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Abstract

The clade size effect refers to a bias that causes middle-sized clades to be less supported than small or large-sized clades. This bias is present in resam-
pling measures of support calculated under maximum likelihood and maximum parsimony and in Bayesian posterior probabilities. Previous analyses
indicated that the clade size effect is worst in maximum parsimony, followed by maximum likelihood, while Bayesian inference is the least affected.
Homoplasy was interpreted as the main cause of the effect. In this study, we explored the presence of the clade size effect in alternative measures of
branch support under maximum parsimony: Bremer support and symmetric resampling, expressed as absolute frequencies and frequency differences.
Analyses were performed using 50 molecular and morphological matrices. Symmetric resampling showed the same tendency that bootstrap and jack-
knife did for maximum parsimony and maximum likelihood. Few matrices showed a significant bias using Bremer support, presenting a better perfor-
mance than resampling measures of support and comparable to Bayesian posterior probabilities. Our results indicate that the problem is not maximum
parsimony, but resampling measures of support. We corroborated the role of homoplasy as a possible cause of the clade size effect, increasing the
number of random trees during the resampling, which together with the higher chances that medium-sized clades have of being contradicted generates

the bias during the perturbation of the original matrix, making it stronger in resampling measures of support.
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Introduction

Previous authors found an association between the size of a clade
and its support, causing large and small clades to be more sup-
ported than medium-sized clades (Pickett and Randle 2005;
Randle and Pickett 2006; Brandley et al. 2009). The effect was
first described in the context of Bayesian analyses, when Pickett
and Randle (2005) showed that the values of the clade prior proba-
bilities were affected in a predictable way by the size of the clade
given the number of taxa in the matrix, when uniform topological
priors were stipulated. These clade prior probabilities influenced
the Bayesian clade support values, translating the prior effect to
the node support estimations (i.e. posterior probability of a clade).

Surprisingly, the clade size effect was also found when calcu-
lating bootstrap and/or jackknife in maximum likelihood and
maximum parsimony, methods that do not depend on prior val-
ues (Pickett and Randle 2005). The authors proposed that two
different mechanisms were causing the effect: clade prior proba-
bilities in the case of Bayesian support values and noise in the
data sets (caused by homoplasy) in the case of resampling sup-
port. Apart from the noise, the authors suggested that the lack
of data decisiveness, caused by character conflict, was also
responsible for the clade size effect (Randle and Pickett 2006).
In fact, this effect was previously noted by Wenzel and Siddall
(1999) in the context of the addition of noise to a matrix or the
random replacement of its entries with random states. Albeit the
effect reported by Wenzel and Siddall (1999) was related to a
stability measurement and not to measures of branch support, it
is essentially the same bias that was later called the clade size
effect.

Brandley et al. (2006) questioned Pickett and Randle’s posi-
tion and stated that the same mechanism was responsible for the
clade size effect in Bayesian support, bootstrap and jackknifing,
suggesting that taxon sampling may be one of the underlying
mechanisms. Finally, Brandley et al. (2009) analysed the influ-
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ence of homoplasy on the clade size effect and compared the
intensity of the effect in Bayesian inference, maximum likelihood
and maximum parsimony. They concluded, based on simulation
analyses, that homoplasy might be one of the factors causing the
clade size effect by including effectively random trees in the cal-
culation of the support values. Also, Brandley et al. (2009) found
that Bayesian inference was the least affected method by the
clade size effect, while maximum parsimony was the most
affected one.

The aim of this study was to evaluate the presence of the
clade size effect in alternative measures of group support avail-
able for maximum parsimony: symmetric resampling, expressing
the group frequencies as absolute frequencies and as difference
in frequencies (Goloboff et al. 2003), and Bremer support
(Bremer 1994). The analyses were performed using empirical
data sets, including molecular and morphological matrices, using
the Clade Disparity Index (Brandley et al. 2009) and the two-
dimensional Kolmogorov—Smirnov test (Garvey et al. 1998).
Also, we plotted the node support values versus the clade size or
the clade prior probabilities and explored the fitting of the data
to the expected patterns of distribution (quadric and exponential,
respectively), interpreting these results as another measure of the
strength of the effect. Finally, we evaluated the possible causes
of the effect, correlating the statistics with different characteris-
tics of the data sets.

Materials and Methods
Data sets and phylogenetic analyses

For analysing the association between the size of a clade and its support,
we used 50 empirical data sets, including 27 molecular matrices and 23
morphological data sets (Appendix 1). 15 of the 38 data sets analysed by
Brandley et al. (2009) were included in this study. All the phylogenetic
searches and node support calculations were carried out using the soft-
ware TNT version 1.1 (Goloboff et al. 2008).

Heuristic searches were performed using 1000 random addition
sequences (RAS) and tree bisection—reconnection (TBR). In the more
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complex cases, searches were carried out by building 20 RAS trees, swap-
ping each one with TBR, sectorial search (with the default parameters),
and 20 iterations of tree-drifting (Goloboff 1999). The strict consensus
was calculated in all the cases and was used as the reference tree for cal-
culating the clade prior probabilities and the node support values. Clade
prior probabilities were calculated using the Equation 1 published by
Pickett and Randle (2005). Bootstrap and traditional jackknife were
evaluated by previous authors (e.g. Pickett and Randle 2005; Brandley
et al. 2009), so we chose to test the clade size effect using alternative
measures of support, such as the symmetric resampling expressed as abso-
lute frequencies (SR; Goloboff et al. 2003), and as differences of frequen-
cies (GC; Goloboff et al. 2003), and the Bremer support (Br; Bremer
1994). Symmetric resampling is a modification of the traditional jackknife,
where the probability (p) of a character of being upweighted, remaining
unmodified or being deleted is the same (0.33; Goloboff et al. 2003), and
it is the best choice when working with weighting schemes. The GC mea-
sures the differences in frequencies between a group and the most frequent
contradictory group (Goloboff et al. 2003) and varies between —100 and
100 (contrary to other resampling methods that vary from 0 to 100). The
GC can be calculated using the resampling strategy of the bootstrap, the
jackknife or the symmetric resampling. Finally, the Bremer support mea-
sures the extra length needed to lose a branch in the strict consensus (Bre-
mer 1994) and, contrary to the other methods, does not rely on
perturbations to the matrix nor on a resampling scheme. Bremer support
was calculated using the script Bremer.run (available in the web page tnt.
insectmuseum.org) using the default parameters (searching with constrains
for trees not lost in the one-step-longer trees, with sectorial search and 10
tree-drift cycles, repeating the search three times and showing the mini-
mum value). SR and GC were calculated by performing 1000 pseudorepli-
cates saving 100 trees in each replicate, using the groups from the strict
consensus tree. To avoid scaling artefacts, all the branch support values
were taken to a 0-1 scale for the statistical analyses. For doing so, we
divided each node support value by 100 in the case of SR; by the figure
of the most supported node of each tree in the case of Bremer; and by
100 + the number of the lowest (most negative) supported node in the
case of GC.

Evaluating the relationship between clade size and node
support

We performed two different approaches to evaluate the relationship
between clade size and node support. In the first one, we compared
the clade prior probabilities with the branch support values using the
Clade Disparity Index (CDI) proposed by Brandley et al. (2009). The
CDI not only evaluates the presence of the clade size effect, but also
estimates its magnitude (Brandley et al. 2009). The significance of the
index was evaluated performing a randomization test where the node
support values were resampled 10 000 times, obtaining new CDIs for
each resampled group where the node support values were randomly
distributed throughout the tree. The CDIs and its significance were cal-
culated using the software R 2.9.2 (R Development Core Team 2004,
Vienna, Austria). In the second approach, we compared the raw clade
size (i.e. the number of taxa of each clade) with the branch support
values using the two-dimensional Kolmogorov—Smirnov test (2DKS;
Garvey et al. 1998) implemented on the software Ez2dks (distributed
by J. Garvey at http://www.science.siu.edu/zoology/garvey/2dks.htm).
Since the clade prior probabilities are estimated using the raw clade
size, we expect to have similar results in both approaches. Moreover,
because the clade prior probabilities are not used for tree searches in
maximum parsimony, the examination of raw clade size becomes rele-
vant.

Apart from the statistical evaluation of the clade size effect, we also
examined the relationship between clade size (both raw values and logiq
clade prior probabilities) and node support values using bivariate plots.
We expect to find a quadric pattern of distribution (i.e. a U-shaped curve)
when plotting the raw clade size values against the node support values,
and an exponential pattern when plotting the clade prior probabilities
(based on Pickett and Randle 2005; Brandley et al. 2009). Fittings were
performed using a quantile regression, which does not require the data to
be homoscedastic (Cade and Noon 2003). Curves were fitted to the
graphs, and the significance of the fitting and the proportion of explained
variance (R%) were calculated using the package quantreg for the software

R. The proportion of explained variance was interpreted as another mea-
sure of the strength of the effect.

Evaluating the relationship between the clade size effect and
other parameters

To analyse the hypotheses proposed by previous authors about the influ-
ence of homoplasy in the clade size effect, we tested the relationship
between the CDI and the D statistic from the 2DKS test, with the amount
of homoplasy measured with the Consistency Index (CIL; Kluge and Farris
1969; Goloboff 1991a) using the Spearman’s correlation index (Zar
1984). We also explored the correlation between the CDI and D with the
following parameters: number of taxa and characters (an expression of the
size of the tree and data set), number of nodes of the strict consensus tree
(tree size and resolution), asymmetry of the strict consensus tree (tree
shape; measured following Prevosti and Chemisquy 2009), mean support
number of the strict consensus tree (a proxy of the phylogenetic signal of
the data set) and cladistic decisiveness of the matrix (Goloboff 1991a)
(Appendix 1). The significance of the correlations was tested using a ran-
domization test resampling the CDI or the D values 10 000 times. The
cladistic decisiveness of data is the degree to which the possible dicho-
tomic trees differ in length (Goloboff 1991a,b), being 0 when all the pos-
sible resolved trees have the same length and increasing when the trees
differ more in length (Goloboff 1991b). Cladistic decisiveness is inver-
sely related to the homoplasy of the matrix (Goloboff 1991b) and was cal-
culated using the equation for DD (from data decisiveness) published by
Goloboff (1991a) implemented on a script designed for TNT by
P. Goloboff (available from the authors of this contribution). We also
analysed the effect of the type of data (i.e. molecular or morphological)
on the clade size effect performing the Student’s #-test with the CDI or the
D values. All the statistical analyses were performed with the software R.

Finally, we tested the hypothesis of the relationship between the distri-
bution of the signal of a character on the tree and the clade size effect
(Brandley et al. 2006). If the hypothesis is correct, we expect a ‘U’ distri-
bution in the spreading of the synapomorphies versus the clade size,
where larger and smaller clades have higher numbers of synapomorphies.
For doing so, we obtained the number of synapomorphies of each node
of one randomly chosen most parsimonious tree. Then, we analysed
whether there was an association between the number of synapomorphies
and the size of each node using the 2DKS test. We also analysed the
relationship between both variables in a qualitative way using bivariate
plots and fitting a quadric pattern of distribution.

The statistical significance of the p value was determined, in all the
analyses, using a p-plot and a sharpened Bonferroni method (Garcia
2004). We considered each measure of group support and each statistic
as a different family of tests.

Results
Relationship between priors, clade size and clade support

For most of the data sets, the CDI and the 2DKS test showed a
similar pattern. The 2DKS test was significant for four data sets
of the 50 in the Br, 14 data sets in the GC and 16 in the SR
(Table 1). Of the 47 data sets for which clade prior probabilities
were obtained, two had a significant CDI in the Br, nine had in
the GC, and eight had in the SR (Table 1). The CDIs of the
matrices that showed a significant relationship ranged between
0.08 and 0.4. Six of the 47 matrices had negative CDIs in the
GC and the SR, but the values were never higher than —0.05,
while for the Br, 16 matrices had negative CDIs reaching values
of —0.14 (Table 1). SR and GC showed similar values of CDI in
most of the data sets, but the relationship between the CDIs of
Br and the resampling measures of support was not constant,
being sometimes higher, sometimes lower and sometimes nega-
tive when GC and SR had positive values (Fig. 1).

When plotting clade support against clade size, results were
ambiguous. The U-shaped pattern was not found, and some plots
had dots evenly distributed throughout the graphic (even plots of
data sets with high levels of significance in the 2DKS test;
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Figure 1. Clade Disparity Indexes (CDIs) of the 47 empirical data sets described in Table 1. Br, Bremer support; SR, symmetric resampling expressed
in absolute frequencies; CG, SR expressed in frequency differences. The numbers of the x-axis correspond to the number that each matrix has in the

Table 1

and frequency differences). Maximum observed CDI values were
quite elevated, reaching almost 0.4 in the GC and Br and 0.33 in
the SR. However, for each branch support measure, only six
matrices had CDI values over 0.2, and the median was of ~0.07
for SR and GC and 0.039 for Br. This means that although the
clade size effect affects the performance of the clade support
measures, the strength of the effect (measured both with the fig-
ures and with the number of statistically significant CDIs) is not
really high. It is noteworthy that while only six matrices had a
negative CDI for the GC and the SR (and never lower than
—0.066), 14 matrices had a negative CDI calculated with the
Bremer support, even reaching —0.24. These results imply that
in Br, there is a tendency to have the inverse effect (i.e. having
higher values of support in the middle-sized clades). Only one of
these matrices with negative CDIs was significant with the ran-
domization test. Results with the 2DKS show the same tendency,
but the number of matrices with a significant relationship
between clade support and its size was larger (8% for BR, 28%
for GC and 32% for SR). The larger number of matrices that
were statistically significant in the 2DKS could be due to the test
itself and not to the use of the node size or the clade prior proba-
bilities, because the analysis of the node support versus the clade
prior probabilities with the 2DKS showed similar results than the
node size analyses (data not shown).

We found that the number of matrices with significant p val-
ues is lower (20% versus 31%) than the number found by Brand-
ley et al. (2009). However, if we employ Bonferroni correction
in the same way as Brandley et al. (2009) did, we have the same
percentage of statistically significant matrices. Nonetheless, the
number of matrices with CDI values over 0.2 is similar in both
analyses (13% versus 16%) as well as the maximum value (0.32
in Brandley et al.’s work). Moreover, the Student’s 7-test was not
significant between the results presented here and the results
from Brandley et al. (2009) (r = 0.5691, p = 0.571 with SR;
t = 0.7332, p = 0.4657 with GC). It is important to mention that
Brandley et al. (2009) calculated the branch supports using
PAUP, which uses a majority rule consensus tree instead of a
strict consensus tree for estimating the branch support values
(Davis et al. 1998; Grandcolas 2004; Simmons and Freudenstein
2011). Although the use of the majority rule consensus tree over-
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estimates the branch support and could be one of the causes of
the clade size effect (Simmons and Freudenstein 2011), we
obtained similar results calculating the branch supports using the
strict consensus tree (at least for resampling measures of sup-
port), implying that there are other factors causing this effect.

When contrasting our results with Brandley et al.’s (2009)
results for maximum likelihood (ML), a similar pattern to the
one described above was observed, because our results had a
lower number of matrices with significant p values (20% versus
37%; again, the numbers become similar when correcting our
results differently), and the maximum CDI remained similar to
the one we obtained with the absolute frequencies of the sym-
metric resampling support (0.33 versus 0.31). For the ML results,
the percentage of matrices with CDI values over 0.2 was only
8% (versus 13% for the MP results); however, this difference
was not significant when comparing the CDI values of both anal-
yses with a Student’s #-test (r = 0.6469, p = 0.5195 with SR and
t = 0.8252, p = 0.4117 with GC).

The comparison with the Bayesian posterior probabilities (PP)
showed different results, because only 16% of the matrices had
significant p values, and most importantly, the highest CDI only
reached 0.092. These results confirm the hypothesis proposed by
Brandley et al. (2009) that Bayesian posterior probabilities are
less affected by the clade size effect than the MP resampling
measures of support, because the difference in the CDI values
between PP, SR and GC was highly significant when compared
with a Student’s #-test (r = 4.6888, p = 0.000012 and ¢ = 4.8914,
p = 0.0000056, respectively).

A similar result led Brandley et al. (2009) to conclude that
MP bootstrapping has a poor performance, and it is highly
affected by clade size, encouraging researchers to prefer Bayes-
ian posterior probabilities. They also stated that the increased
magnitude of the effect is related to the lack of capacity of MP
to deal appropriately with homoplasy. However, our results
obtained with Bremer support are as good as Bayesian PP
results, having fewer matrices with significant p values (5% for
Br versus 16% for PP), and non-significant differences on the
CDI values (r = 1.7181, p = 0.09036). Moreover, the same ten-
dency to have the reverse effect in 26% of the matrices reported
by Brandley et al. (2009) is similar to our results from Bremer
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Figure 2. Distribution of measures of nodal support plotted against prior clade probability or node size for the following data sets: (a) and (b) Leschen
and Buckley (2007), (c) Garey et al. (1996), (d) Berbee and Taylor (2001), (e) and (f) Lipscomb (1989). Lines indicate exponential or quadric fitting
estimated using quantile regression. Br, Bremer support; SR, symmetric resampling expressed in absolute frequencies; CG, SR expressed in frequency
differences. Node support values were rescaled to a 0—1 scale. Plots were chosen to show different examples of distribution and fitting. See Discussion

for more details

support. In conclusion, the poor performance of MP bootstrap
has nothing to do with the method used to infer the phylogeny,
but with the method used to obtain the branch support values
(i.e. a resampling method).

Possible causes of the clade size effect

Our results indicate that homoplasy, the number of characters,
the mean support and the data decisiveness might be responsible
for the clade size effect in the resampling measures of support.
This is interesting because these four factors are connected. For
example, an increase in the number of characters (and taxa) leads
to higher levels of homoplasy (i.e. there is an inverse relationship

between the number of characters and taxa with the CI, because
higher values of CI imply less homoplasy; see Archie 1989,
1996; Sanderson and Donoghue 1996), while more homoplasy
is related to lower values of support (i.e. there is a positive
correlation between CI and mean support; e.g. Sanderson and
Donoghue 1996; Prevosti and Chemisquy 2010). Although deci-
siveness is not a function of the amount of homoplasy on a data
set and it is not directly related to the CI (Goloboff 1991a), the
same author reported that when the CI is higher than 0.5, there
is a positive relationship between CI and DD. With this data set,
we found a positive correlation between the data decisiveness
and the CI (Spearman’s » = 0.65, p < 0.00001), something that
could be interpreted as a relationship between both parameters.
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Figure 3. Boxplot of the CDIs discriminated by type of data (molecular
or morphological). (a) Bremer support; (b) symmetric resampling
expressed in absolute frequencies; (c) symmetric resampling expressed in
frequency differences

Consequently, more homoplasy probably leads to less mean sup-
port and data decisiveness. The correlation of these variables
with the CDI agrees with previous interpretations about the cau-
sal role of the homoplasy in the size clade effect (Pickett and
Randle 2005; Brandley et al. 2009).

The relationship between homoplasy and the clade size effect
can also be seen in the differences between molecular and mor-
phological data sets. It is widely known that morphological data
sets have higher levels of homoplasy than molecular matrices
(e.g. Sanderson and Donoghue 1996; Givnish and Sytsma 1997a,
b) and that is also true for the matrices included in the present
study (Fig. 4a; Student’s r-test r = 5.664, p = 0.000001). This
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difference in the levels of homoplasy is translated in higher CDIs
for the morphological matrices and more morphological data sets
with a significant relationship between nodes or clade prior prob-
abilities and clade support (Fig. 4b—d; Table 1).

The question that arises is why homoplasy is particularly prob-
lematic for resampling measures of support? The answer lies in
the way in which each measure of branch support is calculated.
Posterior probabilities are calculated using the trees sampled in
the MCMC chains (Huelsenbeck and Ronquist 2005), while Bre-
mer support is based on suboptimal trees (Bremer 1994), but
none of them alter the data matrix during support calculation.
Conversely, resampling techniques modify the matrix in different
ways to explore the stability of the nodes obtained in the original
optimal trees (Felsenstein 1985; Farris et al. 1996). The modifi-
cation of the matrix during its resampling may cause the appear-
ance of a secondary signal and noise (Brochu 1999; Wenzel and
Siddall 1999) that modifies the resampled tree, and in this con-
text, the homoplasy could originate new contradictory clades that
are not present in optimal and suboptimal trees obtained from
the non-modified matrix. The number of these contradictory
groups probably increases with the homoplasy, which is expected
due to the negative relationship between mean support and
homoplasy (Archie 1989, 1996; Sanderson and Donoghue 1996;
Prevosti and Chemisquy 2010; this study).

Medium-sized clades have larger probabilities of being con-
tradicted. Take as an example a fully pectinate tree of n = 10
taxa (Fig. 5a); the odds of breaking a clade of T taxa could be
given by the Equation

[H?:z 2i - 3] — [lezz 2i— 3] [H?:T—H 2i 2T — 1}
[H?:z 2i— 3]

(1)

which represents the number of possible rearrangements of the
whole tree minus the rearrangements that do not compromise the
monophyly of the clade i of n taxa (inside or outside the clade
i). When plotting the chances of breaking a clade calculated
using Equation 1, versus its size, we obtained a pattern inverse
from the clade size effect pattern (Fig. 5b). The presence of more
homoplasy could generate random contradictory clades, which
will impact harder on medium-sized clades due to the higher
probabilities given by Equation 1. If all the trees obtained from
the resampled matrices (during the branch support calculation)
were random trees, a perfect fit to the clade size effect would be
obtained (such as Fig 1, Pickett and Randle 2005). This is diffi-
cult to obtain with real data sets, because the matrices retain
some phylogenetic signal after the resampling, making the effect
softer. However, as Brandley et al. (2009) suggested, when
obtaining resampled measures of support, the presence of homo-
plasy during the random modification of the matrices could gen-
erate some amount of random or ‘near random’ trees, causing a
significant (but not very strong) clade size effect. This is the case
of the data sets analysed in this contribution.

A similar explanation was proposed by Goloboff and Pol
(2005) to account for inconsistent estimations of Bayesian poster-
ior probabilities and incorrect estimations of monophyly provided
by Bayesian analyses. The authors also mentioned that some-
thing similar could be affecting bootstrap values estimated using
PAUP* because of the implementation of the bootstrapping and
jackknifing in that software. However, the authors did not deal
with the clade size effect, nor with problems associated with
branch support estimated using other softwares.

Wenzel and Siddall (1999) found a pattern similar to the clade
size effect between clade size and a measure of stability (mojo
values) when including random signal (e.g. random characters
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Table 2. Results from the correlation test of CDI and D against different parameters

nChar CI Imbalance Mean support nNodes DD

nTax

0.016

—0.2083
—0.4492
—0.4459
—0.1359
—0.2621
—0.3602

0.1

—0.0002

0.0608

—0.0787
—0.5606
—0.6617
—0.0757
—0.4824
—0.541

0.0646
0.0679
0.0559
0.0613
0.0773
0.0545

—0.0638
—0.0643
—0.0844
—0.0717
—0.0427
—0.0849

0.0113

—0.2442
—0.5745
—0.6152
—0.0933
—0.3645
—0.3943

0.0473
0.0006
0.0001
0.0772

—0.1087
—0.4076
—0.4399
—0.0387
—0.4326
—0.4943

0.0822
0.0185
0.0059
0.0371
0.0944
0.0977

—0.0368

CDI Br

0.0003

0.0173
0.0074
0.048

0.1993
0.2521
—0.1051

0.00001

0.00001

0.1941
0.2685
—0.1281
—0.0105

CDI GC

0.00001
0.0366
0.007

0.00001
0.0601

0.00001
0.0501
0.0007
0.0005

CDI SR
D Br

0.0901
0.0752

0.0173
—0.0482

0.00001

0.00001

D GC
D SR

0.0016

0.00001

0.00001

0.0034

nTax, number of taxa; nChar, number of characters; CI, Consistency Index; nNodes, number of nodes of the strict consensus tree; DD, data decisiveness; CDI, Clade Disparity Index; D, statistical from the

2DKS; Br, Bremer support; SR, symmetric resampling expressed in absolute frequencies; CG, SR expressed in frequency differences.

Significant results are in bold.

and/or states) in a data set. Wenzel and Siddall’s results agree
with our interpretation of the causes of the clade size effect,
because similar to resampling measures of support, what they did
was perturb matrices, although they did it using random signal.

This problem is not expected, at least not in the same degree,
with the Bayesian posterior probabilities and Bremer support,
because they do not depend on randomly modified matrices.
Brandley et al. (2009) proposed something similar when men-
tioning that homoplasy could cause the inclusion of randomly
resolved trees during the resampling, and that could be one of
the reasons of the clade size effect. However, we must mention
that some contriving examples could be generated to show that
posterior probabilities are also susceptible to the clade size effect
(Goloboff and Pol 2005; Pickett and Randle 2005).

Another hypothesized cause for the clade size effect was the
taxon sampling strategy, of which the outgroup taxa (i.e. the lar-
ger nodes) are distant from the ingroup, while the smaller nodes
group specimens of the same species (Brandley et al. 2006). This
could concentrate the character signal in the terminal and in the
most basal nodes. If this was the case, we would have expected
to find the synapomorphies more concentrated in the larger and
smaller clades, but our analyses did not find any support for this
statement. Moreover, this particular taxon sampling is more com-
mon in phylogenies of living taxa, especially in molecular stud-
ies. The presence of a stronger CDI bias in morphological
matrices does not agree with this hypothesis either. Related to
this, one of the reviewers pointed out that in phylogenetic analy-
ses that include fossils, the incompleteness of the fossil record
could be causing smaller nodes to be more supported than mid-
sized clades due to the accumulation of derivate states (see also
Sidor and Hopson 1998). Although this need to be tested with a
larger sample of matrices, the five paleontological data sets
included in this analysis did not describe a different pattern from
other morphological matrices with only extant taxa (see matrices
Gaudin 2004, Gasparini et al. 2006, Leschen and Buckley 2007,
O’Leary et al. 2004 and Wills et al. 1998 in Table 1).

Does the clade size effect really affect our daily analyses?

Brandley et al. (2009) stated that the poor performance of MP
bootstrapping should concern the researchers, while researchers
using likelihood-based methods should not worry. As said
before, the results presented here using resampling measures of
support are not different from the results obtained by Brandley
et al. (2009) using ML bootstrapping. But going further on the
analyses and despite what the statistical analyses might say to us,
the actual impact of the clade size effect may not be so dramatic.

When plotting the clade support versus the clade size (raw
number or the log;o of the clade prior probabilities), it becomes
evident that the effect is not as strong as the CDI or the 2DKS
test might suggest. Take as an example the data set of Leschen
and Buckley (2007), which has a relatively high CDI with the
SR (0.3, p = 0.0005) and a significant relationship between SR
and clade size measured with the 2DKS (D = 0.176;
p = 0.0002). Although the bivariate plot of the clade size versus
the SR had a significant quadric fitting, the R* was only 0.42
(Table 3). A graphical analysis of the plot showed that the small-
est nodes have a wide range of support values, and while the
largest node has a higher branch support value than the middle-
sized ones, the branch support value of this node is low (less
than 40%; Fig. 2a). Although the bivariate plot of the clade prior
probabilities versus the SR showed a tendency to have highest
support values on the nodes with the highest priors, there is a
wide dispersion of the data on that part of the graph (Fig. 2b),
and again, the R* was low (0.43; Table 3). Another good exam-
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Figure 4. Distribution of the number of synapomorphies plotted against node size for the following data sets: (a) Dohrmann et al. (2008), (b) de Jong
et al. (1996), (c) Chemisquy and Morrone (2012), (d) Brown et al. (2008)
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Figure 5. Chances of breaking a clade according to Equation 1. (a) Model tree, (b) possibility of breaking a clade plotted against node size

ple is the data set of Garvey et al. (1998) that has a significant
CDI of 0.14 with the GC, and the plot of the GC versus the
clade size is not much different from the plot of Berbee and Tay-
lor (2001) that has a low, not significant CDI (0.08, p = 0.05;
Fig. 2c and d). In this case, none of the plots showed a signifi-
cant fitting (Table 3).

The implications of the results discussed above are clear.
Although the clade size effect exists and it has a moderate influ-
ence on the resampling measures of support, the actual outcome
of the effect is not as strong as expected according to the signifi-
cance of statistical analyses. The bivariate plots of the clade sup-
port versus its size clearly show that small-sized clades have a
wide range of support values, and the same is also true for other
sizes of clades. This is also evident by the lack of fitting of the
graph to a quadric or exponential function, where the best fits
had a proportion of explained variance of 0.46 and 0.48, respec-
tively, for the matrix of Lipscomb et al. (1989) (Fig. 2 e,f;

J Zoolog Syst Evol Res (2013) 51(4), 260-273
© 2013 Blackwell Verlag GmbH

Table 3). We believe that we can still rely on the results of our
maximum parsimony analyses and on the node support values
obtained for our cladograms. But, if researchers are concerned
by the clade size effect, they can use the Bremer support or the
Bayesian posterior probabilities, which are almost not affected
by it. In the case of concern of the bias in a particular node, it is
possible to compare the values from resampling measures of sup-
port and Bremer support or Bayesian posterior probabilities.
Another possibility is to analyse the number of uncontradicted
synapomorphies of the node, at least in the case of maximum
parsimony.

Conclusions

We corroborated the presence of the clade size effect in a small
proportion of the matrices analysed (less than 25%). When
branch support was calculated using Bremer support, the bias
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Table 3. Quadric or exponential fitting of the branch support values to the node size or the prior clade probabilities respectively estimated using quan-

tile regression

GC SR Bremer
Study R* exponential R? quadric R* exponential R? quadric R? exponential R* quadric
Aliscioni et al. (2003) 0.0071 0.0116 0.0078 0.0116 0.0096 0.0068
Anderson et al. (2004) 0.2384 0.379 0.2397 0.379 0.036 0.007
Armbruster (2004) 0.2117 0.2924 0.1585 0.2924 0.0036 0.0798
Baker et al. (2000) 0.1693 0.267 0.1891 0.267 0.0081 0.0034
Barkworth et al. (2008) 0.1252 0.111 0.1228 0.111 0.0231 0.0086
Barns et al. (1996) 0.0095 0.0142 0.0177 0.0142 0.0529 0.0066
Bell and Donoghue (2003) 0.0362 0.0409 0.0293 0.041 0.0151 0.0164
Berbee and Taylor (2001) 0.0581 0.071 0.0852 0.071 0.0054 0.0006
Whitten et al. (2007) 0.0365 0.0322 0.0412 0.0322 0.0443 0.0334
Brown et al. (2008) 0.3576 0.3098 0.3105 0.3098 0.1402 0.1143
Cabrero-Sanudo (2007) 0.4118 0.4009 0.3984 0.401 0.0336 0.0364
Jaramillo et al. (2008) 0.0364 0.0364 0.0014
Chemisquy and Morrone (2010) 0.0025 0.002 0.0034 0.0006 0.0977 0.125
Chemisquy and Morrone (2012) 0.0195 0.0024 0.0101 0.0036 0.0009 0.0498
Chemisquy et al. (2010) 0.0008 0.0108 0.0008 0.0044 0.0133 0.0053
de Jong et al. (1996) 0.1004 0.1086 0.1051 0.1255 0.1068 0.1067
Des Marais et al. (2003) 0.0613 0.1059 0.0628 0.0647 0.0506 0.049
Dohrmann et al. (2008) 0.0229 0.1602 0.0105 0.1614 0.0285 0.0396
Edwards et al. (2005) 0.2126 0.2699 0.1658 0.2062 0.0492 0.2383
Freitas and Brown (2004) 0.0429 0.0529 0.0581 0.0715 0.0282 0.0058
Garey et al. (1996) 0.184 0.1622 0.1837 0.1617 0.1637 0.1253
Gasparini et al. (2006) 0.2925 0.2895 0.2486 0.2281 0.0276 0.0034
Gaudin (2004) 0.1645 0.2361 0.1915 0.2681 0.000001 0.0226
Grant et al. (2006) 0.1151 0.2301 0.2006 0.3351 0.0344 0.0338
Ilves and Taylor (2008) 0.1583 0.0047 0.1892 0.000002 0.0193 0.199
James (2004) 0.0161 0.0843 0.0334 0.1509 0.000001 0.0073
Jordan et al. (2003) 0.013 0.0126 0.0167 0.0172 0.0137 0.0034
Kaila (2004) 0.2698 0.3494 0.003
Kelch and Baldwin (2003) 0.1224 0.1651 0.1937 0.2399 0.1142 0.122
Komarek and Beutel (2007) 0.0321 0.0383 0.0449 0.0398 0.000001 0.00001
Leschen and Buckley (2007) 0.4520 0.4433 0.4299 0.4226 0.0024 0.00001
Lindgren et al. (2004) 0.0308 0.0281 0.0006 0.00007 0.0661 0.0727
Lipscomb (1989) 0.4705 0.4355 0.4838 0.456 0.0151 0.0545
Mori et al. (2007) 0.2266 0.2474 0.2073 0.2246 0.0184 0.0198
Nihei and Barros de Carvalhlo (2007) 0.2015 0.1858 0.2036 0.1765 0.0001 0.0101
O’Leary et al. (2004) 0.0723 0.1065 0.0711 0.1381 0.0494 0.1401
O’Leary et al. (2009) 0.0054 0.0462 0.0069 0.0486 0.0384 0.0828
Pitts et al. (2006) 0.2889 0.2986 0.3457 0.3514 0.0006 0.061
Pramuk (2006) 0.2882 0.2817 0.3691 0.3757 0.0428 0.0767
Prevosti (2010) 0.0071 0.1514 0.0071 0.1417 0.0033 0.044
Reinert et al. (2004) 0.2061 0.3256 0.3049 0.4278 0.0279 0.0479
Rokas et al. (2003) 0.0786 0.4092 0.0241 0.4343 0.0241 0.0193
Shivonen (2005) 0.2731 0.2866 0.3058 0.2997 0.0131 0.1719
Sikes et al. (2008) 0.2067 0.1964 0.2345 0.234 0.1281 0.0183
Swenson and Anderberg (2005) 0.3204 0.29 0.4224 0.39 0.1438 0.12
Wanntorp et al. (2006) 0.0046 0.0124 0.0048 0.0329 0.0191 0.1343
Weisrock et al. (2006) 0.0626 0.0641 0.0778 0.082 0.0761 0.0583
Wills et al. (1998) 0.2552 0.2255 0.2614 0.2383 0.0021 0.089
Wu et al. (2001) 0.1877 0.1669 0.1669 0.1507 0.0285 0.0374
Yen et al. (2005) 0.1933 0.2542 0.0269

Br, Bremer support; SR, symmetric resampling expressed in absolute frequencies; CG, SR expressed in frequency differences.

Numbers in bold indicate statistically significant fittings.

was lower (fewer matrices with a statistical significant bias and
lower values of CDI).

Our results using symmetric resampling are similar to the
results previously found by Pickett and Randle (2005) and
Brandley et al. (2009) using bootstrap and jackknife under maxi-
mum parsimony and maximum likelihood. The bias was signifi-
cantly stronger for symmetric resampling than for Bayesian
posterior probabilities, while Bremer support presented a better
performance (although not statistically different from Bayesian
posterior probabilities).

Contrary to what was proposed by Brandley et al. (2009), the
problem is not on the method used for phylogenetic reconstruc-

tion (i.e. maximum parsimony), but on the resampling measures
of branch support. Homoplasy is in part responsible for the bias,
because more homoplasy increases the number of random or near
random trees obtained during the resampling of the data sets. If
we add the higher chance that medium-sized clades have of
being contradicted, the clade size effect appears, affecting med-
ium-sized clades during the perturbation of the original matrix
for the calculation of the branch support. This explains why
resampling measures of support have considerably higher values
of CDI, as well as more matrices with statistically significant
CDIs than Bremer support and Bayesian posterior probabilities.
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Finally, qualitative analyses showed that although the effect
does exist, it is not as strong as expected by the results of the
statistical analyses. The plotting of the branch support values
versus the node size (and clade prior probabilities) revealed that
the fit of the data to the expected pattern was not good, implying
that although the statistical analyses show that the effect exists,
the intensity of the effect is low (or moderate, in a few cases).
Consequently, we can still rely on the results of our branch sup-
port analyses, even the resampling ones.
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Additional Supporting Information may be found in the online

Supporting Information
version of this article:

Table S1. Quadric function regressions of the number of syna-
pomorphies on the node size. None of the matrices was statisti-

cally significant after the Bonferroni adjustment.
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