 0.18 0.67 < 0.01 0.99
7 15 0.09 0.77 0.01 0.94
8 16 0.09 0.77 1.43 0.25
9 24 0.27 0.61 0.08 0.78
10 18 0.33 0.57 0.30 0.59
11 15 0.05 0.82 1.71 0.21
12 11 0.91 0.37 < 0.01 0.97
13 6 <0.01 0.96 0.03 0.88
14 204 1.05 0.31 0.48 0.49
15 25 0.95 0.34 0.01 0.94
16 179 0.13 0.72 1.42 0.24
17 163 0.63 0.43 0.96 0.33
18 160 0.88 0.35 0.01 0.91
19 151 0.93 0.34 0.08 0.78
20 35 0.30 0.59 0.14 0.71
21 116 0.62 0.43 0.45 0.50
22 55 0.80 0.38 0.13 0.72
23 46 0.29 0.59 0.85 0.36
24 40 0.41 0.53 0.61 0.44
25 9 0.99 0.35 0.08 0.78
26 61 0.11 0.74 0.01 0.93
27 31 0.04 0.85 0.44 0.51
28 24 < 0.01 0.98 3.11 0.07*
29 14 7.40 0.02** 0.50 0.49
30 7 0.44 0.53 0.10 0.76
31 30 0.09 0.76 1.11 0.30
32 15 0.48 0.50 0.84 0.38
33 7 0.15 0.71 0.30 0.61
34 15 0.88 0.37 2.60 0.13
35 16 0.75 0.40 0.17 0.69

distal and basal nodes (mean r,=0.005, s.e.=0.061,
t5;=0.082, p=0.94).

Table 2 also summarizes the calculation of imbalance
statistics for each phylogeny, giving the number of nodes
with more than three descendants, and the weighted mean
imbalance of those nodes. The values of weighted mean I
across phylogenies show negative skew (g; = —0.70), with
a median value of 0.697. A Wilcoxon signed-ranks test
shows the weighted mean I across phylogenies to be sig-
nificantly different from 0.5; the expectation under an
ERM null model (V'=558.8, n=38, p=0.007).

5. DISCUSSION

Although the weighted mean I shows that the phy-
logenies used in this study range from perfectly balanced
(Mosillus, Bleniella) to perfectly unbalanced (Alectoris), the
set of phylogenies is significantly unbalanced as a whole,
rejecting an ERM null model of clade growth. Despite this
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evidence that rates of cladogenesis vary within phy-
logenies, we find little support for the hypothesis that this
variation depends on body size. Within our 38 test phy-
logenies, only Bitheca (Diptera: Sphaeroceridae) shows a
significant relationship, showing increased species richness
at small body size. The sequential Bonferroni correction
shows that the result for Bitheca (p=0.001, r>=0.84) is
still significant with a table-wide « of 0.048, when the
increased type I error rate from multiple tests is taken into
account. Counter-intuitively, Bitheca is one of the 12 test
phylogenies that have a weighted mean I of less than 0.5.
The phylogeny of Bitheca contains seven nodes for which
I can be calculated, of which three are maximally unbal-
anced and four are highly balanced, with a weighted mean
I of 0.33. Contrasts can be calculated at the same seven
nodes: all four balanced nodes (i.e. low RRD) show only
small differences in body size between the sister taxa,
whereas all three unbalanced nodes (i.e. higher RRD)
compare a single larger bodied species with a more spe-
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ciose sister clade with markedly smaller body size. The
result for Bitheca, therefore, does appear to reveal a con-
sistent pattern in the evolution of the clade, despite the
small number of contrasts. The regression coefficients (b)
across phylogenies, however, show no overall trend
towards higher species richness at small body size, even
when uncertainty in estimates of & is taken into account.

Investigation of the differences between clades at nodes
identified from figure 1, and overall relationships at each
node using ANCOVA, reveals no taxonomic pattern in
the relationship between species richness and body size.
Node 29 shows an overall significant relationship
(p=0.02) for the clade (Bitheca, (Mosillus, Hecamede)),
with no differences between those genera, but this is
unsurprising, given the strength of the relationship within
Bitheca. It is also, perhaps, unsurprising that the closest
to a significant difference between groups at a node is the
comparison among (Bitheca, (Mosillus, Hecamede)), Bon-
jeania and Thinempis (node 28, p =0.07).

This lack of any convincing evolutionary pattern is
inconsistent with the macro-ecological pattern of body-
size distributions. There are a number of possible metho-
dological explanations for this inconsistency within this
study. Our set of phylogenies comprises a taxonomically
restricted subset of metazoan taxa, reflecting unevenness
in the distribution of taxonomic effort across the Metazoa.
The taxa used are also a biotically restricted subset, with
marine taxa noticeably underrepresented. The failure to
find any differences at higher taxonomic levels, parti-
cularly at the deepest nodes in figure 1, may reflect failings
in the coverage of the data. Additionally, the power of
independent contrasts of species richness to detect corre-
lates of net rates of diversification is not, as yet, fully
explored (Isaac et al. 2002). The use of real branch lengths
is known to increase the power of independent contrasts to
reveal significant correlations: Gittleman & Purvis (1998)
found a significant (p=0.03) negative relationship
between body size and species richness for the carnivores,
using real branch lengths; this study substitutes equal
branch lengths and finds a non-significant (p =0.07)
relationship. Simulations have shown that, while inaccur-
ate branch length information does increase type I error
rates for independent contrast analyses (e.g. Martins &
Garland 1991; Purvis et al. 1994; Diaz-Uriarte & Garland
1998), such analyses are no more unreliable than employing
‘non-phylogenetic’ analyses (Martins & Garland 1991).

Whilst we accept the reality of these concerns, we think
it unlikely that they invalidate our findings. Not only do
we find little evidence within phylogenies for a relationship
between body size and species richness, we find no sup-
port whatsoever for any consistent pattern across a large
set of independent studies. Our results also broadly agree
with previous studies looking within clades using inde-
pendent contrasts: of the studies mentioned in the intro-
duction, Katzourakis er al. (2001), Orme ez al. (2002) and
Nee et al. (1992) found no evidence, Gittleman & Purvis
(1998) found a significant relationship only within the
caniform carnivores, and Gardezi & da Silva (1999) found
that small size is not a general correlate of species diver-
sity, but that radiations among mammalian clades tend to
be small bodied. Independent contrasts have been suc-
cessfully used to support several other hypotheses of corre-
lates of species richness. Such supported correlates include
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latitude (Cardillo 1999), diet breadth (Owens er al. 1999;
Katzourakis er al. 2001), sexual dimorphism (Owens ez al.
1999), sexual selection (Barraclough et al. 1995), rates of
genetic change (Barraclough et al. 1996) and dispersal
ability (Owens ez al. 1999).

Another possible explanation is that the body-size distri-
butions of our studies do not show any general pattern
towards positive skew, with only the Carnivora showing a
significant level of skew. Since we are testing for the
increased speciation rates among small-bodied taxa
implied by positive skew in size distributions, such an
explanation seems persuasive, but there are two possible
confounding factors. The first is that assessing the signifi-
cance and, to a lesser degree, the extent of skew of small
samples is statistically unreliable (Sokal & Rohlf 1995).
Second, it is known that the spatial scale at which size
distributions are assessed changes the resulting distri-
bution, with small spatial scales giving approximately uni-
form body-size distributions (Brown & Nicoletto 1991),
and the taxa used here span a range of spatial scales. It
is also unclear whether the body-size distribution of an
evolutionarily defined group is always equivalent to a
body-size distribution for an ecologically defined group,
such as those typically used in macro-ecological studies.
Higher rates of cladogenesis at large body size, in conjunc-
tion with strong upper constraints on body size, could lead
to larger numbers of smaller bodied species in the absence
of selection for small size, but such a pattern would be
revealed as a positive regression coefficient in analysis of
species-richness contrasts against body-size contrasts.

It is possible that organisms compared at a species level
may be too constrained by ecological similarities for differ-
ences in body size to drive speciation rate. If this argument
is correct then significant correlations may only emerge
when considering nodes with large body-size differences.
We have investigated this possibility by using the unstan-
dardized body-size contrasts (Felsenstein 1985) to identify
subsets within our pooled body-size and species-richness
contrasts. We have fitted sequential regressions through
the origin of the standardized body-size contrasts as pre-
dictors of RRD, removing individual data points by
increasing value of the unstandardized body-size con-
trasts. None of these sequential models shows a significant
relationship between RRD and body size: the magnitude
of the body-size differences considered is not important in
our dataset.

This study therefore serves to emphasize the lack of any
strong support for evolutionary trends towards increased
cladogenesis in smaller bodied clades. We also present evi-
dence that there are no consistent differences in the body-
size—species-richness relationship across a wide range of
animal taxa. Reconciliation of the macro-ecological pat-
tern of increased species richness associated with small
body size, with the absence of any consistent evidence of
the evolution of that pattern, represents a major challenge
for the future.
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