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Summary

1. Many recent studies have searched to integrate species’ functions and phylogenies in the measurement of bio-

diversity. To obtain easily interpretable measures, some researchers recommended diversity indices expressed in

terms of equivalent numbers of species: the number of equally likely and maximally dissimilar species needed to

produce the given value of diversity. Then, biodiversity is often calculated at three scales: within communities

(a diversity), among communities (b diversity) and in a region (c diversity). These three scales are, however, insuf-
ficient to tackle the organization of biodiversity in space because, for most organisms, there is a nested hierarchy

of multiple scales characterized by different patterns and processes, from the small neighbourhood to the

biosphere.

2. We developed methodologies for analysing species, functional, taxonomic or phylogenetic diversity in a hier-

archy of multiple scales using equivalent numbers of species. As an example, we analysed the taxonomic and

functional diversity of macroinvertebrate assemblages in the Loire River, France, at four levels: within sites

(a diversity), among sites within geological regions (b1 diversity), among geological regions (b2 diversity) and at

the river scale (c diversity). The new hierarchical approaches of biodiversity revealed very low differences among

sites within regions and among regions in terms of taxonomy and functional traits (size and diet), despite moder-

ate, significant species turnover among geological regions.

3. We compare our framework with those other authors have developed. We argue that different definitions of

a, b, c diversities are used in the literature reflecting different points of view on biodiversity.Wemake recommen-

dations on how to normalize functional (or phylogenetic) dissimilarities among species to render sites and regions

comparable, and discuss the pros and cons of our approach.

4. The hierarchical approaches of biodiversity in terms of ‘equivalent numbers’ respond to current demands to

obtain intuitive, easily interpretable components of biodiversity. The approaches we propose go beyond current

developments by considering a hierarchy of spatial scales and unbalanced sampling design. They will provide

powerful tools to detect the ecological and evolutionary processes that act differently at different scales.

Key-words: alpha diversity, beta diversity, biodiversity, community ecology, community

phylogenetics, diversity apportionment, gamma diversity, quadratic entropy

Introduction

Biodiversity, the variability of life on Earth, is a multifaceted

concept, ranging from genes to ecosystems. One of these facets,

the species diversity in a site increases with the number of spe-

cies and with the evenness of species’ abundances. Species

diversity thus treats species as equivalent in the sense that

replacing a species by another one with the same abundance

will not modify the level of species diversity. Measuring

biodiversity by including information on the species’ phy-

logeny or functional traits provides a more realistic view of the

amount of biodiversity present in a site. Rao (1982a,b) pro-

posed an index of biodiversity, termed quadratic entropy (Q),

that can be used to measure any of these aspects of biodiver-

sity: species, phylogenetic and functional diversity. Consider S

species and pk|m the relative abundance of species k in site m

(
PS

k¼1 pkjm ¼ 1). We will use indices k and l for species and

index m for sites. Let pm = (p1|m, . . ., pk|m, . . ., pS|m) be the vec-

tor of species’ relative abundances within site m. Let D = (dkl)

be a matrix of (phylogenetic or functional) dissimilarities*Correspondence author. E-mail: pavoine@mnhn.fr
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among species, where dkl is the (phylogenetic or functional) dis-

similarity between species k and l (dkk = 0 for all k = 1,. . ., S,

dkl = dlk and dkl ≥ 0 for all k, l = 1, . . ., S). Here, we define Q

in terms of both species’ abundances and dissimilarities among

species as follows:

Q pm;Dð Þ ¼
XS
k; l¼1

pkjmpljmdkl

Pavoine, Ollier & Pontier (2005) showed that the quadratic

entropy can be maximized by reducing species richness when

varying the species’ proportions only (considering

maxpm Q pm;Dð Þf g) if the dissimilarities among species are not

ultrametric. A matrix of distances (dij) is ultrametric if for any

i, j, k, dij ≤ max(dik, djk). Here, we consider both ultrametric

and non-ultrametric dissimilarities assuming that both the spe-

cies’ proportions and the dissimilarities among species can

vary. If the dissimilarities are bounded between 0 and 1, then

the maximum value of Q over all possible dissimilarity matri-

cesD is obtainedwhen dkl = 1 for any k 6¼ l, i.e.

max
D

Q pm;Dð Þf g ¼ 1�
XS
k¼1

p2kjm

This formula is the Gini–Simpson index of biodiversity

(Gini 1912; Simpson 1949). Then,

maxpm ;D Q pm;Dð Þf g ¼ ðS� 1Þ=S is obtained when dkl = 1 for

any k 6¼ l and the species’ proportions are evenly distributed

(i.e. in a given sitem, pkjm ¼ 1=S for all k).

Recent attempts have been made to transform Q into an

equivalent number of species as ‘the number of equally likely

and maximally dissimilar species needed to produce the given

value ofQ’ wheremaximally dissimilarmeans that two individ-

uals either belong to the same species or always differ by the

same, maximal amount (i.e. for which dkl = 1 for all k 6¼ l)

(Ricotta & Szeidl 2009). Equivalent numbers of species are

easy to interpret: Their minimum value approaches 1 when all

species are phylogenetically or functionally very similar to each

other or when a site contains a single species only; in contrast,

their maximum value is S, the total number of possible species,

when all species are maximally dissimilar and have even abun-

dances.

Ricotta & Szeidl (2009), de Bello et al. (2010), and Leinster

& Cobbold (2012) all agreed on the following procedure: to

translateQ into an equivalent number of species, the distances

among species should first be bounded between 0 and 1. Then,

writing Q as an equivalent number of species leads to index E

defined as:

E pm;Dð Þ ¼ 1

1�PS
k; l¼1 pkjmpljmdkl

E pm;Dð Þ is bounded between 1 and S. Ricotta & Szeidl (2009),

de Bello et al. (2010), and Leinster & Cobbold (2012) thus

agreed that E measures the biodiversity of a site as an equiva-

lent number of species.

To partition diversity into its classical a, b and c compo-

nents, Ricotta & Szeidl (2009) measured a diversity as the

averageQ within a site, c diversity as the value ofQ when sites

are pooled, and b diversity as Eb = (1 � a)/(1 � c). Then, de
Bello et al. (2010, Eqn 14) suggested to normalize Eb between

0 and 1 by E�
b ¼ ð1� 1=EbÞ=ð1� 1=MÞ, whereM is the num-

ber of sites, and Vill�eger et al. (2012, b̂st index) by

E��
b ¼ ðEb � 1Þ=ðM� 1Þ. These approaches all depend on the

fact that the dissimilarities among species (the dkl’s) are

bounded between 0 and 1. There is also a constraint that

should apply to the dissimilarities among species: for c to be

higher than or equal to a, the matrix of dissimilarities among

species has to be squared Euclidean, as specified by Ricotta &

Szeidl (2009, p. 301; see also Appendix S1, Supporting infor-

mation andChampely&Chessel 2002). Amatrix of dissimilar-

ities (dkl), for k, l = 1, . . ., S, is squared Euclidean if one can

find S points M1, . . ., MS in a Euclidean space, so that the

Euclidean distance between any two pointsMk,Ml is
ffiffiffiffiffiffi
dkl

p
(i.e.

matrix [
ffiffiffiffiffiffi
dkl

p
] is Euclidean, Gower & Legendre 1986). Many

distance coefficients are squared Euclidean, such as many

indices reviewed inGower &Legendre (1986), and the distance

coefficient for mixed data (e.g. quantitative, nominal, ordinal,

multiple choice and circular data) of Pavoine et al. (2009b)

(see, e.g., Legendre & Legendre 1998 for a review and compar-

ison of dissimilarity indices). If the dissimilarities dkl are not

squared Euclidean, transformations can be applied on theffiffiffiffiffiffi
dkl

p
’s to render themEuclidean [see, e.g., the functions cailliez,

lingoes, quasieuclid in the R package ADE4 (Dray, Dufour &

Chessel 2007; and references therein; R Core Team 2015)]. Let

dkl be the dissimilarity between k and l obtained after having

transformed the
ffiffiffiffiffiffi
dkl

p
’s; then, a squared Euclidean matrix of

dissimilarities among species is (d2kl)k, l. Alternatives for calcu-

lating functional and phylogenetic a, b and c diversities have

been introduced by Chao and colleagues. In Chiu & Chao’s

(2014) approach for functional diversity, a diversity is mea-

sured considering the dissimilarities among species from dis-

tinct sites. Their definition of a diversity, as defined by their
qFDa index, is ‘the effective total distance between species in a

pair of local assemblages’, which is more related to what we

define here as b diversity.
Irrespective of how diversity is partitioned into its a, b and c

components, the reality of ecological data sets is often more

complex as they might include a variety of embedded spatial

levels (Loreau 2000; Carmona et al. 2012, 2016; Marcon et al.

2012). Indeed, for most organisms, there is a nested hierarchy

of multiple scales characterized by different patterns and pro-

cesses, from a small neighbourhood to the biosphere, through

the patch, community, landscape, regional and continental

scales (Loreau 2000). Accordingly, Pavoine & Dol�edec (2005)

showed how Rao’s apportionment of quadratic entropy

(APQE, Rao 1982b, 1984) can be used to decompose Q into

nested factors.However, the components of the decomposition

were not expressed in terms of equivalent numbers of species

or sites. As a result, they were difficult to interpret in terms of

equivalent numbers, and it was difficult to compare them

among data sets. Starting with Ricotta & Szeidl (2009) frame-

work, we propose here alternative hierarchical approaches for

Q in terms of any number of nested factors. For example,
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imagine that several quadrats have been sampled in several

sites within several regions. Then, the proposed approaches

will measure a diversity as the diversity within quadrats, c
diversity as the diversity of the pooled regions and three com-

ponents of b diversity: the diversity due to differences among

quadrats within sites (in terms of species, phylogeny or func-

tioning), the diversity due to differences among sites within

regions and the diversity due to differences among regions.

Part of the developed approaches can handle incomplete sam-

pling designs, for example if regions have been analysed with

different sampling efforts in terms of number of sites and quad-

rats per site. In these hierarchical approaches, each component

of diversity can be expressed in terms of equivalent number of

species, quadrats, sites, regions, etc. In addition, each compo-

nent can be normalized into the range 0–1 to be comparable

among data sets and sampling designs.

Materials andmethods

For simplicity, we treat here the case of sites sampled within regions,

but the methods are general and can be easily extended from one single

level (e.g. sites) to any number of nested levels, for example quadrats,

sites, regions, continents (see Appendix S2).When sites and regions are

both considered, four components of diversity can be determined: a
(the diversity within sites), b1 (the diversity among sites within regions),

b2 (the diversity among regions) and c diversity (the diversity of all sites
and regions combined together). Our target components are b1 and b2
in order to evaluate whether there are differences among sites within

regions and differences among regions. Our goal is first to express each

component in terms of equivalent number of sites and regions, respec-

tively, and then to rescale the components between 0 and 1, so that they

are expressed independently of the number of sites and regions. Indeed,

these numbers are dependent on the sampling design and most often

independent of ecological or evolutionary processes. The same proce-

dure is applied to a and c diversity in order to have a complete frame-

work for a hierarchical approach of diversity.

Consider that there areN regions,Mi sites in any region i and S spe-

cies over all sites and regions. Let nkim be the abundance (e.g. number

of individuals, biomass or percentage cover) of species k in sitem from

region i and nþim ¼PS
k¼1 nkim the total abundance of all species in site

m from region i. Then, the relative abundance of species k in site m of

region i is pkjim ¼ nkim=nþim. If wim is the weight attributed to site m in

region i so that
PN

i¼1

PMi

m¼1 wim ¼ 1, then the weight attributed to

region i is wiþ ¼PMi

m¼1 wim, the relative abundance of species k in

region i as a whole is pkjiþ ¼PMi

m¼1 wimpkjim=wiþ and the relative abun-

dance of species k over all sites and regions is

pkjþþ ¼PN
i¼1 wiþpkjiþ ¼PN

i¼1

PMi

m¼1 wimpkjim (Nayak 1986). This

weighting scheme is consistent throughout the scales ensuring that all

components of diversity are non-negative. The weights attributed to

sites can be freely chosen, provided they sum to 1 as specified above.

Even weights (i.e.wij = 1/(NMi)) and weights proportional to size (sum

of species’ abundance) are traditionally used in the literature (e.g.

Hardy& Jost 2008; Vill�eger&Mouillot 2008).

Chao, Chiu & Jost (2014) suggested that different methodologies

should be developed when working on phylogenetic diversity, with

indices relying on the tree structure of a rooted phylogeny, vs. func-

tional diversity, with indices relying on a matrix of functional distances

among species. We agree that distinct facets of diversity can be mea-

sured with distinct indices that best reflect their characteristics, such as

the hierarchical structure of a rooted phylogeny with nodes represent-

ing ancestors and branches shared evolution. However, many recent

ecological studies have compared phylogenetic and functional diversi-

ties (e.g. Cadotte et al. 2009; Devictor et al. 2010; Flynn et al. 2011).

We recommend that, in this particular case, the same indices are used

for measuring phylogenetic and functional diversities as the choice of

an indexmay influence correlations between phylogenetic diversity and

functional diversity just because different indices mean different points

of view on diversity. Using distinct indices for phylogenetic vs. func-

tional diversity, levels of correlation between phylogenetic and func-

tional diversity patterns will be influenced by mathematical differences

between indices rather than by the phylogenetic signal in functional

traits (Pavoine et al. 2013). We thus consider here that dkl is a measure

of the dissimilarity between two species k and l, varying between 0 and

1, whatever the criterion used, be it phylogenetic or functional (trait

based).

APPORTIONMENT OF QUADRATIC ENTROPY

With the above notations, in Rao’s (1982b, 1984) APQE (see also

Nayak 1986), the diversity would be decomposed as follows:

Qa ¼
XN
i¼1

XMi

m¼1

wim

XS
k;l¼1

pkjimpljimdkl

Qb1 ¼
XN
i¼1

wiþ
XMi

m;n¼1

wim

wiþ

win

wiþ

XS
k;l¼1

pkjimpljindkl � 1

2

XS
k;l¼1

pkjimpljimdkl � 1

2

XS
k;l¼1

pkjinpljindkl

! 

Qb2 ¼
XN
i;j¼1

wiþwjþ

 XS
k;l¼1

pkjiþpljjþdkl � 1

2

XS
k;l¼1

pkjiþpljiþdkl � 1

2

XS
k;l¼1

pkjjþpljjþdkl

!

Qc ¼
XS
k;l¼1

pkjþþpljþþdkl

All components always are non-negative if and only if the matrix of

dissimilarities among species (dkl) is squared Euclidean (Lau 1985; Rao

1986; Pavoine 2012). This property is also required for the alternative

approaches introduced below.

We develop below three alternatives to APQE. These alternatives

should be preferred to APQEwhen the aim of a study is to evaluate the

amount of b diversity among sites (or regions, etc.) and to compare this

level to an extreme scenario where sites (or regions) are maximally dis-

similar. By maximally dissimilar, we mean that they do not share spe-

cies and any species in a site is maximally dissimilar to any species in

any other site. Contrary to APQE, these alternatives are thus depen-

dent on the definition of amaximumpossible dissimilarity between spe-

cies.

The first alternative directly extends Ricotta & Szeidl (2009) frame-

work to multiple spatial scales but has components of b diversity

whose range might depend on a diversity. If sites and regions are

given uneven weights, then both the first two alternatives might have

components of b diversity whose range depends on a diversity. The

© 2016 The Authors. Methods in Ecology and Evolution © 2016 British Ecological Society, Methods in Ecology and Evolution, 7, 1152–1163
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third alternative has the advantage of allowing any weighting scheme

for regions and for sites within regions. It has, however, the particular-

ity of measuring b diversity using pairwise comparisons among sites

and among regions, a strategy adopted in APQE so that a diversity is

measured as an average (functional or phylogenetic) dissimilarity

among species, and each level of b diversity as an average (functional

or phylogenetic) dissimilarity among regions or an average (functional

or phylogenetic) dissimilarity among sites within regions. Alterna-

tively, the first two approaches have the advantage of considering

multiple-site and multiple-region b diversity components, acknowledg-

ing, for example, that some species might be shared by more than two

sites within each region and by more than two regions (e.g. Diserud &

Ødegaard 2007). We recommend using the first alternative approach

when the interest is in multiple-site and multiple-region b diversity, the

sampling design is even (same number of sites within regions), sites

within a region can be given equal weights and regions can be given

equal weights; the second approach when the interest is in multiple-

site (within regions) and multiple-region b diversity, sites within a

region can be given equal weights and regions can be given equal

weights but the sampling design is uneven (different numbers of sites

within regions); the third approach when the interest is in b diversity

expressed in terms of pairwise dissimilarities among sites (within

regions) and among regions and/or sites within a region have different

weights and regions have different weights (due, e.g., to uneven sam-

pling pressures, uneven size of sites or regions).

FIRST ALTERNATIVE APPROACH

As a first step towards an alternative hierarchical approach of biodi-

versity using quadratic diversity, Qa and Qc need to be transformed

into their equivalent numbers of species as recommended by Ricotta

& Szeidl (2009) and de Bello et al. (2010) (see also Carmona et al.

2012):

Ec ¼ 1

1�Qc

Ea ¼ 1

1�Qa

with 1�Ea �Ec �S. Ricotta & Szeidl (2009) measured Eb diversity

as Ec/Ea = (1 � Qa)/(1 � Qc), and, because of the generalized repli-

cation principle (as described in Ricotta & Szeidl 2009), this measure

can be interpreted as an equivalent number of equally diverse, maxi-

mally distinct and evenly weighted sites (see also de Bello et al. 2010).

An equivalent solution that can be used to measure Eb1 and Eb2 is

thus

Eb1 ¼ ð1�QaÞ=ð1�Qa �Qb1 Þ

Eb2 ¼ ð1�Qa �Qb1
Þ=ð1�QcÞ

so that Ec ¼ EaEb1Eb2 .Qa þQb1 is the total diversity within regions.

Eb1 is expressed as an equivalent number of sites per region and Eb2 as

an equivalent number of regions.

Jost (2006, 2007) advised the use of indices of b diversity whose

range is unrelated to a diversity. It can be shown that the range of Eb2

might depend on the diversity within regions. However, if regions are

given equal weights, that is wiþ ¼ 1=N for all i, then 1�Eb2 �N

(Appendix S2). If sites are given equal weights and if the sampling

design is balanced so that M1 = M2 = . . . = MN = M and wim = 1/

MN for all i, m, then the following inequality also holds: 1�Eb1 �M

(see Appendix S2). Under this scenario, the range of Eb1 is thus con-

stant whatever the diversity within sites and the range of Eb2 is con-

stant whatever the diversity within regions. We thus restrict this

approach to even weights for regions and for sites within regions. The

b components can then be rescaled using one of the following

methods:

E�
b1

¼ ð1� 1=Eb1 Þ=ð1� 1=MÞ

E�
b2

¼ ð1� 1=Eb2 Þ=ð1� 1=NÞ

or

E��
b1

¼ ðEb1 � 1Þ=ðM� 1Þ

E��
b2

¼ ðEb2 � 1Þ=ðN� 1Þ

If the sampling design is unbalanced so that at least twoMi’s are dif-

ferent, even if sites within regions are given equal weights, that is

wim ¼ 1= MiNð Þ for site m in region i (so that the weights attributed to

regions are also even: wiþ ¼PMi

m¼1 wim ¼ 1=N for any region i), the

range of Eb1 might depend on the diversity within sites. Let Qai be the

average diversity within sites in region i:

Qai ¼
XMi

m¼1

1

Mi

XS
k;l¼1

pkjimpljimdkl

It can be shown (Appendix S2) that:

1�Eb1 �
PN
i¼1

1�Qaið Þ
PN
i¼1

1
Mi

1�Qaið Þ
� maxi Mið Þ

PN
i¼1ð1�QaiÞ

�PN
i¼1

1
Mi

ð1�QaiÞ is a weighted harmonic mean of the

Mi’s.Eb1 is expressed as the equivalent number of maximally dissimilar

sites per region. In case of unbalanced sampling design, the range of

Eb1 thus depends on the amount of diversity within sites if this amount

is unbalanced among regions. Eb1 can then be normalized more gener-

ally by

E�
b1

¼ 1� 1=Eb1

1�PN
i¼1

1
Mi

ð1�QaiÞ=
PN

i¼1ð1�QaiÞ

or

E��
b1

¼ Eb1 � 1PN
i¼1

1�Qaið Þ=PN
i¼1

1
Mi

ð1�QaiÞ � 1

That way, E�
b1

and E��
b1

equal 0 when sites are identical within

regions. They reach the maximum value of 1 when sites within a

region are maximally dissimilar whatever the level of diversity within

sites: within any region, sites do not share species and any species

from any site always is maximally dissimilar from all species in all

other sites.

SECOND ALTERNATIVE APPROACH

As an alternative, to obtain a component of b1 diversity whose maxi-

mum is unrelated to the diversity within sites when sites and regions are

given equal weights (wim ¼ 1= MiNð Þ for site m in region i and

wiþ ¼ 1=N for any region i), the equivalent number of sites in region i

can be defined as

© 2016 The Authors. Methods in Ecology and Evolution © 2016 British Ecological Society, Methods in Ecology and Evolution, 7, 1152–1163
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Eb1;i ¼ ð1�Qai Þ=ð1�Qai �Qb1;i Þ

whereQai is the diversity within sites of region i defined above and

Qb1;i¼
XMi

m;n¼1

1

Mi

1

Mi XS
k;l¼1

pkjimpljindkl�1

2

XS
k;l¼1

pkjimpljimdkl�1

2

XS
k;l¼1

pkjinpljindkl

!

is the diversity among sites of region i. Then, the average equivalent

number of sites per region can bemeasured as the harmonicmean:

�Eb1 ¼ N

��XN
i¼1

1

Eb1;i

�

Whatever the amount of diversity within the sites,

1 ≤ �Eb1 �N

��PN
i¼1

1
Mi

�
, the harmonic mean of the number of sites per

region. The harmonic mean is used because applying the samemean to

a diversity leads to Ea. Indeed, let Eaim ¼ 1= 1�PS
k;l¼1 pkjimpljimdkl

h i
,

then the harmonicmean of theEaim isEa:

1PN
i¼1

PMi

m¼1

1
NMi

1
Eaim

¼ 1PN
i¼1

PMi

m¼1

1
NMi

1�PS
k;l¼1 pkjimpljimdkl

� �

¼ 1

1�PN
i¼1

PMi

m¼1

1
NMi

PS
k;l¼1 pkjimpljimdkl

¼ Ea

c diversity can then be redefined as �Ec ¼ Ea �Eb1Eb2 .
�Ec is the product

of the average equivalent number of species per site by the average

equivalent number of sites per region and by the equivalent number of

regions. The inconvenient of this approach is that �Ec 6¼ Ec. The advan-

tage is that the maximum of Eb1
does not depend on the diversity

within sites and it can be normalized considering all Mi’s with one of

the following formulas:

�E�
b1

¼ NPN
i¼1 1= �E�

b1;i

� � where �E�
b1;i

¼ 1� 1= �Eb1;i

1� 1=Mi

and

�E��
b1

¼ NPN
i¼1 1= �E��

b1;i

� � where �E��
b1;i

¼
�Eb1;i � 1

Mi � 1

If a region is composed of one site only, we impose that
�E�
b1;i

¼ �E��
b1;i

¼ 0. Although the null diversity within a site might be due

to ecological factors, a region composed of one only site might be due

to unbalanced sampling design. We thus advise to sample several sites

per regions so that the (functional or phylogenetic) diversity among

sites within regions can be calculated.

THIRD ALTERNATIVE APPROACH

This third approach was specifically developed for unbalanced sam-

pling designs to obtain b diversity components whose ranges are unre-

lated to a diversity, while allowing for uneven weighting schemes for

sites and regions. In the special case where only two evenly weighted

sites are compared, Pavoine & Ricotta (2014) developed a family of

indices of similarity and dissimilarity between sites, which included

Dst ¼ E�
b (between two evenly weighted sites) and Db ¼ E��

b (between

two evenly weighted sites). Let p ¼ p1; . . .; pk; . . .; pSð Þ and

q ¼ q1; . . .; qk; . . .; qSð Þ be two vectors of species’ proportions,

Dst p; qð Þ ¼
PS

k;l¼1 pkqldkl � 1
2

PS
k;l¼1 pkpldkl � 1

2

PS
k;l¼1 qkqldkl

1� 1
2

PS
k;l¼1 pkpldkl � 1

2

PS
k;l¼1 qkqldkl

Db p; qð Þ ¼
1
2

PS
k;l¼1 pkqldkl � 1

4

PS
k;l¼1 pkpldkl � 1

4

PS
k;l¼1 qkqldkl

1� 1
2

PS
k;l¼1 pkqldkl � 1

4

PS
k;l¼1 pkpldkl � 1

4

PS
k;l¼1 qkqldkl

We first modify the dissimilarities among species assemblages in b1
and b2, (i.e. the diversity among sites and regions, respectively) accord-

ing to Pavoine & Ricotta (2014) Dst index (the Db index could be used

as an alternative). Let pim ¼ p1jim; . . .; pkjim; . . .; pSjim
	 


be the vector of

species’ relative abundance within site m of region i, and

piþ ¼ p1jiþ; . . .; pkjiþ; . . .; pSjiþ
	 


the vector of species’ relative abun-

dance within region i, then

~Qb1;i ¼
XMi

m;n¼1

wim

wiþ

win

wiþ
Dst pim; pinð Þ

~Qb2 ¼
XN
i;j¼1

wiþwjþDst piþ; pjþ
� �

The formulas of ~Qb1;i and ~Qb2 correspond to Q applied to the

sites’ weights and dissimilarities among sites but within region i and

to the regions’ weights and dissimilarities among regions, respec-

tively. Because index Dst is bounded between 0 and 1, ~Qb1;i and
~Qb2

are also bounded between 0 and 1 and they can thus be transformed

into equivalent numbers of sites and regions, respectively, as fol-

lows:

~Eb1;i ¼
1

1� ~Qb1;i

~Eb2 ¼
1

1� ~Qb2

Finally, the component ~Eb1 measuring b1 diversity can be defined as

the average equivalent number of sites within regions as follows (har-

monicmean of the ~Eb1;i ’s):

~Eb1 ¼
1PN

i¼1 wiþ 1= ~Eb1;i

� � ¼ 1

1�PN
i¼1 wiþ ~Qb1;i

Measuring a diversity with index Ea, ~Eb1 and Ea are computed

with the same formula, although ~Eb1 uses average distances among

sites, whereas Ea uses average distances among species. A new com-

ponent of c diversity, ~Ec, is defined as the product of the equivalent

number of species per site and region by the equivalent number of

sites per region and by the equivalent number of regions:
~Ec ¼ Ea ~Eb1

~Eb2 (
~Ec 6¼ Ec). Uneven weights can be used for both sites

and regions. ~Eb2 can be normalized into 0 and 1 using one of the fol-

lowing formulas:

~E�
b2

¼ 1� 1= ~Eb2

1� 1=N

~E��
b2

¼
~Eb2 � 1

N� 1

The maximum of ~Eb1 does not depend on the diversity within sites.
~Eb1 can then be normalized considering allMi’s with one of the follow-

ing formulas:

~E�
b1

¼ 1PN
i¼1 wiþ 1= ~E�

b1;i

� � where ~E�
b1;i

¼ 1� 1= ~Eb1;i

1� 1=Mi
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and

~E��
b1

¼ 1PN
i¼1 wiþ 1= ~E��

b1;i

� � where ~E��
b1;i

¼
~Eb1;i

� 1

Mi � 1

As for E�
b1;i

and E��
b1;i

, if a region is composed of one site only, we

impose that ~E�
b1;i

¼ ~E��
b1;i

¼ 0.

As recommended by Rao (1982a), our components of b diversity in

this third approach are defined as the average dissimilarities among

sites or regions. Baselga (2013) showed that this definition departs

from that of multiple-site b diversity, as the average pairwise dissimi-

larities among sites do not consider how many species are shared by

more than two sites. We agree that the two definitions are different

and may respond to different objectives. However, the average pair-

wise dissimilarities among sites (or regions) and the associated effec-

tive number of sites (or regions) are indices of b diversity as soon the

average dissimilarities among species and the associated effective num-

bers of species are admitted to be indices of a generalized entropy

(Rao 1982a,b) and diversity (Ricotta & Szeidl 2009; de Bello et al.

2010), respectively. The relevance behind Rao’s framework was to

unify the way a diversity and b diversity are measured: a diversity as

an average dissimilarity between species and b diversity as an average

dissimilarity between sites. Consider, for example, that species are

characterized by a qualitative trait with several levels. Then, the aver-

age pairwise dissimilarity between species does not consider how

many trait levels are shared by more than two species. Consider three

species: one has trait levels A and B, another has trait levels B and C,

and the last one trait levels C and A. On average, species share one

trait level, and each trait level is possessed by two species. Now con-

sider the first species has trait levels A and B, the second has trait

levels A and C and the last one A and D. On average in this second

case, species also share a unique trait level, but trait level A is pos-

sessed by all species, whereas three trait levels (B, C and D) are unique

to a species. The development of a diversity framework that is based

on both multiple-species and multiple-site analyses could be the objec-

tive of further research and is beyond the scope of our paper that

relies on Rao’s framework.

CASE STUDY

We use the same data set as in our two previous studies that focused on

decomposing biodiversity (Pavoine & Dol�edec 2005) and measuring

the biodissimilarities among sites (Pavoine & Ricotta 2014). A total of

40 macroinvertebrate species (here Coleoptera and Trichoptera) were

sampled in 38 sites (stations) distributed in the Loire River (France)

from the spring to 200 km upstream of the mouth. The river was

divided into three regions according to its geology: granitic highlands,

limestone lowlands and granitic lowlands. Sixteen sites were positioned

in granitic highlands, 17 in limestone lowlands and five in granitic low-

lands. Sites have been sampled in July 1989 and 1991 and inMarch and

May 1993, in rubble riffle habitats with a hand-net for about 10 min

per site. Individuals were identified at the species level and counted.

Dissimilarities among species were considered using taxonomy, size

and feeding habits. Taxonomic dissimilarities among species were

defined as follows: 1/4 between species of same genus, 1/2 between spe-

cies of different genera but same family, 3/4 between species of different

families but same order and 1 between species of different orders. Size

and feeding habits were defined using a fuzzy coding approach (Cheve-

net,Dol�edec&Chessel 1994) where each species is attributed an affinity

to each size category (four length categories ranging from ≤5 to 20–

40 mm) and to each feeding category (engulfers, shredders, scrapers,

deposit-feeders, active filter-feeders, passive filter-feeders and piercers).

For each trait (either size or feeding habits), affinities for each category

were estimated by expert opinion on an ordinal scale ranging from 0

(no affinity) to 3 (high affinity, Ivol et al. 1997). Then, the dissimilarity

between two species was calculated as follows:

dkl ¼ 1�
XV
v¼1

qkvqlv

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXV
v¼1

q2kv

XV
v¼1

q2lv

vuut

where dkl is the dissimilarity between species k and l,V is the number of

categories (four size categories and seven feeding categories), qkv is the

proportional affinity of species k for category v. This coefficient of dis-

similarity was chosen to render the results comparable with those

obtained with the APQE approach by Pavoine & Dol�edec (2005). The

taxonomy and biological traits are shown in Fig. 1, together with the

sum of the abundances of each species within each geological region.

We also considered averaged dissimilarities over size and feeding

habits. Pavoine & Dol�edec (2005) weighted sites and regions by their

size (number of observed individuals). Instead, we attributed here even

weights to regions and to sites within regions so that the range of �Eb1

does not depend on the diversity within sites and the range of Eb2 does

not depend on the diversity within regions.

We calculated all components of hierarchical approaches of biodi-

versity defined above to this data set and compared the results with

those given by APQE. We provided the raw components and the

normed E��
b1
, �E��

b1
, ~E��

b1
, E��

b2
and ~E��

b2
. We then applied permutation

tests to the normed E��
b1
, �E��

b1
, ~E��

b1
, E��

b2
and ~E��

b2
components, using the

same permutation schemes as in Pavoine & Dol�edec (2005). First, the

differences among sites were tested by permuting the abundances of

each species across sites but within regions calculating E��
b1
, �E��

b1
and

~E��
b1

for each permutation. Secondly, the differences among regions

were tested by permuting sites among regions, calculating E��
b2

and ~E��
b2

for each permutation. Developing and comparing permutation

schemes was beyond the scope of our paper. We thus recommend that

further studies focus on evaluating the type I error and power of a

range of possible permutation schemes (see, e.g., Anderson 2001;

Hardy 2008; Anderson &Walsh 2013).

Results

For a diversity, the maximum diversity would have been

obtained if the 40 species were maximally dissimilar and were

present within all sites with even abundances. In contrast, Ea

revealed that the biodiversity within sites (a diversity) was very

low whatever the aspect of biodiversity considered (species,

taxonomic, size, diet and size & diet diversity) (Table 1b). This

was not reflected by the APQE approach (Table 1a). For c
diversity, the maximum diversity would have been obtained if

the 40 species were present with even abundances at the River

level (pooling all sites and regions). In contrast, Ec, �Ec and ~Ec

revealed that, although the taxonomic and functional c diver-

sity over the Loire River is higher than the a diversity (within

sites), it is also low,meaning that some taxonomic groups, with

particular size and feed categories, dominate in abundance. As

shown in Fig. 1, all dominant species belong to the genus

Hydropsyche and are similar in size and diet habits: they are

passive filter-feeders with size between 10 and 20 mm, except

for the individuals ofHydropsyche dinarica that may have lar-

ger body sizes.
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The results of the permutation tests were globally

unchanged compared with Pavoine &Dol�edec (2005): only the

differences among regions were significant except when taxon-

omy and diet habit were considered, in which case the differ-

ences among sites within regions were sometimes also

significant (Table 1c). However, compared with APQE, the

components Eb1 ,
�Eb1 ,

~Eb1 , Eb2 ,
~Eb2 and their normed versions

revealed the effect size of the differences among regions and

sites. The normed E��
b1
, �E��

b1
and ~E��

b1
that resulted from the dis-

similarities in terms of species’ taxonomic positions among

sites within regions were low (<0�030) but higher than those

that resulted from species’ feeding habits. Normalized b1 diver-
sity varies between 0 (absence of dissimilarities among sites

within regions) and 1 (when sites are maximally dissimilar).

Although significant for some tests, the normalized b1 diversity
thus revealed very low dissimilarity in terms of both taxonomy

and species’ feeding habits among sites within regions. What-

ever the aspect of biodiversity considered (in terms of species,

size and feeding categories, or taxonomy), the b2 diversity,

which reflects dissimilarities among regions, was significantly

higher than if sites were randomly distributed among regions.

However, the E��
b2
and ~E��

b2
components revealed that, although

significant, the dissimilarities among regions were low in terms

of size, feeding categories and taxonomy (<0�070). In contrast,

the dissimilarity was moderate (>0�300) in terms of species

composition. Even in the presence of some species turnover or

change in species’ abundances among regions, the dominant

species of all regions thus shared close size categories, feeding

habits and taxonomic positions. Indeed, the dominant species,

even if distinct across regions, were all Hydropsyche species

with similar size categories and diet habits. The significance of

the dissimilarities among regions in terms of size categories,

feeding habits and taxonomic positions are thus due to sub-

dominant species (mainly in the granitic highlands), which

moderately, even if significantly, contribute to these dissimilar-

ities (Fig. 1).

Discussion

Research on biodiversity has taken a new turn when Jost

(2006, 2007) warned against the use of entropy indices formea-

suring biodiversity because their values were not directly

1 2 3 4 1 2 3 4 5 6 7
Size Diet
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Oreodytes sanmarkii
Platambus maculatus
Dupophilus brevis 
Elmis aenea 
Elmis maugetii
Elmis rioloides
Esolus angustatus
Esolus parallelepipedus
Esolus pygmaeus
Limnius perrisi
Limnius volckmari
Limnius opacus
Macronychus quadrituberculatus
Oulimnius troglodytes
Oulimnius tuberculatus
Potamophilus acuminatus
Stenelmis canaliculata
Micrasema longulum
Oligoplectrum maculatum
Ecnomus deceptor
Ecnomus tenellus
Agapetus delicatulus
Glossosoma conformis
Cheumatopsyche lepida
Hydropsyche bulgaromanorum
Hydropsyche contubernalis
Hydropsyche dinarica
Hydropsyche exocellata
Hydropsyche ornatula
Hydropsyche pellucidula
Hydropsyche siltalai
Allogamus auricollis
Chimarra marginata
Philopotamus montanus
Neureclipsis bimaculata
Plectrocnemia geniculata
Polycentropus flavomaculatus
Psychomyia pusilla
Rhyacophila praemorsa
Thremma gallicum

(a) (c)(b)

Fig. 1. Summary of the data set: (a) taxonomy, (b) biological traits, (c) abundance of each species within each geological region. The full data set is

available in ADE4 package of R (Dray, Dufour & Chessel 2007). Levels in the taxonomy represent orders, families and genera. Codes for families are

as follows: D = Dytiscidae, El = Elmidae, B = Brachycentridae, Ec = Ecnomidae, G = Glossosomatidae, H = Hydropsychidae, L = Limnephili-

dae, Ph = Philopotamidae, Po = Polycentropodidae, Ps = Psychomyiidae, R = Rhyacophilidae, U = Uenoidae. The categories of the two biologi-

cal traits are as follows: for body size (mm), 1 = ]0, 5], 2 = ]5,10], 3 = ]10,20], 4 = ]20,40]; for diet habits, 1 = engulfers, 2 = shredders, 3 = scrapers,

4 = deposit-feeders, 5 = active filter-feeders, 6 = passive filter-feeders, 7 = piercers. A grey scale indicates the affinities of species for each category

of a trait (either size or diet categories); affinities are expressed here as proportions per species. For example,Oreodytes sanmarkii has 50% affinities

for the diet category ‘shredders’ and 50% for the diet category ‘piercers’. Abundance data in (c) were summed per species and geological region.
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applicable for taking decisions of conservation actions. He

generated vigorous debates (e.g. Ellison 2010; Whitlock 2011

and references therein). Hill (1973) early demonstrated how

entropy indices can bemodified in terms of equivalent numbers

of species. Chao, Chiu & Jost (2010) showed how the frame-

work of phylogenetic entropy indices (Pavoine, Love & Bon-

sall 2009a) could be modified in terms of equivalent numbers

of species. The use of Hill’s equivalent numbers of species has

now been extended to both phylogenetic and functional diver-

sity (e.g. Chao, Chiu & Jost 2010; Leinster & Cobbold 2012;

Pavoine & Izsak 2014). Most solutions developed so far are

thus based on the adaptations of traditional species diversity

indices, mainly Hill numbers. However, contrasting definitions

of equivalent number of species (or sites) have been developed

in the literature. Our definition is similar whatever the entity

considered (e.g. species or sites): the equivalent number of

equally abundant and maximally dissimilar species (or sites)

(Ricotta & Szeidl 2009).

We proposed here to adapt Rao’s apportionment of the

quadratic entropy (APQE) by allowing biodiversity to be con-

sidered in terms of equivalent number of species, sites, regions,

etc., in a nested hierarchy of multiple scales. We applied the

new approaches to the macroinvertebrate assemblages on

Loire River in France, a data set previously analysed by

Pavoine & Dol�edec (2005) using Rao’s APQE. Using the per-

mutation schemes of Pavoine &Dol�edec (2005; see also Excof-

fier, Smouse & Quattro 1992) to the new approaches, the

results of the tests were mostly unchanged compared with

those obtained by Pavoine & Dol�edec (2005). However, the

components of the new approaches are easier to interpret in

terms of equivalent numbers of species, sites, regions, etc. They

revealed low diversity within sites and low dissimilarities

among sites in terms of species, taxonomy, size and feeding

habits, but relatively high species dissimilarity among geologi-

cal regions.

Here, we discuss on the pros and cons of our alternative

approaches for a hierarchical analysis of diversity and compare

these approaches with those of other authors. We show how

different authors approach the characterization of the diversity

of assemblages from different perspectives.

ON THE NORMALIZATION OF TRAIT DISTANCES

Our approaches depend on the existence of amaximumdissim-

ilarity between two species. This maximum needs to be defined

carefully. Normalizing the dissimilarities among species, dkl’s,

between 0 and 1 might hamper comparisons between data sets

if done separately on each data set (Appendix S3; see also de

Bello et al. 2013). The choice of the dissimilarities is thus

important, keeping in mind that a close-to-0 value means very

similar species, while a close-to-1 value means very different

species. For example, if the objective is to compare the diversity

of sites within a region, then the normalization of the dkl’s

between 0 and 1 should have been done at the regional level so

that all sites are compared using the samematrix of dissimilari-

ties among species but different vectors of species’ abundances

(see other examples in Appendix S3; see also Ricotta & Szeidl

2009 and R scripts in Appendix S2 of de Bello et al. 2010). Sim-

ilarly, when different data sets are compared, the matrix of dis-

similarities among species should have been measured with the

same units for all data sets so that the data sets are comparable

(an example is given in Fig. 2; other examples are available in

Table 1. Results of the hierarchical analyses of biodiversity according to the APQE framework (a) and the new approaches, with raw components

(b), andwith normed b components and tests (c). Evenweights were given to regions and to sites within regions.

Gini–Simpson Taxonomy Size Diet Size &Diet

(a)APQE (components and tests)

Among regions Qb2 0�110*** 0�064*** 0�035*** 0�062*** 0�048***
Among sites within regions Qb1 0�189NS 0�133* 0�087NS 0�112*** 0�099*
Within sites Qa 0�533 0�274 0�170 0�156 0�163
Total Qc 0�832 0�471 0�292 0�329 0�310
(b)New alternative approach (raw components)

Among regions Eb2 1�656 1�121 1�050 1�092 1�070
~Eb2 1�724 1�133 1�055 1�102 1�078

Among sites within regions Eb1 1�678 1�223 1�117 1�152 1�135
�Eb1 1�705 1�265 1�138 1�176 1�157
~Eb1 1�705 1�260 1�137 1�174 1�154

Within sites Ea 2�142 1�377 1�204 1�184 1�194
Total Ec 5�953 1�889 1�412 1�491 1�450

�Ec 6�049 1�953 1�438 1�521 1�478
~Ec 6�299 1�965 1�444 1�533 1�486

(c)New alternative approach (normed b components and tests)
Among regions E��

b2
0�328*** 0�061* 0�025* 0�046* 0�035*

~E��
b2

0�362*** 0�066* 0�027* 0�051* 0�039*
Among sites within regions E��

b1
0�070NS 0�027* 0�015NS 0�019* 0�017NS

�E��
b1

0�043NS 0�012NS 0�005NS 0�006NS 0�006NS

~E��
b1

0�045NS 0�013NS 0�006NS 0�007* 0�006NS

Diversity was measured in terms of species (using the Gini–Simpson index), taxonomy, body length (size), diet habits, and both size and diet. The

results of the permutation tests are given in terms ofP-values with the following code: ***<0�005, *<0�05, NS ≥ 0�05.
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Appendix S3). Flexibility in the normalization of the dissimi-

larities among species is thus important and was done in previ-

ous studies (see R scripts inAppendix S2 of de Bello et al. 2010;

see also de Bello et al. 2013). Note also that some coefficients

of dissimilarity include data normalization. For example in

Gower (1971) coefficient, quantitative traits are standardized

by their range, the definition of which is thus critical. We

demonstrate in Appendix S1 that the spurious behaviour of

indices Eb, E
�
b, E

��
b found by Chiu & Chao (2014) with non-

ultrametric distances among species is not related to the ultra-

metric property and can be solved by normalizing data glob-

ally over data sets. Ricotta & Szeidl (2009), de Bello et al.

(2010) and Vill�eger et al. (2012) approaches can all be applied

to both ultrametric and non-ultrametric (but squared Eucli-

dean) distances.

ON THE DEFINIT ION OF MAXIMALLY DISSIMILAR

COMMUNITIES

Chiu & Chao’s (2014) measures of functional dissimilarity

among sites reach their maximum when the sites do not share

species, irrespective of the functional similarities among species

as shown in Fig. 3. Their definition of maximally dissimilar is

the following: N assemblages are completely distinct if there

are no shared species (and thus no shared species’ pairwise dis-

tances). In contrast, our definition ofmaximally dissimilar sites

is different: two sites are maximally dissimilar if any species of

one site is maximally dissimilar of any species in the other site

(Fig. 3). In Fig. 3a, although including the functional dissimi-

larities among species, Chiu & Chao (2014) indices provide

maximum dissimilarity between the two sites (because they do

not share species). In contrast, de Bello et al. (2010) and

Vill�eger et al. (2012) indices provide low dissimilarity between

the two sites because species a, c, e from the first site are very

similar to species b, d, f, respectively, contained in the second

site. In the extreme case where species a, c, e have identical

functional traits as species b, d, f, respectively, Chiu & Chao

(2014) indices still provide maximum dissimilarity between the

two sites, whereas de Bello et al. (2010) and Vill�eger et al.

(2012) indices acknowledge the similarity between the two

communities (b diversity = 0). In Fig. 3b, all indices agree that

the communities are maximally dissimilar, Chiu & Chao

(2014) indices because the sites do not share species (or species-

pairs), and de Bello et al. (2010) and Vill�eger et al. (2012)

indices because any species in the first site is maximally dissimi-

lar with any species from the other site. Different definitions of

maximally dissimilar communities have thus been proposed in

the literature and can respond to different questions on the

structure of communities and regions and thus to different

objectives (see alsoAppendix S3 for a discussion in the particu-

lar case of diversitymeasured by phylogenetic trees).

ARE b DIVERSIT IES BOUND TO BE LOW IN

APPLICATIONS?

A criticism raised towards Rao’s APQE framework was that,

when applied to real data sets, low values were observed for b
diversity components. It was underlined (e.g. de Bello et al.

2009) that this was because Rao’s quadratic entropy is a gener-

alization of theGini–Simpson index for which a link between a
and b diversity was demonstratedwith low values of b diversity
as soon as a was high (even allowing c diversity to vary, see

also Appendix S4). However, this dependence of the range of

Rao’s b diversity (Qb) on Rao’s a diversity (Qa) is true only if

the dissimilarities among species are bounded between 0 and 1

and, in that case, it is solved by transforming entropy into
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Fig. 2. Example of data sets where the way of normalizing the dissimilarities among species into the interval [0, 1] might affect the conclusions. Both

data sets contain two sites. Each site has two species (named by letters from a to h), and the sites do not share species. Species are characterized by

their height. Functional dissimilarities among species are first defined as the absolute difference in height. Then, these dissimilarities are rescaled into

[0, 1] by two approaches. In the first approach, dissimilarities are divided by the local highest absolute difference in height, where ‘local’ means con-

sidering only the species of the data set (highest difference between species a and species d in the first data set; and between species e and species h in

the second data set). In the second approach, dissimilarities are divided by the global highest absolute difference in height, where ‘global’ means con-

sidering the pooled species of the two data sets (highest difference between species a and species h). Using the local approach leads to the conclusion

that the functional dissimilarity between the two sites is equivalent in both data sets. Using the global approach, indices E�
b, and E��

b (see main text

for equations) correctly identify the higher functional dissimilarities among the two sites in the second data set. However, Chiu & Chao (2014)

1� C�
22 Qð Þ and 1�U�

22 Qð Þ indices are insensitive, in this example, to functional dissimilarities and reach their maximum because the sites, in each

data set, do not share species. We advocate at least the global approach, or a reference to a larger species pool, each time data sets have to be

compared.
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equivalent number of species (Jost 2007; Ricotta & Szeidl

2009; de Bello et al. 2010). If, on the contrary, both the dissimi-

larities among species and the compositions of the communi-

ties are allowed to change indefinitely, then for fixed values of

diversity within communities, Qb can always vary from 0 to

infinity so that its range does not depend onQa (Appendix S4).

We developed b diversity measures in the case where the dis-

similarities among species are bounded between 0 and 1 in

order to express diversity in terms of equivalent numbers of

species. These b diversity measures take maximum value when

communities do not share species and species from a commu-

nity are maximally dissimilar to all other species in any other

community. This situation will not be possible; for example, if

one considers more than two communities, species are charac-

terized by a single mean value of a quantitative trait and the

dissimilarity between the species is the absolute difference in

their mean value. Indeed in that case only two mean trait val-

ues are maximally dissimilar: the minimum and the maximum

possible values of the trait. If a region contains two

communities, they can be maximally dissimilar if one contains

similar species all characterized by the minimum trait value

and the other contains similar species characterized by the

maximum trait value. If a third community is added in the

region, then it will necessarily share at least partial similarities

with one of the communities (e.g. if its species have low values

for the trait) or both (e.g. if its species have averaged values of

the trait). If the same species are characterized by several values

reflecting their intraspecific diversity and if the dissimilarity

between two species is based on trait overlap (e.g. de Bello

et al. 2013; Carmona et al. 2016), then more species can have

dissimilarities close to 1 even with a single trait and b diversity

can be high.

The observed range of values for our components of b
diversity thus depends on how the dissimilarities among spe-

cies are defined. At first, species are all considered maximally

dissimilar, then for a sufficient number of species compared

with the number of communities, the b components can

reach their theoretical maximum (i.e. the total number of

communities for b components expressed in terms of effective

number of communities and 1 for their normed versions).

Then, adding species’ traits or phylogeny will necessarily add

similarities among species including possible similarities

among species from distinct communities, decreasing thus all

components of diversity. It does not mean that the indices

are insensitive to the differentiation among communities but

instead that, given the data used to characterize species, there

are similarities among communities. For example, if species

are characterized by a qualitative trait with many levels and

few species associated with the same level, the b components

as defined in our paper will remain high compared with con-

sidering all species as maximally dissimilar. Null models can

help to evaluate whether the level of b diversity could have

been observed randomly given the way species have been

(functionally or phylogenetically) characterized. Further

research is thus needed on the relevance and performance of

null models in functional and phylogenetic ecology (e.g.

Hardy 2008).

Conclusion

To conclude, biodiversity is a multifaceted notion, and it

would be detrimental to search for a single way of measuring

it. On the other hand, the results provided by biodiversity

indices must be unambiguously understandable by ecologists

and conservationists. Jost (2006, 2007) thus claimed for intu-

itive indices that could be directly applicable to prioritize areas

for conservation. We developed our approaches to satisfy this

requirement. Therefore, we believe our approaches are possible

solutions towards understandable ways for analysing nested

levels of community organization integrating many aspects of

biodiversity including species, functional or phylogenetic

diversity through a variety of spatial scales.
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Fig. 3. Illustration of the different ways used to define maximally dis-

similar sites: (a) Sites do not share species, but the species from one site

are functionally similar to one of the species in the other site; (b) Sites

do not share species and any species in one site is maximally function-

ally dissimilar to all species in the other site. In (a) and (b), the matrices

of pairwise dissimilarities are given in the top-left panel (the dissimilar-

ity between a species and itself always is 0; the dissimilarities between

species a, c, e and b, d, f, respectively, in case a are given by a parameter

e that takes two values in our example: 0�01 and 0). We then consider

two sites and provide their compositions in terms of species’ propor-

tions (bottom-left panel). The matrix of dissimilarities and the vectors

of species’ proportions within sites are used to calculate E�
b, E

��
b , and

Chiu&Chao (2014) 1� C�
22 Qð Þ and 1�U�

22 Qð Þ indices.
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Data accessibility

Data are available in the R package ADE4 version 1.7-2 (Dray, Dufour & Chessel

2007; R Core Team 2015). R script and manual can be downloaded as online sup-

porting information (Appendixes S5–S7).
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