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Abstract

The increasing use of phylogenetic methods in community ecology recognizes that accumulated evolutionary differences
among species mirror, to some extent, ecological processes. The scope of this work is thus to propose a new method for the
measurement of community-level phylogenetic redundancy, which takes into account the branching pattern of the underly-
ing phylogeny. Like for functional redundancy, a measure of phylogenetic redundancy can be described as a normalized
measure in the range (0—1) that relates the observed community-level phylogenetic diversity to the value of a hypothetical
assemblage with the same abundance distribution of the focal community in which all species had independent evolution.
Therefore, phylogenetic redundancy can be interpreted as the diversity decrease that is obtained by taking into account the
evolutionary relationships among species in the calculation of diversity. The behavior of the proposed method, for which
we provide a simple R function called ‘phyloredundancy’, was evaluated with published data on Alpine plant communities
along a primary succession on a glacier foreland in northern Italy. As shown by our results, the method accounts for the
length of shared branches in the phylogeny, producing a coherent framework for describing the evolutionary relationships
within a species assemblage. Being based on classical diversity measures, which have been used in ecology for decades, it
also has a great potential for future research in phylogenetic community ecology.
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Introduction

Measures of biodiversity are central for exploring the
complex ecological processes that drive species coexist-
ence and community assembly. Early work on biodiversity
Electronic supplementary material The online version of this attempted to summarize different aspects of community
article (https://doi.org/10.1007/s00442-017-4026-x) contains structure based on either presence and absence scores or
supplementary material, which is available to authorized users. on species abundances, thus assuming that all species are
equally and maximally distinct. More recently, the rec-
ognition that the species ecological differences constitute
an important facet of biodiversity has received increas-
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of their evolutionary history or functioning (Cadotte et al.
2013).

When several species perform similar functions, func-
tional redundancy may enhance community stability, thus
providing insurance against the loss of ecosystem func-
tions induced by external factors, such as disturbance or
biotic erosion (Yachi and Loreau 1999). Likewise, evo-
lutionary relationships may affect ecological processes
because the branching patterns of phylogenies mirrors the
accumulation of multidimensional phenotypic differences
among species (Felsenstein 1985; Harvey and Pagel 1991;
Vane-Wright et al. 1991; Faith 1992), which may in turn
describe the overall complexity of community functioning
better than a limited set of functional traits (Cadotte et al.
2010; Tucker et al. 2016).

However, while several methods have been proposed for
summarizing functional redundancy (Micheli and Halpern
2005; Mouillot et al. 2013, 2014; Guerrero et al. 2014;
Ricotta et al. 2016), the calculation of phylogenetic redun-
dancy has received far less attention. Like for functional
redundancy, phylogenetic redundancy is defined as the
diversity decrease that is obtained by taking into account
the evolutionary relationships among species in the cal-
culation of diversity. This definition makes phylogenetic
redundancy clearly distinct from other notions of redun-
dancy, such as, e.g., sample redundancy (sensu Garcilldn
et al. 2003).

The aim of this paper is thus to propose a new method
for the measurement of community-level phylogenetic
redundancy taking into account the branching pattern of the
underlying phylogeny. The performance of the proposed
method was evaluated with published data on Alpine plant
communities along a primary succession on a glacier fore-
land in Italy.

Methods

Imagine an assemblage (or community, plot, sample, relevé,
quadrat, etc.) composed of N species with relative abun-
dances p; (i =1, 2,..., N) with O <p, < land ), p; = 1,
together with a symmetric N X N dissimilarity matrix whose
elements d; summarize the pairwise functional dissimilari-
ties between species i and j with d;; in the range (0-1), such
that d; = d;; and d;; = 0.

Ricotta et al. (2016; see also de Bello et al. 2016)
proposed to summarize functional redundancy R as the
complement of community uniqueness U, such that
R=1-U=1-0/S where Q is Rao’s (1982) quadratic
diversity Q = Zﬁpipjdij (i.e., the expected dissimilarity
between two individuals of the assemblage selected at
random with replacement) and S is Simpson’s Diversity
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Index S=1-); pi2 (i.e., the probability that two individu-
als randomly selected from the assemblage will belong to
different species).

Considering all species as equally and maximally distinct
(i.e., ford; =1 foralli #j and d; = 0) we have that 0 = S.
Hence, according to Ricotta et al. (2016), community-level
functional uniqueness (the complement of redundancy) can
be summarized as the normalized ratio of two diversity
measures with different levels of ‘ecological abstraction’:
the Rao index, which takes the species dissimilarities into
account for the calculation of functional diversity and the
Simpson index, which considers all species equally and
maximally dissimilar. For details, see Ricotta et al. (2016).

In principle, the same approach can be used for cal-
culating community-level phylogenetic redundancy after
rescaling the species phylogenetic distances d;; to the unit
range. However, a primary difference between functional
and phylogenetic methods is that phylogenetic methods
are fundamentally related to a tree-like structure, which
represents the evolutionary relationships among species
(Pavoine 2016). Therefore, suitable measures of phyloge-
netic redundancy should take into account the branching
pattern of phylogenetic trees.

Faith (1992) suggested that branch lengths can be
expressed in terms of species features, which can be inter-
preted as “an evolutionarily conserved trait that may be
unique to a particular species or shared by many species”
(Nipperess et al. 2010). As a result, the total branch length of
the phylogeny is basically a measure of the total amount of
evolutionary history embodied in an assemblage. In practice,
the branch lengths may be set proportional to some measure
of evolutionary change, such as the amount of functional
or morphological differentiation from a common ances-
tor, or the number of base changes at a given locus (Chao
et al. 2010). If the branch lengths are proportional to time
of divergence, all species (terminal nodes) are at the same
distance from the root node and the tree is called ultrametric.

A general approach for taking into account the tree-like
structure of phylogenies in the calculation of community
diversity has been recently proposed by Pavoine et al. (2009)
and Chao et al. (2010). Here, we will consider only ultramet-
ric trees reporting time of divergence among species, which
usually represent the major source of phylogenetic informa-
tion in community ecology. For details on how to extend this
approach to non-ultrametric trees, see Appendix 1. Given a
species assemblage and the associated ultrametric tree in
Fig. 1, let T be the age of the root node. We can define non-
overlapping evolutionary periods slicing the tree at each
node so that there are no internal nodes between two slices.
Starting from the root node, the node ages can be labeled ¢,
(k=0,1,..., K) so that t, = T (the age of the root node) and
tx = 0 (the present-day time).
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Fig.1 Schematic ultrametric phylogeny for five species with rela-
tive abundances p,...., ps. Four non-overlapping evolutionary periods
A, can be shown by slicing the tree at each node so that there are no
internal nodes between two slices. Node ages are labeled f, (k = 0,
1,..., K) such that ¢, = T (age of the root node), tx = O (present-day),
and A, = |, — 1,_,|- Each evolutionary period contains M lineages
with relative abundances 7z, (m = 1, 2,..., M). Lineage abundances
are the sum of the relative abundances of all descendent species in the
phylogenetic tree

Two subsequent slices delimit an evolutionary period
A = |ty —t,_;| such that 3, A, = T. Each evolutionary
period contains M lineages (M < N) with relative abun-
dances 7, (m = 1, 2,..., M) such that 0 <z, <1 and
> T = 1. These lineage abundances are obtained as the
sum of the relative abundances of all descendent species in
the phylogenetic tree. In terms of features, the length of a
lineage reflects the number of the features associated to that
lineage, while the lineage abundance reflects the abundance
of these features (Pavoine 2016).

Based on the lineage abundances x;,, we can calculate a
‘lineage diversity’ D, for each node age ¢, of the phylogeny.
The lineage diversity at time f is the traditional present-
day diversity calculated from the species abundances p; (i.e.,
assuming all species are equally and maximally distinct).
The community-level phylogenetic diversity Dp is then
obtained averaging the diversities D, over the correspond-
ing time intervals of interest:

Dp=Y DX, )

where 7, = A, / T is the duration of the k-th evolutionary
period after rescaling the tip-to-root length to unit, and A,
(and hence 7)) = 0 by definition. Unlike traditional diversity
measures, Dp incorporates information about the branching
pattern of the phylogeny and its lineage abundances. If the

diversity measure used for calculating phylogenetic diversity
is species richness, the product Dp X T = Y, D; X A turns
out to be Faith’s (1992) phylogenetic diversity (PD). That
is, the sum of the branch lengths of all species in the phy-
logeny, which is basically a measure of the total amount of
evolutionary history embodied in the assemblage since the
time of the most recent common ancestor. This relationship
reinforces the interpretation of Dp as a measure of ‘phylo-
genetic diversity.

Due to Dalton’s principle of transfers, for any Schur—con-
cave diversity index such as species richness, the Shannon,
or the Simpson diversity and their species equivalents (Hill
1973; Jost 2007), the present-day diversity Dy is always
greater than or equal to any other lineage diversity D,. For
details, see Patil and Taillie (1982). Accordingly, like in
Ricotta et al. (2016), we can obtain a normalized index of
phylogenetic uniqueness U taking the ratio of two diversity
measures: average community-level phylogenetic diversity
Dp, which takes into account the branching pattern of the
underlying phylogeny, and traditional present-day diversity
Dy, which considers all species as equally and maximally
dissimilar, such that U = Dp/ Dy. Likewise, phylogenetic
redundancy, can be simply calculated as:

R=1-U=1-Dy/Dy. 2)
Phylogenetic redundancy R thus summarizes the diver-
sity decrease that is obtained by taking into account the
branching pattern of the phylogenetic tree in the calcula-
tion of diversity. Redundancy will be small when there are
many deep branches, each well represented in the present-
day assemblage, attaining its minimum value R = 0 for a
star phylogeny, where all terminal branches originate from
a single polytomy at the root node. By contrast, redundancy
will be large when all branches emerge recently such that
the present-day assemblage is composed of phylogenetically
close species (Chao et al. 2010; Tucker and Cadotte 2013).
Put another way, phylogenetic redundancy tells us how much
the real phylogenetic diversity departs from that of a star
phylogeny in which all species had independent evolution.

Case study

Starting from the assumption that, during evolution, traits
are on average more conserved than random, in community
ecology phylogenetic metrics have been often considered a
proxy for differences in functional traits. According to this
hypothesis, phylogenetically close species are generally
assumed to be more functionally similar than more distantly
related species (Freckleton et al. 2002; Ackerly 2009; Sriv-
astava et al. 2012; Gerhold et al. 2015; Letten and Cornwell
2015). Therefore, the relevance of the new index of phylo-
genetic redundancy was evaluated comparing phylogenetic
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changes in plant communities along a primary succession
on the foreland of the Rutor glacier (northern Italy) with
the functional changes obtained for the same data by Ricotta
et al. (2016).

The study area is located between 2400 and 3000 m on
moraine deposits, which are mainly composed of metamor-
phic schists. Climate is continental with very cold winters
and low annual precipitation. The glacier terminus had its
maximum expansion during the Little Ice Age (1820-1864).
In the past century, the Rutor glacier had more limited oscil-
lations, the most relevant of which ended in 1933; for addi-
tional information on the study site, see Caccianiga et al.
(2006).

Fifty-nine vegetation plots of approximately 25 m” were
sampled by Caccianiga et al. (2006) on the glacier foreland
above the local tree limit. Based on the age of the moraine
deposits, the plots were assigned to three different succes-
sional stages: 17 early-successional plots (sampled in areas
exposed after 1933), 32 mid-successional plots (sampled in
areas exposed between 1820 and 1933) and 10 late-succes-
sional plots (sampled in areas exposed before 1820). For
each plot, species abundances were measured with a five-
point ordinal scale transformed to ranks. All data are avail-
able in Ricotta et al. (2016, Appendix S2).

Based on Grime’s (1974, 2001) functional classification
of plants as competitors (C), stress tolerators (S) and ruder-
als (R), Ricotta et al. (2016; Table 2) showed that vegetation
dynamics along the succession were shaped by a progres-
sive increase in community-level functional redundancy
from the early- to the late-successional stages. Here, we
will analyze the phylogenetic redundancy of the same data.
First, we calculated the community-level phylogenetic diver-
sity and redundancy of each plot according to Egs. (1) and
(2), respectively. Next, we tested for significant differences
among the phylogenetic diversity and redundancy values of
the three successional stages using a permutational ¢ test
with 9999 permutations.

The phylogenetic tree was extracted from the Daphne
phylogeny (Durka and Michalski 2012), a dated phylogeny
of a large European flora comprising most Alpine species
of Italy. For calculating phylogenetic redundancy, we used
two diversity measures with different sensitivity to common
versus rare lineages: the Shannon index H = ), p; log p; and
the Simpson index S, which is more sensitive to common
lineages compared to H (Jost 2007; Pavoine 2016). Note,
however, that since Ricotta et al. (2016) defined functional
redundancy as 1 — Q/ S, where Q is the Rao quadratic diver-
sity, the use of the Simpson index for calculating phyloge-
netic diversity provides the most direct term of comparison
between functional and phylogenetic redundancy. Note also
that the ordinal scale used for measuring the species abun-
dances (see Ricotta et al. 2016, Appendix S2) is dispropor-
tionately sensitive to rare species. Therefore, the Simpson
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index compensates to some extent the overweighting of low
species abundances induced by the ordinal measurement
scale.

Results

Figure 2 shows the phylogenetic tree of the species used in
this study, together with the plots of the mean Shannon and
Simpson lineage diversities D;, of each successional stage
vs. node age ;. All calculations were done with the new
R function ‘phyloredundancy’ available in Appendix 2; an
electronic version of the phylogeny is available in Ricotta
et al. (2015, Appendix A). Table 1 shows the mean com-
munity-level diversity and redundancy values for the three
successional stages identified along the primary succession
on the foreland of the Rutor glacier. In good agreement with
the functional redundancy values calculated by Ricotta et al.
(2016) and irrespective of the diversity index used, a general
tendency towards an increase in phylogenetic redundancy
from the early to the late-successional stages is observed.

As shown in Fig. 2, for all successional stages, the major
decrease in lineage diversity from node age 7, to #,_; occurs
at deep evolutionary times. For the early- and mid-succes-
sional stages, which are mainly colonized by ruderal forbs,
such as Oxyria digyna and Tussilago farfara, the most
important change in lineage diversity along the nodes of the
phylogenetic tree is associated to diversification within the
eudicots at 118 Ma. By contrast, for the late-successional
stage, which is dominated by stress-tolerant graminoids,
such as Carex curvula, or Festuca halleri, the main change
in D, is related to differentiation within the monocots at
81 Ma. Hence, the increase in functional redundancy along
the succession observed by Ricotta et al. (2016) is accom-
panied by a parallel increase in phylogenetic redundancy
induced by a compositional shift from ruderal early-succes-
sional forbs to stress-tolerant late-successional graminoids
(Caccianiga et al. 2006).

Discussion

The growing application of phylogenetic methods in eco-
logical studies recognizes that accumulated evolutionary dif-
ferences among species may reflect ecological processes. In
this paper, we thus introduced a new measure of community-
level phylogenetic redundancy, which is calculated by nor-
malizing phylogenetic diversity in the range (0—1). While
phylogenetic diversity is an absolute measure that takes into
account the species abundances and the branching pattern of
the underlying phylogeny, phylogenetic redundancy is a rela-
tive measure that relates the observed phylogenetic diversity
to the value of a maximally dissimilar model assemblage
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Fig.2 a Ultrametric phylogeny
of the species used in this study,
together with the plots of the
mean b Shannon and ¢ Simpson
lineage diversities D, of each
successional stage vs. node

age 1. The root node (T = 147
million years Ma) and the nodes
corresponding to the major
changes in lineage diversity
along the phylogenetic tree are
shown with a black dot. For
details, see the main text. Color
version of this figure is available
online
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Table 1 Mean (standard
deviation) phylogenetic
diversity and redundancy values

Early-successional stage Mid-successional stage Late-successional
(17 plots) (32 plots) stage (10 plots)

for the three successional stages
identified on the foreland of

the Rutor glacier calculated
both with the Shannon and the
Simpson diversity coefficients

Shannon diversity
Phylogenetic diversity Dp
Present-day diversity Dy
Phylogenetic redundancy R

Simpson diversity
Phylogenetic diversity Dp
Present-day diversity Dy
Phylogenetic redundancy R

0.675 (0.064)a
1.030 (0.154)a

0.673 (0.060)a
1.134 (0.094)

0.600 (0.069)
1.018 (0.136)a

0.336 (0.086) 0.405 (0.047)a 0.408 (0.050)a
0.706 (0.035)a 0.710 (0.025)a 0.671 (0.039)

0.893 (0.039)a 0.918 (0.018) 0.891 (0.035)a
0.208 (0.040)a 0.226 (0.025)ab 0.247 (0.035)b

Pairwise comparisons of index differences between the successional stages were done with one-way per-
mutational 7 tests (9999 permutations)

For each index, numbers followed by the same letter do not differ significantly (P > 0.05; Holm-corrected

values)

with the same abundance distribution of the focal commu-
nity. In this sense, phylogenetic redundancy differs from the
classical notion of ‘phylogenetic evenness’ sensu Villéger
et al. (2008) because the latter has been used to quantify
the regularity of the distribution of species dissimilarities
and abundances in phylogenetic space (see also Tucker et al.
2016).

Unlike other indices of phylogenetic diversity, which are
based on pairwise species distances, the proposed measures
account for the length of shared branches in the phylogeny.
On one hand, this is a more natural approach to the calcula-
tion of phylogenetic diversity, since a tree representation is
the most logical way for describing the evolutionary rela-
tionships within a species assemblage. On the other hand,
this method may become problematic for comparing phylo-
genetic and functional diversity, since a tree-based hierarchi-
cal representation of the functional relationships within a set
of species (see Petchey and Gaston 2002) is not biologically
justified (Pavoine 2016; Villéger et al. 2017).

The proposed method for calculating phylogenetic diver-
sity and redundancy has a great potential for future research
in phylogenetic community ecology as it is based on clas-
sical diversity measures, which have been used in ecology
for decades. Therefore, due to their well-known properties,
the practitioner can select the measure that best matches the
requirements of his/her specific question. For example, at
broad spatial scales, species abundances are often unknown
or irrelevant, such that species occurrences are usually rep-
resented as presence/absence scores. By contrast, at local
scales, the ecological interactions among species are thought
to reflect both their abundances and evolutionary relation-
ships. In this case, data on species abundances become a
relevant piece of ecological information.

In this framework, unlike most tree-based measures of
phylogenetic diversity (but see Cadotte et al. 2010; Tucker
et al. 2016), the proposed method enables the incorpora-
tion of information on species abundances in a very flexible
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manner. At the same time, since Dy is an additive quantity,
it is possible to decompose phylogenetic diversity into the
contributions of the single evolutionary periods which shape
the phylogeny. For example, in our case study, the increased
evolutionary relatedness of the late-successional species is
most likely due to the increasing dominance of graminoids
which progressively substituted early-successional ruderal
forbs. On the other hand, one might assume that the increas-
ing phylogenetic redundancy along the successional process
is simply a ‘sampling effect’ due to larger species richness in
late-successional stages. However, for the alpine vegetation
of the Rutor glacier, the largest species richness is associ-
ated to the mid-successional plots (see Ricotta et al. 2016,
Table 2), while the index used for calculating phylogenetic
redundancy is generally independent of species richness (for
a detailed discussion on the sensitivity of R to species rich-
ness, see Appendix 3). Therefore, at least for our case study,
phylogenetic redundancy is not directly related to species
richness.

From a more technical perspective, since the calculation
of redundancy is done after normalization of the tip-to-root
length T of the phylogeny to the unit interval (see Eq. 1),
we recommend adapting the way the data are normalized
to the question at hand. For example, if our aim consists
of comparing the redundancy of sites within a region, the
normalization of T in the range (0-1) should be done at the
regional level. In this way, all sites are compared using the
same phylogeny, but different vectors of species abundances.
On the other hand, if normalization is done separately on
each local phylogeny, the resulting redundancy values are
not expressed in the same units, thus hampering the com-
parison among datasets. From a biological viewpoint, if we
imagine that branch lengths are related to the number of fea-
tures shared by two species (Faith 1992; Pavoine et al. 2016),
the way of normalizing the height of the phylogeny can be
interpreted as normalization by the theoretical maximum
number of features shared by two species in our assemblage.
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This raises the more general question of developing methods
for scaling branch lengths to increase the ecological signifi-
cance of phylogenies (Clarke and Warwick 1999; Blomberg
et al. 2003; Cadotte et al. 2013; Letten and Cornwell 2015).

To conclude, in the last decades, ecologists have recog-
nized that ecological similarities between species are driven
to some extent by patterns of common ancestry (Cadotte
et al. 2010). As a consequence, the concept of biodiversity
has increasingly become a complex multifaceted notion that
incorporates functional and phylogenetic differences. There-
fore, to be really useful in ecological research, the properties
of biodiversity indices must be unambiguously understand-
able by ecologists. We believe that the proposed method pro-
vides a relatively simple way for summarizing a key metric
of community structure, such as phylogenetic redundancy,
thus offering new insights into the mechanisms that drive
community composition through a variety of spatial scales.
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Appendix 1. How to extend the calculation of phylogenetic redundancy to non-ultrametric trees.

Given an assemblage composed of N species, we will restrict our analysis to dichotomic diversity
measures D expressed as the average rarity R(i) of the species relative abundances

P, = ( Py Pyyees Py ) , such as the Shannon or the Simpson diversity:

D:Zi pixR(pi) 1)

where R(p;) is a decreasing function of the relative abundances p; (see Patil and Taillie 1982). Note
that according to Eq. (2), the contribution of species i to overall diversity depends only on the
numerical value of p;. Patil and Taillie (1982) called this property ‘dichotomy’ because the
contribution of i to D would be unchanged if the other species were grouped into a single
complementary category.

Also, according to Patil and Taillie (1982), a diversity measure is said ‘schur-concave’ if D
increases when abundance is transferred from a species to a another strictly less abundant species.
This property is known in econometrics as Dalton’s (1920) principle of transfers. In its very

essence, given two species i and j with relative abundances p, > p; >0, diversity is increased if the

quantity o 'is transferred from p; to p; so long as the transfer does not reverse the ranking of the two
abundances: p; =0 >p;+9.

Chao et al. (2010) showed that for an ultrametric tree, the phylogenetic diversity Dp in Eq. (1) of the
main text can be also calculated as follows. Consider a rooted ultrametric phylogeny with B
branches and N species as tips with relative abundances p;. Let L; be the length (i.e. duration) of
branch j (j = 1, 2, ..., B), N; be the set of species descending from branch j and pj; be the relative

abundance of the i-th descendant of branch j so that a; = Ziem p; is the relative abundance of all

species descending from branch j. Then, phylogenetic diversity Dp can be obtained by calculating a
diversity index of choice of the general form:

L
Dp=Zj?‘aj><R(a,—) @)

where T is the age of the root node. The so-obtained phylogenetic diversity Dp is identical to the
phylogenetic diversity obtained with the procedure described in the main text, being at the same
time formally similar to the weighted diversity measures proposed by Guiasu (1971) and Guiasu
and Guiasu (2012). See also Chiu et al. (2014) and Pavoine (2009, 2016).

Phylogenetic redundancy can be then calculated as:
R=1-D,/D 3)

where D is the present-day diversity calculated from the N species relative abundances pi. A
necessary requirement to obtain a meaningful measure of phylogenetic redundancy in the range 0-
1, is that D, <D. That is, phylogenetic diversity Dp cannot be greater than the present-day
diversity D, which is calculated assuming that the N species are maximally distinct from each other.
From an evolutionary point of view, this is tantamount saying that D, is calculated from a star
phylogeny in which all species had independent evolution.
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Figure 1. (a) Hypothetical non-ultrametric phylogeny with three species with relative abundances p;, p, and ps; and
unequal distances t; from tips to root. (b) Non-ultrametric phylogeny with the same set of species of (a) in which all
species evolved independently from the root node while preserving the unequal distances t; from tips to root. (c)
Ultrametric phylogeny with the same set of species of (a) in which all species assumed the maximum distance ty, from
tips to root.

More generally, for any tree, be it ultrametric or not, Dp can be calculated as (Chao et al. 2010):
L,
DP:ZjTTaij(aj) (4)

where T=3" La;=> L;>  p;=> pt and & is the distance from tip i to root on the
phylogenetic tree.

We can compare the phylogenetic diversity Dp of any non ultrametric tree, such as that in Figure 1a,
to the diversity assumed by the same set of species if all species evolved independently from the
root node while preserving the unequal distances t; from tips to root (Figure 1b):

1
DStar = T:ZJ Li ZieNj pij R( pij ) ©)
Equivalently, Dsi,r can be written as follows:

1
DStar :T:Ziti p|R( p.)

Because the index of diversity D = Zi P xR(p;) is schur-concave, and because it is dichotomic
sensu Patil and Taillie (1982), then for any j we have:

(ZieNj pij)x R(ZieNj |°ii)S 2o PaR(Py)

This yields D, > D, (6)



With ultrametric trees, the distances t; from tips to root are constant (t,

=T) and hence

Dtar Z pR Ds,tar Is thus species diversity (D).

With non-ultrametric trees, however, Dsir Still contains phylogenetic information: the distances

from tip to root (t) and their mean T . As an alternative, to compare phylogenetic diversity with
species diversity, we can consider the following formulas:

1
DH:t—ZijanR(aj) (7)
for phylogenetic diversity, where tya is the maximum of t; over i, and

[Z Y LRy )+ 2, (s ~t) PR(P) | ®)

for species diversity.

D, corresponds to the star phylogeny with equal, maximum distances from tips to roots (Figure

1c). Because the index of diversity D=) p,xR(p;) is schur-concave, and because it is
dichotomic sensu Patil and Taillie (1982)

z LaXR( ) ZZ.ENJ qu (pij)

This yields
1
St_[Z:jZieNj L, pin(pij )JS D, ®)

Note that, if the phylogeny is ultrametric, D, = D, and D, =D .

References

Chao A, Chiu CH, Jost L (2010) Phylogenetic diversity measures based on Hill numbers. Phil Trans
R Soc B 365:3599-3609

Chiu CH, Jost L, Chao A. (2014) Phylogenetic beta diversity, similarity and differentiation
measures based on Hill numbers. Ecol Monogr 84: 21-44

Dalton H (1920) Measurement of the inequality of incomes. Econ J 30: 348-361

Patil GP, Taillie C (1982) Diversity as a concept and its measurement. J Am Stat Ass 77: 548-561

Guiasu RC, Guiasu S (2012) The weighted Gini-Simpson index: revitalizing an old index of
biodiversity. Int J Ecol. Article ID: 478728. Doi: 10.1155/2012/478728

Guiasu S (1971) Weighted entropy. Rep Mat Phys 2: 165-179

Pavoine S (2016) A guide through a family of phylogenetic dissimilarity measures among sites.
Oikos 125: 1719-1732

Pavoine, S., Love, M.S., Bonsall, M.B. (2009) Hierarchical partitioning of evolutionary and
ecological patterns in the organization of phylogenetically-structured species assemblages:
applications to rockfish (genus: Sebastes) in the Southern California Bight. Ecology Letters 12:
898-908.



Appendix 2. R function ‘phyloredundancy’

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: the function 'phyloredundancy' calculates community-level phylogenetic redundancy taking into
account the branching pattern of the underlying phylogeny.

Dependencies: “vegan” and “ape” libraries

Usage: phyloredundancy(community, tree, index=c("richness","shannon","simpson")
Arguments

community: a community data frame with plots as rows, species as columns, and species abundance as
entries.

tree: an object of class 'phylo’. Only ultrametic trees are allowed. Phyloredundancy checks if the
phylogenetic tree is ultrametric with the function “is.ultrametric” of the “ape” library. If the tree is not
ultrametric, a warning message is displayed.

index: Phyloredundancy computes phylogenetic species richness ("richness") or the phylogenetic
analogue of the Shannon or Simpson diversity ("shannon" or "simpson", respectively); "richness" is
assumed as the default value.

Outputs:
An object of class “data.frame” is returned containing the following statistics:
Dy. the present-day diversity of all plots in the data frame.

De: the phylogenetic diversity D, of all plots in the data frame obtained averaging the diversities Dy over the
corresponding k-th evolutionary periods after rescaling the tip-to-root length to unit (for details, see the main
text).

U: phylogenetic uniqueness calculated as the ratio between phylogenetic diversity and present-day diversity
D, /D, -

R: phylogenetic redundancy, calculated as 1-U.

Function Syntax

phyloredundancy<-function(community, tree, index= "richness")
{
require(vegan)
require(ape)
if (linherits(community, "data.frame™){
if(linherits(community, "matrix"))
stop("Object community must be of class data.frame or matrix")
}
if (any(community < 0))
stop("Negative value in community")
if (any(rowSums(community) < 1e-16))
stop("Empty plots in community")
if (linherits(tree, "phylo"))
stop("tree must be of class phylo™)
if (ncol(community)!=length(tree$tip.label))
stop("Species should be the same and ordered in the same way in the ‘community’ and 'tree’ objects")



else if (is.null(colnames(community)))
warning("Species should ordered in the same way in the '‘community’ and 'tree’ objects")else
community <- community[, tree$tip.label]
if (is.ultrametric(tree, tol = 0.001)== FALSE)
warning("the phylogenetic tree is not ultrametric")
if(lindex[1]%in%c("shannon”, "simpson", "richness"))
stop("index must be shannon or simpson or richness")
dis_phylo<-cophenetic.phylo(tree)
clusters<-hclust(as.dist(dis_phylo))
groups<-cutree(clusters, h=clusters$height)
colnames(groups) <- paste("g", 1:ncol(groups), sep=""
groups_matrix<-data.frame(groups)
norm_dist<-c(0,clusters$height/max(clusters$height))
delta<-diff(norm_dist)
all_delta<-c(delta,0)
if (index %in% c("simpson", "shannon™)){
index_base <- apply(community, 1, function(v) diversity(v, index=index))
funmerge <- function(w)
{
merged<- aggregate(t(community) ~ w, FUN=sum)
cleaned <- t(merged[,-1])
return(apply(cleaned, 1, function(v) diversity(v, index=index)))

index_trees <- apply(groups_matrix, 2, funmerge)
all_index_plot <- cbind.data.frame(index_base,index_trees)
}
if (index == "richness"){
index_base <- apply(community, 1, function(v) specnumber(v))
funmerge <- function(w)
{
merged<- aggregate(t(community) ~ w, FUN=sum)
cleaned <- t(merged[,-1])
return(apply(cleaned, 1, function(v) specnumber(v)))

index_trees <- apply(groups_matrix, 2, funmerge)
all_index_plot<-data.frame(index_base,index_trees)
}
all_branch_index<- t(t(all_index_plot) * all_delta)
mean_index_tree<-rowSums(all_branch_index)
phylo_unig<-mean_index_tree/ index_base
phylo_redundancy<-1-phylo_uniq
outputs<-data.frame(index_base,mean_index_tree,phylo_uniqg,phylo_redundancy)
colnames(outputs)<-c("Dk", "Dp", "Phylogenetic Uniqueness", "Phylogenetic Redundancy")
return(outputs)

}
Example with simulated data - requires the 'ape' and the ‘TreeSim’ libraries

library(ape)

library(TreeSim)

phy <- sim.bd.taxa(n=10, 1, 1, O)[[1]] #generates an ultrametric phylogenetic tree with 10 tips (assumed as
species) under a pure birth model

com_matrix<-t(data.frame(replicate(20, rpois(10, 1)))) #generates a community matrix with ten species and
20 plots. Strictly positive abundance values are randomly assigned.

colnames(com_matrix)<-phy$tip.label

phyloredundancy(com_matrix, phy, index="richness") #calculates the phylogenetic redundancy of the
simulated dataset.



Appendix 3. On the sensitivity of phylogenetic redundancy to species richness.

Imagine an assemblage composed of N species with species relative abundances
P =(Py, P, Py ), and let R be a measure of community-level phylogenetic redundancy

R=1-U =1-D,/D,, where U is phylogenetic uniqueness, Dp is phylogenetic diversity, and D is
traditional present-day diversity defined as in the main text.

While all measures of present-day diversity are by definition sensitive to species richness, in most
cases the ratio D, / D, removes this effect. Irrespective of the index of present-day diversity Dx and
of the number of species N, redundancy attains its minimum value for a star phylogeny for which
D, =D, and hence R=0. However, in some cases, the maximum value of redundancy may
depend on species richness.

If present-day diversity is measured as species richness, such that D, = N, phylogenetic diversity
Dp becomes Faith’s (1992) index after normalization of the tip-to-root length of the phylogeny to
the unit interval [0, 1]. It follows that the average phylogenetic diversity per species DP/DK can

range from 1/N (for the extreme case where a long branch of length 1-& with £ <1 leads to a
polytomy of N branches of length &), to 1 (for a star phylogeny; see Figure 1).

(a) (b)

1-¢

Figure 1. (a) Hypothetical star phylogeny with three species Sy, S, and Ss. (b) Phylogeny with the same species richness
of (a) in which a long branch of length 1-¢ (with ¢ «1) leads to a polytomy of three branches of length &. When species
abundances are considered for the calculation of Dp and Dy, the phylogenetic redundancy of (b) tends to 0 for &tending
to 0.

Therefore, for D, =N, OSRS(N—l)/N. In this case, to make phylogenetic redundancy

independent of species richness, we may rescale R to the unit interval. Alternatively, when dealing
with species presence/absence data, instead of species richness N, we can use the index N -1 or
logN for summarizing Dp and D (see Hill 1973 and Patil and Taillie 1982). With index N -1, the

extreme scenario where a long branch of length 1—-¢ leads to a polytomy of N branches of length &



will lead to D, =(1-&)x0+¢&x(N —1) which tends to 0 when &tends to 0. With log N , it will lead
to D, =(1-¢)xlog(1)+&xlog(N) which also tends to 0 when ¢tends to 0.

To the contrary, when species abundances are considered, like for the Shannon or the Simpson
index, redundancy R becomes independent of species richness. For a given value of Dk, the
extreme scenario where a long branch of length 1-¢ leads to a polytomy of N branches of length &

(with ¢ <1) will lead to D, = Dy xg+(l—£)><0 and thus to D, /D, =0 and R=1. Indeed with

the Shannon or the Simpson index the diversity associated to the branch of length 1-¢ is zero. In
that case, when ¢tends to 0, the range of variation for uniqueness and redundancy is [0, 1] .
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