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The Mantel test, based on comparisons of distance matrices, is commonly employed in comparative biology, but its statistical

properties in this context are unknown. Here, we evaluate the performance of the Mantel test for two applications in comparative

biology: testing for phylogenetic signal, and testing for an evolutionary correlation between two characters. We find that the

Mantel test has poor performance compared to alternative methods, including low power and, under some circumstances, inflated

type-I error. We identify a remedy for the inflated type-I error of three-way Mantel tests using phylogenetic permutations; however,

this test still has considerably lower power than independent contrasts. We recommend that use of the Mantel test should be

restricted to cases in which data can only be expressed as pairwise distances among taxa.
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A wide variety of methods are now available for testing compara-

tive hypotheses. One method with a long history of use and a broad

range of potential applications is the Mantel test (Mantel 1967).

Here, we consider the application of this test to two fundamental

questions in comparative biology: (1) Does a trait exhibit “phylo-

genetic signal” (i.e., are related taxa more similar than expected

by random chance; Cubo et al. 2005; Davis 2005; Alexander et al.

2006; Böhning-Gaese et al. 2006; Clabaut et al. 2007)?, and (2)

Are two or more characters correlated after controlling for phy-

logenetic relatedness (Guill et al. 2003; Ossi and Kamilar 2006;

Sanders et al. 2006; Cofre et al. 2007)? In both cases, the Mantel

test is one of several methods available to comparative biologists.

For this reason, it is important to assess its statistical performance

relative to these alternatives. We use a series of simulations to

show that the Mantel test is generally inferior to two alterna-

tives, Blomberg’s K-statistic for tests of phylogenetic signal and

phylogenetic independent contrasts (PIC) for tests of character

correlations.

The standard Mantel test asks whether two matrices of pair-

wise distance data are correlated (Mantel 1967). To implement

this test, one first computes a test statistic (z) expressing the de-

gree of correlation between the original data matrices. One must

then determine whether this test statistic permits rejection of the

null hypothesis that the observed correlation is no greater than ex-

pected by chance. Because the elements in a distance matrix are

not independent from one another, the required null distribution

must be generated by randomly reshuffling one of the original data

matrices. To maintain the properties of these distance matrices,

rows and columns are shuffled together; for example, if rows one

and four are swapped, columns one and four are also exchanged.

Normally, rows and columns are reshuffled such that each permu-

tation is equally likely; this assumes that the original observations

are independent from each other. The z values obtained from each

permutation represent the null distribution. If the two original

matrices are significantly correlated, we expect their z value to

be significantly more extreme than the distribution of z values
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obtained by matrix permutation. This basic version of the Mantel

test is used to assess phylogenetic signal by asking whether a ma-

trix of pairwise differences between trait values is correlated with

a matrix of phylogenetic distances (typically obtained by calcu-

lating patristic distances, the sum of branch lengths separating

pairs of species, across a molecular phylogeny; Cubo et al. 2005;

Davis 2005; Alexander et al. 2006; Böhning-Gaese et al. 2006;

Clabaut et al. 2007). From a phylogenetic perspective, simple

permutations of the phylogenetic distance matrix are analogous

to reshuffling taxon labels on a fixed topology. If phylogenetic

signal is strong, we expect a strong correlation between matri-

ces, indicating that those species separated by relatively shorter

phylogenetic distances also tend to be those that exhibit the least

character divergence.

Tests of character correlation rely on a variant of the standard

Mantel test known as the partial Mantel test (Smouse et al. 1986).

This test involves three matrices and asks whether two of these

(representing pairwise distances for two characters of interest)

are significantly correlated while holding a third (phylogenetic

distances) constant. The original version of this method worked

by finding residuals from linear regressions of each of the first

two matrices from the third, and carrying out a Mantel test on

these residual distance matrices (Smouse et al. 1986). Legendre

(2000), however, showed that this permutation procedure had poor

statistical properties, and suggested permuting the residuals of a

null model as long as sample size is greater than 10.

In spite of its popularity, the Mantel test sometimes suffers

from low power (i.e., high probability of a type-II error, or not

detecting an effect when it is present) and high type-I error (i.e.,

erroneous rejection of a true null hypothesis) relative to alternative

methods (Lapointe and Legendre 1995; Oberrath and Bohning-

Gaese 2001; Nunn et al. 2006). Although both of these problems

are well established by previous criticisms of the Mantel test,

there are reasons to believe that their impact will be particularly

profound in the case of phylogenetic applications (Lapointe and

Legendre 1995). The behavior of the Mantel test is due to two

aspects of the test. First, data are converted to pairwise distances,

so that single values in the original data can have a cascading effect

on matrix values (see Dutilleul et al. 2000). Second, matrix rows

and columns are permuted as if all datapoints were independent,

an assumption that is violated in many cases (see Raufaste and

Rousset 2001).

Although relatively low power appears to be a general fea-

ture of the Mantel test (Legendre 2000), this problem may be

unavoidable when analyzing the type of data the Mantel test was

originally designed to deal with—namely, data that can only be

expressed as pairwise distances (e.g., geographic distances be-

tween populations). In many phylogenetic comparative analyses,

however, data that need not be expressed as pairwise distances are

often converted into such measures for the purpose of conducting

Mantel tests (e.g., Alexander et al. 2006; Böhning-Gaese et al.

2006; Ossi and Kamilar 2006; Cofre et al. 2007). We are specifi-

cally interested in testing the hypothesis that this practice results

in reduced power relative to alternative methods that deal with

the data more directly. We test this hypothesis by comparing the

performance of the Mantel test to alternative methods of testing

phylogenetic signal and character correlation that rely on the use

of independent contrasts (ICs).

Relatively high type-I error in the partial Mantel test is

another frequently discussed problem (Oden and Sokal 1992;

Lapointe and Legendre 1995; Raufaste and Rousset 2001; but see

Castellano and Balletto 2002; Rousset 2002; Nunn et al. 2006).

In the case of phylogenetic comparative analyses, this error may

stem from autocorrelation of matrix elements due to underly-

ing phylogenetic structure (Oden and Sokal 1992; Lapointe and

Legendre 1995). To test the hypothesis that phylogenetic noninde-

pendence leads to type-I error in partial Mantel tests, we compare

this method to the method for phylogenetically informed permu-

tation introduced by Lapointe and Garland (2001).

To test both of the hypotheses discussed above, we assess the

power and type-I error of the Mantel test relative to alternative

methods for testing phylogenetic signal and character correlation

by conducting simulations in the R framework for statistical com-

puting (R Core Development Team 2009); source code for novel

calculations are provided as Supporting information.

Methods and Results
TESTING PHYLOGENETIC SIGNAL

A number of alternatives to the Mantel test are widely used to mea-

sure phylogenetic signal (the statistical nonindependence among

species trait values due to their phylogenetic relatedness; for dis-

cussion of the use of this term, see Revell et al. 2008). We focus

on methods using Blomberg et al.’s (2003) K value because they

are among the best studied. The K test compares the distribution

of ICs, which represent phylogenetically structured comparisons

among sets of related species (Felsenstein 1985), to that expected

under a Brownian motion model of trait evolution. To test for

phylogenetic signal, one must first calculate the K-statistic from

the original data, which is the variance of ICs divided by its ex-

pectation under a Brownian motion model. The value of K is then

compared to a null distribution obtained by randomly assigning

traits to the tips in the phylogenetic tree. Unlike the Mantel test,

data are not converted into pairwise distances to calculate K.

To compare the power of the Mantel test to that of the K

statistic, we used a three-step analysis. First, we grew phyloge-

netic trees of varying sizes (n = 5, 10, 15, 20, 25, 30, 35, 40, 45,

and 50 tips) under a pure-birth model with a birth rate of 0.1 using

the R package GEIGER (Harmon et al. 2008). Phylogenies grown
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to a fixed size end in a speciation event, resulting in two zero-

length tip branches that cause problems in comparative analyses

and are not representative of real trees. To correct this problem,

we grew phylogenies to the desired size, then drew an additional

waiting time based on the number of taxa in the tree and the birth

rate, and added this amount to each tip branch in the tree. Second,

we simulated character evolution across each phylogeny under

three models: a nonphylogenetic model in which trait values

were drawn independently from a normal distribution with unit

variance; a Brownian motion model with a rate parameter σ2 =
1.0; and an Ornstein–Uhlenbeck (OU) model, which is similar to

Brownian motion but also has a tendency for characters to change

toward some particular optimum (see Hansen 1997; Butler and

King 2004). The OU model has one parameter, α, that governs the

strength of this pull toward the optimum; stronger α means that

trait values will be nearer the optimum and show less phylogenetic

signal (Blomberg et al. 2003). Importantly, traits evolving under

an OU model will share some degree of similarity with closely

related species, but that similarity will decay more quickly than

in a Brownian motion model as they evolve away from their

common ancestor. Third, we tested for phylogenetic signal in

each simulated dataset with the standard Mantel test and K.

To obtain the two distance matrices required by the Mantel

test, we used squared Euclidean distances between species for the

evolved trait and patristic distances between species on the phy-

logeny. We squared Euclidean distances because these values are

expected to increase linearly with time under a Brownian motion

model. We assessed the significance of correlations between these

matrices via 1000 permutations using standard Mantel permuta-

tions implemented in R (scripts provided as Supporting informa-

tion). We calculated values of Blomberg et al.’s K statistic and

assessed their significance using permutations with the R package

Picante (Kembel et al. 2009).

To assess type-I error in tests of phylogenetic signal for

Mantel tests and the K statistic, we used simulations with no

phylogenetic signal (i.e., by drawing independent random num-

bers from a normal distribution with variance = 1.0). Here, a

significant result indicates type-I error. In this case, the Mantel

test has appropriately low levels of type-I error (<5% at α =
0.05; Fig. 1C). We also calculated power as the proportion of

the time that actual phylogenetic signal in the simulations was

detected. Results from our Brownian motion simulations show

that Mantel tests have substantially less power to detect phylo-

genetic signal than the K statistic over a range of phylogenetic

tree sizes (Fig. 1A). When data are simulated under an Ornstein–

Uhlenbeck model, the K statistic again has higher power to detect

phylogenetic signal than the Mantel test (Fig. 1B).

TESTING CHARACTER CORRELATION

We addressed the relative performance of the Mantel test in anal-

yses of character correlation in a phylogenetic context by compar-

ing this method to ICs, the longest standing and most widely used

method for testing correlations among characters (Felsenstein

1985). Importantly, results from ICs are identical to results using

phylogenetic generalized least squares (PGLS) under the assump-

tion of a Brownian motion model of evolution (Grafen 1989).

We carry out two versions of the partial Mantel test for phy-

logenetic signal. For both, we calculate the Mantel test statistic (z)

and compare it to a null distribution based on permutations. The

two versions of the Mantel test we employ differ in how they per-

mute rows and columns: (1) randomly, as in standard (S) Mantel

tests, or (2) or using the method for phylogenetic permutation

(PP) described by Lapointe and Garland (2001). The latter ex-

changes elements in the matrix according to the amount of branch

length separating them in the phylogeny; closely related species

are more likely to exchange places than more distantly related

species. The method requires setting one parameter, k (note that

this is distinct from Blomberg et al’s [2003] K statistic), to de-

termine the weighting given to these permutation probabilities. k

can range from 1 to ∞. As k gets larger, the model converges to

equally likely permutations. We use k = 1 in all tests described

here. Other values of k give similar results, although the PP test

Figure 1. Statistical power (A & B) (1 – type II error) and type-I error (C) for tests of phylogenetic signal using the standard Mantel test

(dotted line) and Blomberg et al.’s K statistic (solid line). In each case, 1000 simulated datasets were analyzed for a range of tree sizes (in

A and C) or for trees with 25 taxa (B). Data were simulated on the tree under Brownian motion model (A), an Ornstein–Uhlenbeck model

for a range of constraint parameter (α) values (B), or in the absence of phylogenetic signal (C).
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Figure 2. Statistical power (A & B) and type-I error (C) for phylogenetic tests of character correlation using the standard partial Mantel

test (dashed line), PP Mantel test (dotted line), and independent contrasts (solid line). In each case, 1000 simulated datasets were analyzed

for a range of tree sizes with an expected covariance of 0.5 (in A and C) or for trees with 25 taxa and a range of covariance values (B).

under large values of k converges to the standard Mantel test. To

our knowledge, this is the first use of this permutation algorithm

for a Mantel test. We have implemented the PP algorithm in a new

R function (see Supporting information).

To compare the power and type-I error of these alternative

methods, we generated simulations under a range of character co-

variances (σxy = 0–0.9) and tree sizes (n = 5, 10, 15, 20, 25, 30,

35, 40, 45, and 50 tips). First, we grew trees of various sizes under

a pure-birth process, using the same method as above. Second,

we simulated two characters on each tree using a multivariate

Brownian motion model (see Revell and Harmon 2008). We cre-

ated three sets of simulated data: (1) a set of trees of different

sizes with no trait covariance (σxy = 0) to estimate type-I error

rates; (2) a set of trees of different sizes with a moderate level of

trait covariance (σxy = 0.5) to estimate the power of each method

across a range of sample sizes; and (3) a set of trees with 25

taxa across a range of trait covariance values to estimate each

method’s power to detect trait covariances of different strengths.

We calculated ICs using the R package ape (Paradis et al. 2004),

with Mantel tests implemented as above.

Over a range of tree sizes, standard partial Mantel tests of

character correlation exhibit high type-I error (∼20%) relative to

both the PP Mantel and IC tests, which behaved appropriately

(∼5% at α = 0.05; Fig. 2C). Both types of Mantel tests suffer

from low power relative to IC across a range of tree sizes and

character covariances (Fig. 2A,B).

Discussion
The Mantel test is inferior to alternative methods for testing phy-

logenetic signal and character correlations. In the case of phy-

logenetic signal, the Mantel test has appropriate type-I error but

suffer from markedly lower power than Blomberg et al.’s (2003)

K statistic. These results lead us to suggest that simple matrix

permutations methods should only be used to test phylogenetic

signal when absolutely necessary (i.e., when data cannot be ex-

pressed in any form other than pairwise distances). We do not

consider another method for permuting matrices, the double per-

mutation developed by Lapointe and Legendre (1995), which acts

to randomize both taxon labels and tree topology. Although this

method may warrant additional attention, it is still based on the

permutation of distance matrices, and our preliminary analyses

(not shown) suggest that it does not improve power relative to the

K statistic.

The outlook for continued application of the standard partial

Mantel test to questions about character correlation in a phyloge-

netic context is more grim. When applied to such questions, the

standard partial Mantel test suffers from both low power and high

type-I error. Fortunately, the problem with type-I error appears to

result from autocorrelation among species and can be corrected by

conducting phylogenetically informed permutations (i.e., the PP

version of the Mantel test). These results suggest that the standard

partial Mantel test should never be used to test character correla-

tions, but that PP Mantel tests offer a reasonable alternative when

data can only be expressed as pairwise distances.

Although the standard Mantel test is an invaluable statistical

tool with a wide range of applications in ecology and evolutionary

biology (Smouse et al. 1986; Hutchison and Templeton 1999;

Nicotra et al. 1999) its use should be avoided when testing two

important questions in comparative biology. Mantel tests convert

raw data into matrices of pairwise differences among species,

an inefficient process that results in low power relative to other

methods for testing phylogenetic signal and character correlation.

The practice of converting species data into matrices of pairwise

distances for the purpose of conducting Mantel tests of any kind

should end; matrix-based analyses such as the Mantel test should

only be used when the data can only be expressed in the form of

pairwise distances. Even then, the standard partial Mantel tests

of character correlation remain highly problematic due to their

elevated type-I error. If permutation of distances matrices must be

used to address questions in phylogenetic comparative biology,

we propose using Lapointe and Garland’s (2001) PP method for

conducting phylogenetic-informed permutations that correct for

the data’s intrinsic autocorrelation.
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Supporting Information
The following supporting information is available for this article:

R script for carrying out Mantel tests under the phylogenetic permutation (PP) algorithm.

Supporting Information may be found in the online version of this article.

Please note: Wiley-Blackwell is not responsible for the content or functionality of any supporting information supplied by the

authors. Any queries (other than missing material) should be directed to the corresponding author for the article.
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