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Abstract

Aims

Measures of plot-to-plot phylogenetic dissimilarity and beta diversity
are providing a powerful tool for understanding the complex ecolog-
ical and evolutionary mechanisms that drive community assembly.

Methods

Here, we review the properties of some previously published dis-
similarity measures that are based on minimum or average phylo-
genetic dissimilarity between species in different plots.

Important Findings
We first show that some of these measures violate the basic condi-
tion that for two identical plots the measures take the value zero.

They also violate the condition that the dissimilarity between two
identical plots should always be lower than that between two differ-
ent plots. Such erratic behavior renders these measures unsuitable
for measuring plot-to-plot phylogenetic dissimilarity. We next pro-
pose a new measure that satisfies these conditions, thus providing a
more reasonable way for measuring phylogenetic dissimilarity.
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INTRODUCTION

There are many different measures for expressing the dissimilar-
ity between two species assemblages (or communities, samples,
plots, etc.). Most of these measures attempt to summarize differ-
ent aspects of plot-to-plot dissimilarity based either on species
presences and absences within plots or on species abundances,
thus implicitly assuming that all species are equally and maxi-
mally distinct from one another. However, it has been recently
understood that more valuable measures of pairwise plot-to-plot
dissimilarities should also summarize interspecies differences. As
noted by Nipperess et al. (2010): ‘given the central role of evolu-
tion in the generation of biological diversity, and the strong link
between phylogeny and variation in morphological, functional
and other traits, phylogeny represents the most fundamental
(but not the only) basis for measuring the distinctness of organ-
isms’. Accordingly, several indices have been recently proposed

that take evolutionary relationships into account when measur-
ing the dissimilarity of ecological assemblages.

As well as providing a starting point for community-level
exploratory data analysis, dissimilarity coefficients between plots
can be also interpreted as expressions of an important ecologi-
cal phenomenon, such as beta diversity (see Koleff ef al. 2003;
Podani and Schmera 2011). In this framework, Webb et al.
(2008) and Swenson ef al. (2011) proposed two measures for
summarizing plot-to-plot dissimilarity and beta diversity that are
based on the average phylogenetic overlap between each species
in the first plot and all species in the second plot, and vice versa.
Unfortunately, in spite of their simplicity, these measures do not
meet the foremost requirement for a dissimilarity coefficient (see
Clarke et al. 2006): for two identical plots, the measures do not
take the value zero. Also, the dissimilarity between two identical
plots, A and B, is not always lower than that between two differ-
ent plots A and C. Therefore, due to the widespread use of these
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measures in the ecological literature, we feel compelled to bring
attention to this problem and to propose a possible solution.

AN OVERVIEW ON SELECTED
MEASURES OF PHYLOGENETIC
DISSIMILARITY

Given two plots A and B, together with a matrix A of pairwise
phylogenetic dissimilarities d;; between species i and j (with d;; = dj;
and d; = 0), a simple measure of plot-to-plot phylogenetic dissimi-
larity based on presence and absence data can be calculated as the
average minimum dissimilarity between any two species in differ-
ent plots. Two such presence/absence measures were defined by
Clarke and Warwick (1998) and Izsak and Price (2001) as follows:

S, .
1S ming, | 3 mind,
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(S mind, + 3 min,
D =
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where min d;z is the minimum phylogenetic dissimilarity
(usually measured as the patristic distance or linking path
determined from a phylogenetic tree) between species 7 in
plot 4 and all species in plot B, min dj, is the minimum phylo-
genetic dissimilarity between species j in plot B and all species
in plot A and S, and Sz denote the species richness of plots A
and B, respectively (Ricotta and Bacaro 2010).

D;p summarizes the mean dissimilarity between each species
in one plot and its ‘phylogenetic nearest neighbor’ in the second
plot, whereas Dy, separately calculates the mean phylogenetic
dissimilarity between all species in plot A and their phyloge-
netic nearest neighbors in plot B, and vice versa. Then, it averages
the two means. Note that D, was independently proposed by
Webb ef al. (2008) under the name COMDISTNN. The R script
(R Development Core Team 2013) for this index is available in
the package picante (Kembel ef al. 2010). Note also that if both
plots contain the same number of species, then D¢y, = Dp. For a
thorough discussion of the relationship of D¢, and Dj with the
Bray-Curtis dissimilarity family, see Clarke et al. (2006).

Ricotta and Burrascano (2008) generalized Equation (1) to
allow the inclusion of species’ relative abundances in the cal-
culation of phylogenetic dissimilarity:

1 s . s .
Dyy :E(Zpri rnmdl.B—f—Zqujmlnde) (3)

where p; is the relative abundance of species 7 in plot 4, g;
is the relative abundance of species j in plot B and the sum-
mation Zf’* p, mind,, is the expected minimum phylogenetic
dissimilarity between plot A and plot B if one individual is
chosen randomly from plot A (Ricotta and Bacaro 2010).
Alternatively, other indices rely on mean phyloge-
netic dissimilarities, rather than on minimums. Rao (1982)
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introduced a measure of the expected (phylogenetic) dissimi-
larity between one individual chosen at random from plot A
and one individual chosen at random from plot B as follows:

Q=" piZjB a;4; (4)

For presence and absence data (i.e. for p; = 1/S, and g; = 1/Sp),
the same index was independently proposed by Webb et al.
(2008) for measuring plot-to-plot phylogenetic dissimilarity
under the name COMDIST. Webb et al. (2008) also indepen-
dently proposed an abundance-weighted version of COMDIST,
which is mathematically identical to Q.

Referring to Webb et al. (2008), the COMDIST index was repro-
posed by Swenson (2011) as a measure of ‘presence—absence
weighted pairwise phylogenetic dissimilarity” D,,,. Using a slightly
different, less compact notation from the original formulation of
Swenson (2011), this measure can be defined as follows:

1 s 1 = s 1 =
D, == E S —d; +§ S —d; 5
i’ 2 S, ’ 1S, " 2

where dis = Z /s, xd,is the mean phylogenetic dissimilar-
J

ity between species 7 in plot A and all species in plot B and
dja = Z,-I/SA xd; is the mean phylogenetic dissimilarity
between species j in plot B and all species in plot A.

Finally, Swenson et al. (2011) also proposed an abundance-
weighted version of the above pairwise phylogenetic dissimi-
larity, D,

l —_ —_
DPW':E(Z? pidi +Zj3qjde) (6)

Unfortunately, Q45 D,,, and its abundance-weighted generaliza-
tion D,,,” do not take the value zero for two identical plots. Take
theindex D,,, andtheartificial phylogenetictree in Fig. 1 asexam-
ple. Given two identical plots, A and B, both composed of species
x and y, we have: D, = (%EXB +1dy+1du +§3yA)/2 =0.2

with dus = du = (de + dXX)/Z and Eys = gyA = (dyx +dyy>/2'
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Figure 1: example of an artificial phylogenetic tree composed of five
species, together with its species distance matrix. The patristic dis-
tance (linking path) between two species is equal to the total branch
length separating both species in the phylogeny. For an ultrametric
tree, this distance is twice the distance from the most recent common
ancestor or node (i.e. branch length from species 7 to the most recent
common ancestor plus branch length from the most recent common
ancestor to species j). The species distances in the distance matrix are
rescaled in the range [0, 1] by dividing the patristic distances by the
maximum distance between two theoretical species d,,, = 100 (i.e.
twice the distance from the tips to the root of the tree).
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If we substitute species x with species z in both plots, we obtain
D,,, = 0.45. Hence, D,, itself is not a statistically valid index
of dissimilarity, as for any two identical plots, it is possible to
have different index values depending on the number and
the identity of species within plots. From this, it also follows
that the dissimilarity among two identical plots can be higher
than the dissimilarity between two different plots. For exam-
ple, for two identical plots with species x, y and z, we have
D,,, = 0.488, whereas if we compare one plot composed of the
same species x, y and z with a second plot composed of spe-
cies x and y, we obtain D,,, = 0.433. This paradox renders these
measures unsuitable for measuring plot-to-plot phylogenetic
dissimilarity.

A NEW MEASURE OF PHYLOGENETIC
DISSIMILARITY

A number of different phylogenetic dissimilarity indices have
been already proposed that correctly take the value zero for
two identical plots. Examples are the phylogenetic Serensen
measure ‘PhyloSor’ (Bryant et al. 2008) and its abundance-
weighted version (Nipperess et al. 2010), or the phylogenetic
fuzzy weighting approach of Pillar and Duarte (2010; see also
Duarte 2011). As an alternative, we propose here a new plot-
to-plot dissimilarity coefficient that is based on index symmetry.
For a given species assemblage, together with an interspecies
dissimilarity matrix A = [d;] with d; in the range 0-1, Leinster
and Cobbold (2012) defined the average ordinariness of the
assemblage Z, as the expected similarity between two individu-
als chosen at random with replacement from the assemblage:

Z, =3 e (7)

where s;; is the similarity between species 7 and j (s; = 1 — dj).
For a thorough discussion on the relationship between Z, and
the Rao (1982) quadratic diversity, see Leinster and Cobbold
(2012). Of course, for any dissimilarity measure with an
upper bound d,,,, > 1, division by d,,,,, gives a standardized
dissimilarity measure in the range [0, 1]. On the other hand,
for dissimilarities that do not have a fixed upper bound, such
as patristic distances, it is still possible to locally normalize all
d; values in the range [0, 1] by dividing each term by the
highest dissimilarity value found in the data set.

The quantity Z, = Zj" p;s; in Equation (7) is the expected
similarity between an individual of species i and an indi-
vidual chosen at random from the assemblage. Z; therefore,
measures the ordinariness of species i within the assemblage.
Leinster and Cobbold (2012) called Z; the abundance of species
similar to i. Ass; =1 (d;; = 0) by definition, we always have Z; >
p; meaning that the relative abundance of all species similar to
iis at least as great as the relative abundance of 7 itself.

Starting from index Z, in Equation (7), we note that,
for two identical plots A and B, the quantities ZjAE Ps;
in one plot should be equal to the corresponding quantities
ZjAB q;5; in the other plot, where i, j = 1, 2, ..., S p; is
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the relative abundance of species j in plot 4, g; is the relative
abundance of species j in plot B, and S, is the species richness
of the pooled pair of plots. In other words, the abundance of
species similar to 7 in plot A should be equal to the abundance
of species similar to 7 in plot B.

Accordingly, we can get an index of plot-to-plot phyloge-
netic dissimilarity, D, by taking the sum of the absolute dif-

SAB SaB
Zj Pjsy—E, ;53

pair of plots, and normalizing this sum by the total species
ordinariness (sum of Z;s) in plots A and B:

ZfAB ZjAB PiSi — ZjAB ;5
D= (8)

Z,-SAB (ZjAE Psi ZjAE ‘71'51'1')

with D, = 0 for two identical plots and D,z = 1 for maxi-
mally distinct plots with no species in common and with zero
similarities among their species. For details on the definition
of maximally distinct plots, see Pavoine and Ricotta (2014).
Figure 2 contains a worked example to clarify how the pro-
posed index works, and online supplementary Appendix S1
shows R script for calculating the new measure.

ferences over all species in the pooled

Species

\Y W X Yy Z Rowsums

< py=02 (02 012 008 008 002] Z,,=050
§5 py=02|012 02 008 008 002|7,,=050
85 P=02|008 008 02 0120027050
%g py=02|008 008 012 02 002 |7, =050
&5 p,=02|002 002 002 002 02 |Z7,,=028
Relative abundances of species j
similarto i in plot A
go qy=01 01 012 008 00 005] Z5,=035
§2 9,=02{006 02 008 00 005|Zy,=039
85 a=02(004 008 02 00 005| 7 =037
%% g,=00 {004 008 0.12 00 005 | Zg =029
&5 q,=05|001 002 002 00 05 |7z =055

Relative abundances of species j
similartoiin plot B

Figure 2: worked example to demonstrate how to calculate the dis-
similarity index D,. For two artificial plots, A and B, and the phylo-
genetic tree in Fig. 1, the figure shows the species relative abundances
in both plots, together with the resultant matrices with elements
p;xs; and g; xs;. The pairwise species similarities s; are calculated
from the species dissimilarities d;; in the distance matrix of Fig. 1 as
s;j= 1 —d;. Dypis then obtained from the row sums Z,; and Zy; of both
matrices as follows:

D = ‘ZAV 7ZBV‘+‘ZAW 7ZEW‘+‘ZAX 7ZBX‘+‘ZA;/ 7ZE)V‘+‘ZAZ 7232‘ —0.206
AB — — Y
Zpy T2y 20+ 2+ 2, + 2y, + 2y, + 2y + 72y, +Z,,
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Figure 3: theoretical example showing that nearest-neighbor dis-
similarity measures may lead to unexpected results. Given four plots,
each composed of eight equally abundant species (filled square),
together with the corresponding phylogenetic tree, the phylogenetic
dissimilarity between plots A and B calculated with the measures Dy,
Djp or Dgp is equal to the dissimilarity between plots C and D irre-
spective of the length of the branches in the phylogeny (P Legendre,
personal communication to S.P.).

CONCLUSION

Recent advances in ecological theory have been made possi-
ble through the integration of phylogenetic information into
studies of community ecology. As a result, in the last two dec-
ades, several measures of plot-to-plot phylogenetic dissimilar-
ity have been independently discovered and rediscovered by
different authors. In this short note, we showed that some
of these measures, such as Qup D,,, and D,,’, do not take the
value zero for two identical plots. This renders them unsuit-
able for calculating plot-to-plot phylogenetic dissimilarity and
beta diversity. This is not to say that nearest-neighbor indices,
such as D¢y, Djp or Dgg are perfect measures of plot-to-plot dis-
similarity. For instance, in Fig. 3, an example is shown where
these indices lead to unexpected results. Accordingly, nearest-
neighbor indices should be used only in cases where the cal-
culation of a minimum phylogenetic distance between species
is based on strong biological reasons.

To fix these shortcomings, we suggested a new measure
(D,p) of phylogenetic dissimilarity between a pair of plots.
The proposed measure takes the value zero for identical plots
and its maximum value when two plots, A and B, have no
species in common and s; = 0 (d; = 1) for one species in plot
A and one species in plot B. Although we discussed the cal-
culation of D,z in the framework of patristic distances only,
the proposed index calculates the dissimilarity between a
pair of plots based on any dissimilarity measure of choice.
Accordingly, the same index may be applied to any other
ecologically relevant measure of interspecies dissimilarity,
such as genetic or functional dissimilarities, and does not
need to be necessarily restricted to phylogenetic differences
between species.
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Overall, although further research is needed to explore
the properties of the proposed measure in deeper detail, we
think, D,z is a promising tool for summarizing plot-to-plot
dissimilarity in a meaningful way. Nonetheless, we would like
to stress, once again, that there is no ‘magic’ measure that
is able of uniquely characterizing all aspects of plot-to-plot
dissimilarity. Dissimilarity coefficients condense multivariate
ecological data of high dimension into single univariate meas-
ures. Therefore, information is necessarily lost and a perfect
dissimilarity measure does not exist. Rather, several ‘tailored”
measures may be developed and their specific relevance must
be evaluated based on their ability to answer the particular
ecological question under scrutiny.

SUPPLEMENTARY MATERIAL

Supplementary appendix is available at Journal of Plant
Ecology online.
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Appendix S1. R script for the calculation of the phylogenetic dissimilarity measure D .

R function “phylo_dist” for calculating plot-to-plot phylogenetic dissimilarity based on index symmetry. This
program is free software: you can redistribute it and/or modify it under the terms of the GNU General
Public License http://www.gnu.org/licenses/.

Disclaimer: users of this code are cautioned that, while due care has been taken and it is believed accurate,
it has not been rigorously tested and its use and results are solely the responsibilities of the user.

Description: given a matrix of S species’ relative or absolute abundance values x N plots, together with an S
x S (phylogenetic) distance matrix, this function calculates a semimatrix with the values of the phylogenetic
dissimilarity index for each pair of plots, as proposed in the main text.

Dependencies: none.
Usage: phylo_dist(distances, abundances)

Arguments

Abundances: a matrix of N plots x S species containing the relative or absolute abundance of all species in
the phylogenetic distance matrix. Columns are species and plots are rows. Column labels (species names)
should be assigned as in the Dissimilarity matrix.

Dissimilarities: an S x S matrix of (phylogenetic) dissimilarities rescaled in the range [0, 1] or an object of
class “dist” [obtained by functions like vegdist in package vegan (Oksanen et al. 2013), gowdis in package
FD (Laliberté & Shipley 2011), or dist.ktab in package ade4 for functional dissimilarities (Dray et al. 2007), or
functions like cophenetic.phylo in package ape (Paradis et al. 2004) or distTips in package adephylo
(Jombart and Dray 2010) for phylogenetic dissimilarities].

Output: the function returns a semi-matrix with the values of the proposed phylogenetic dissimilarities for
each pair of plots. Note that phylogenetic dissimilarities among species need first to be rescaled in the
range [0, 1]. If the phylogenetic dissimilarities are outside the range 0-1 (as it is usually the case in
phylogenetic studies), a warning message is displayed.

Function Syntax

phylo_dist<-function(abundances, dissimilarities)
{
if(any(dissimilarities>1)){
warning("Phylogenetic dissimilarities are not in the range 0-1. They have been normalized by the
maximum")
dissimilarities <- dissimilarities/max(dissimilarities)
!
if(any(!colnames(abundances) %in%rownames(dissimilarities))) stop("At least one species in the matrix of
abundances is missing in the matrix of dissimilarities")
if(any(!colnames(abundances) %in%colnames(dissimilarities))) stop("At least one species in the matrix of
abundances is missing in the matrix of dissimilarities")
dissimilarities <- dissimilarities[colnames(abundances), colnames(abundances)]
dataset <- t(abundances)
similarities<-1-as.matrix(dissimilarities)
total <- colSums(dataset)
rel_abu<- sweep(dataset, 2, total, "/")
num.plot<-dim(dataset)[2]
names<-list(colnames(dataset), colnames(dataset))
dist.matrix<-matrix(0, nrow=num.plot, ncol=num.plot, dimnames=names)
for (i in 2:num.plot) {
for (jin 1:(i-1)) {
mat_folk<-similarities*rel_abul,i]
mat_folk2<- similarities*rel_abul,j]
xxx<-colSums(mat_folk2)


http://www.gnu.org/licenses/

yyy<-colSums(mat_folk)
sub<-abs(xxx-yyy)
index<-sum(sub)/sum(xxx+yyy)
dist.matrix[i,j]<-index

1

}

dist.matrix <- dist.matrix + t(dist.matrix)
semi_matrix<-as.dist(dist.matrix)
return(semi_matrix)

}

Example (the example follows Figures 1 and 2 in the main text)

library(ape) # Paradis et al. 2004
library(picante) # Kembel et al. 2010

# Phylogenetic tree
s<-"test(((v:20,w:20):10,(x:20,y:20):10):15,z:45):5;"
cat(s, file = "ex.tre", sep ="\n")

plot(test <- read.tree("ex.tre"))

# Phylogenetic distances among species
tdist <- cophenetic(test)/100

# Matrix of abundances of the species in four communities;

# communities A and C are identical;

# communities B and D are identical;

comm <- t(data.frame(A = rep(0.2, 5), B = ¢(0.1, 0.2, 0.2, 0, 0.5), C = rep(0.2, 5), D = ¢(0.1, 0.2, 0.2, O, 0.5),
row.names = letters[22:26]))

# Index COMDIST
comdist(comm, tdist, abundance.weighted =T)

# Index DAB
phylo_dist(comm, tdist)
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