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SUPPLEMENTAL APPENDIX 1: COMPARISONS WITH OTHER UNIFIED
MEASURES
This Supplemental Appendix is a slightly modified version of appendix S5 of Chiu & Chao
(2014).

1. LEINSTER AND COBBOLD MEASURE
Leinster & Cobbold (2012) derived a parametric class of measures sensitive to species similarity
based on a framework of Hill numbers. We find that their measure (hereafter referred to as the
LC measure) may not be sensitive to species abundances if the species similarity matrix is
computed from species traits in functional analysis. When a species similarity matrix deviates
greatly from a naive identity matrix, their measure typically yields very low diversity values,
especially for assemblages with many species; this causes problems for the interpretation of
“species equivalents” in their approach. Note that, in the bottom right panel of figure 3 of
Leinster & Cobbold (2012), as q varies between 0 and 5, their measure for a non-naive similarity
matrix decreases from 1.27 to 1.25 for case “TS1” with roughly 250 species and, as shown in the
bottom left panel of their figure 3, decreases from 1.25 to 1.22 for case “TS3” with roughly 200
species. This reveals that the LC measure hardly varies with the order q for the two cases
considered in their figure 3. We thus computed several other real examples to see whether the LC
measure generally exhibits a similar pattern. We describe one typical example to show our
findings.
We applied the LC measure to the real data discussed in Ricotta et al. (2012). The same data
were also analyzed in Chiu & Chao (2014). We apply our own measures to these data in
Supplemental Appendix 5 of the present paper, so that readers can make comparisons. The full
1

data contain a total of 43 vascular plant species collected from 272 random vegetation plots of 2
× 2 m in size during the period 2002–2009 in three fore-dune habitats: embryo dunes (EM) (17
species in 70 plots), mobile dunes (MO) (39 species in 131 plots), and transition dunes (TR) (42
species in 71 plots) along the Tyrrhenian coast (for details, see Carboni et al. 2010, 2011, 2013).
In each habitat, we pooled species abundances over plots and obtained species relative
abundances (see Supplemental Figure 2 in Supplemental Appendix 5).
All species were described by a set of 16 functional traits. On the basis of these 16 traits, the
species distance matrix was calculated by a Gower mixed-variables coefficient of distance
(Pavoine et al. 2009). Because Gower’s distance between any two species is between 0 and 1, the
one complement of each distance can be used as a pairwise similarity measure. We also
transformed Gower’s distance d to exp(–d) to become a similarity metric. The plot of the LC
measure with respect to the order q for the two types of similarity metrics is given in
Supplemental Figure 1 for the three habitats.

Supplemental Figure 1. Diversity profiles as a function of the order q (0 ≤ q ≤ 5) of the measure by
Leinster & Cobbold (2012) for three habitats. (Left panel) The similarity is defined as one complement of
Gower’s distance: (black line) EM (in range: 2.09~ 2.01, when q is increased from 0 to 5), (red line) MO
2

(in range: 2.28~ 2.21), and (blue line) TR (in range: 2.31~ 2.24). (Right panel) The similarity is defined as
exp(–d) for Gower’s distance d: (black line) EM (in range: 1.63~ 1.61), (red line) MO (in range: 1.71~
1.69), and (blue line) TR (in range: 1.73~ 1.71). Abbreviations: EM, embryo dune; MO, mobile dune; TR,
transition dune.

The two plots in Supplemental Figure 1 reveal that the LC measure takes values in a very
narrow range that hardly changes for the above two types of similarity matrices. Because the
order q controls the measure’s sensitivity to species relative abundances and a larger value of q
places progressively more weight on common species, these plots demonstrate that the LC
measure may not be sensitive to the species abundances. We have found similar patterns for
many other data sets. Thus, a related question regards how the magnitude and “effective numbers”
of the LC measure should be interpreted.
Recently, Reeve et al. (2014) proposed formulas for the alpha, beta, and gamma diversities
based on the LC measure and on the decomposition framework of the ordinary Hill numbers.
Here we consider the simplest equal-weight case and apply formulas by Reeve et al. (2014) to a
simple similarity matrix. Consider two communities each with four species (1, 2, 3, 4). The
relative abundances of the four species in Community I are 0.98, 0.003, 0.001, and 0.016. The
relative abundances of the same four species for Community II are 0.90, 0.009, 0.082, and 0.009.
Assume that the following matrix gives the pairwise similarity for the four species:

 1 0.9 0.9 0 
0.9 1
0
0


1 0.9 .
0.9 0


0 0.9 1 
0

3

Then we obtain the following alpha and gamma diversities for four values of q:
Order

Gamma

Alpha

q=0

1.2605

1.5375

q = 0.5

1.1120

1.1570

q=1

1.0611

1.0679

q=2

1.0343

1.0345

For this case, the gamma LC measure is less than the alpha LC measure not only for the four
specific values of q in the above table, but also for all values of q ≥ 0. This situation violates the
necessary condition that alpha must always be less than or equal to gamma.
Leinster & Cobbold (2012, p. 478) indicated that their metric has close connections with the
phylogenetic indexes of Faith (1992) and Chao et al. (2010). This may be a misleading statement.
In their appendix, Leinster & Cobbold (2012) demonstrated that their formula could include
Faith’s PD and the phylogenetic Hill number of Chao and colleagues only for a particular
constructed similarity matrix (possibly nonsymmetric) and species abundances. Note that their
particular similarity matrix for species depends on the species relative abundance. Thus, when
two communities have the same set of species with different sets of species abundances, the
corresponding particular similarity matrices are different. Even within a single community, if two
samples result in different species abundances, then LC’s particular similarity matrices are
different. Thus, the “connection” between their metric and Faith’s PD and the measure of Chao
and colleagues is based only on an uninterpretable similarity matrix. A useful “connection”
between two measures should be based on a broad class of similarity matrices, not just on a
single particular constructed matrix.

4

When a similarity matrix is not a naive identity matrix, the only general connection that we
have found between the LC measure and the phylogenetic Hill numbers of Chao et al. (2010)
occurs when the similarity matrix is obtained from an ultrametric tree and q = 2. That is, for any
ultrametric tree, we can divide each species’ pairwise phylogenetic distance by the tree depth so
that all distances are scaled to be in the range [0, 1]. When the similarity between any two
species is defined as the complement of the scaled distance, the LC measure for q = 2 reduces to
the phylogenetic Hill number of Chao and colleagues of the same order. However, nearly all
similarity matrices calculated from species traits are nonultrametric. Therefore, this connection
for q = 2 is rarely valid in functional analysis.

2. SCHEINER APPROACH
Scheiner (2012) also proposed a metric that integrates abundance, phylogeny, and function using
a framework of Hill numbers. Our framework (attribute diversity and generalized Hill numbers)
is also based on Hill numbers. However, the two approaches are completely different. In the
following, we describe the fundamental concept of our unified approach and discuss the
differences between our framework and Scheiner’s approach.

2.1. The Basic Difference
The major difference between our framework and Scheiner’s approach lies in the interpretation
of Hill numbers. In Scheiner’s (2012) approach, the ordinary Hill numbers are interpreted as the
variability in relative abundances among species. Using this approach, Scheiner’s phylogenetic
diversity quantifies the variability of proportional phylogenetic divergences of species, and his
functional diversity quantifies the variability of proportional functional distinctiveness.

5

Our interpretation of Hill numbers is different. Our fundamental concept is based on the fact
that there is a unique idealized assemblage with equally abundant species so that the actual
assemblage and this idealized assemblage have the same diversity of order q. Thus, our extension
to phylogenetic diversity and functional diversity leads to completely different measures from
those of Scheiner as briefly described below.

2.1.1. Phylogenetic diversity measures. Our phylogenetic Hill number (or mean phylogenetic
diversity) of order q, denoted by

q

D (T ) , is the effective number of equally abundant and

equally phylogenetically distinct species or lineages with a constant branch length T from the
root node. Here T denotes the abundance-weighted mean distance from a tip node to the root
node (for the definition of T , see figure 1 of Chao et al. 2010). For an ultrametric tree with tree
depth T, T reduces to the tree depth T and the measure is simply denoted by
if

q

q

D (T ) . Generally,

D (T ) = z, then the phylogenetic Hill number of the assemblage is the same as the diversity

of an idealized assemblage consisting of z equally abundant and (phylogenetically) equally
distinct lineages, all with branch length T from the root node. In effect, there exists a unique
idealized assemblage with equally abundant and equally distinct species or lineages so that the
actual assemblage and this idealized assemblage have the same diversity of order q.
The phylogenetic Hill number (in units of “species equivalent”) does not incorporate
information about the actual depth of the phylogenetic tree. To incorporate this depth, we also
proposed the phylogenetic diversity
case with tree depth T, the measure

q

q

PD(T ) (in units of “lineage length”). For the ultrametric

PD(T ) equals T ×q D (T ) and is denoted by q PD(T ) . Thus,

we have a measure in units of species equivalents as well as a measure in units of lineage length.

6

This is more useful biologically because the measure

q

PD(T ) quantifies the amount of

evolutionary history in the tree (with branches weighted by the size of their contribution to the
present-day assemblage) and is also fruitful mathematically because we then can link our
measures to Faith PD (for q = 0), phylogenetic entropy (for q = 1), and Rao’s quadratic entropy
(for q = 2). Scheiner’s measure cannot be linked to the phylogenetic entropy or to Rao’s
quadratic entropy in general cases.

2.1.2. Functional diversity measures. Our functional Hill number denoted by

q

D(Q ) (see

Table 1 of the main text) is interpreted as “the effective number of equally abundant and
(functionally) equally distinct species.” Thus, if

q

D(Q ) = v, then the functional Hill number of

order q of the actual assemblage is the same as that of an idealized assemblage having v equally
abundant and equally distinct species with a constant distance Q for all species pairs. Our
concept for functional diversity is based on the fact that there exists a unique idealized
assemblage with equally abundant and equally distinct species so that the actual assemblage and
this idealized assemblage have the same diversity of order q.
As with our phylogenetic Hill numbers, the functional Hill numbers

q

D(Q ) (in units of

species equivalent) are scale free, so they need to be converted to our functional diversity qFD(Q)
(the effective total functional distance between species), defined as

q

FD(Q ) = Q ×[ q D(Q )]2 .

Thus, we can link our measures to FAD (for q = 0) and to the weighted Gini-Simpson index (for
q = 2) defined by Guiasu & Guiasu (2011, 2012) (see the main text for details). To our
knowledge, Scheiner’s metric cannot be linked to these two previous measures in general cases.

7

2.2. Different Meanings of Species Equivalents or Effective Number of Species
Scheiner’s integrated metric and our phylogenetic (and functional) Hill number are both in units
of species equivalents, which is interpreted as the equally abundant and equally distinct species.
However, the definition of equally distinct diverges between Scheiner’s approach and ours. We
use a simple example to illustrate the two different meanings.

2.2.1. Phylogenetic diversity measures. Consider the following three assemblages with
ultrametric cladograms. Each assemblage includes four species, and the tree depth is T = 8. The
number along each branch denotes the length of that branch. For each assemblage, we assume
that all four species are equally abundant.

For the above three cladograms for T = 8, Supplemental Table 1 shows our phylogenetic Hill
numbers

q

D (T ) (in units of species equivalents), phylogenetic diversity

q

PD (T ) (in units of

lineage length), and Scheiner’s phylogenetic diversity.

8

Supplemental Table 1. Phylogenetic diversity measures for three assemblages
Measure

Order

Assemblage/cladogram
(a)

(b)

(c)

Chao et al. (2010)

q=0

26

32

14

Phylogenetic

q=1

24.78

32

11.31

PD (T )

q=2

23.27

32

9.85

Chao et al. (2010)

q=0

3.25

4

1.75

Phylogenetic Hill

q=1

3.08

4

1.41

D (T )

q=2

2.91

4

1.23

Scheiner (2012)

q=0

4

4

4

Phylogenetic

q=1

4

4

4

diversity

q=2

4

4

4

q

diversity

number

q

All the above three cladograms have the same proportional divergences as defined by
Scheiner. For any q ≥ 0, his phylogenetic diversity quantifies the variability of proportional
phylogenetic divergences of species. Thus, it yields four equally distinct species for all three
assemblages. When his measure takes a maximum value of 4, the assemblage may correspond to
the four equally abundant species in cladograms a, b, and c or in any other symmetric or
balanced cladograms. This explains why Scheiner (2012, p. 1195) indicated that his metric is a
measure of tree symmetry or balance. His measure cannot distinguish the difference among the
three assemblages; thus, species equivalents does not have a unique reference assemblage.
Our phylogenetic measures

q

D (T ) and

q

PD (T ) both satisfy the “weak monotonicity”
9

property (Chao et al. 2010). This property requires that if a newly added rarest species is
maximally distinct from all other species in the assemblage, then a phylogenetic measure should
not decrease. However, Scheiner’s phylogenetic diversity measure does not satisfy this property.
For q > 0, if such a species is added to assemblage a or c shown above, then that tree becomes
nonsymmetric, implying a possible decline in a measure of symmetry.
In Scheiner’s measure, equally distinct means species are equally divergent from the age of
the root node. Our definition of equally distinct (in the effective sense) implies that any two
species must have a constant phylogenetic distance of T (or T in ultrametric cases). For example,
in cladogram a, the distance between species 1 and species 2 is 5, whereas the distance between
1 and species 3 is 8, so the four species in cladogram a are not equally distinct in our perspective.
Similarly, the four species in cladogram c are not equally distinct with branch length of 8 as in
the idealized assemblage. Only cladogram b is the unique idealized assemblages: All species are
equally distinct with branch length of 8. Thus, for the effective number of species in our
phylogenetic diversity measure, there exists a unique reference assemblage so that the actual
assemblage and this idealized assemblage have the same diversity of order q. For example, in the
special case of q = 0, the phylogenetic Hill number of cladogram c is 1.75. Then this means the
zero-order diversity of the assemblage is the same as an idealized assemblage with 1.75 equally
abundant species or lineages and all branch lengths are 8, i.e., the idealized reference assemblage
is like cladogram b but with only 1.75 species. Supplemental Table 1 reveals that, when
diversity is based on our phylogenetic Hill number

q

D (T ) and phylogenetic diversity q PD (T ) ,

the three assemblages for any q have consistent ordering: b > a > c, whereas Scheiner’s measure
shows a = b = c. Ecologists may use this example to choose which measure to employ in their
analysis.

10

2.2.2. Functional diversity measures. We use a simple example to compare the difference
between our functional diversity measures and Scheiner’s approach. Consider the following
example: In assemblage a, all S species are equally distinct with species pairwise distance dij =
0.1 units. In assemblage b, all S species are equally distinct with dij = 0.9 units. Scheiner’s
functional diversity quantifying the variability of functional distinctiveness will give the same
functional diversity for these two assemblages. Yet, from our approach, there are S species with a
constant distance of 0.1 for all species pairs in assemblage a, and our functional diversity (i.e.,
effective total distance) between species is S2 × 0.1. However, for assemblage b, there are S
species with a constant distance of 0.9 for all species pairs, and the functional diversity is S2 ×
0.9. The effective numbers of species are the same for the two assemblages, but the total
distances between species for the two assemblages are different. Thus, Scheiner’s measure loses
the information about the magnitude of species pairwise distances, which we think is important
to characterize distance-based traits diversity.
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SUPPLEMENTAL APPENDIX 2: TWO SIMPLE ILLUSTRATIVE EXAMPLES
1. PHYLOGENETIC DIVERSITY
We use the following assemblage of 3 species and their phylogenetic tree to illustrate our unified
framework based on counting the effective number of phylogenetic entities, and to explain our
notation and terminology.

____________________________________________________________

1

1.1. The Original Collection C of Branch Segments
Assume in the assemblage there are 3 species indexed by {1, 2, 3} with relative abundances p1 =
0.5, p2 = 0.2, and p3 = 0.3. The original collection C consists of all branch segments in the
phylogenetic tree. Here C consists of 4 branch segments with branch length as shown by the
number along each branch segment. The attribute value vu for each segment u is its length: v1 = 4,
v2 = 3.5, v3= 1, v4 = 2. Each branch segment i is weighted by ai the numerical importance of its
descendants in the present-day assemblage (i.e., the summed relative abundance of all species
descended from the branch). As in the main text, we refer to ai as branch abundance for
simplicity. As shown in the above figure, we have a1 = p1 = 0.5, a2 = p2 = 0.2, a3 = p3 = 0.3, and
a4 = p2 + p3 = 0.5. Here the sum of all these ai’s exceeds unity. The reason we consider this
original collection in our derivation is for intuitive interpretation (see Section 1.4 below) and also
for notational simplicity (i.e., we need an index running over this collection).
2

1.2. The New Collection of Phylogenetic Entities or “Species”
As discussed in Section 3 of the main text, there are two essential assumptions in the ordinary
species-based Hill numbers. First, all species are assumed to be equally distinct. Second, only
species relative abundances are involved in the formula of ordinary Hill numbers; thus species
abundances or weights must be properly normalized to calculate Hill numbers.
Note that in the original collection of branch segments, the 4 branches are not
phylogenetically equally distinct because they have different values of branch lengths. The basic
idea in our unified approach is to first consider a new collection of phylogenetically equally
distinct entities so that they can be regarded as equally distinct “species” in the framework of
Hill numbers. As defined in the main text, a unit-length branch is regarded as a phylogenetic
entity in our unified approach. In other words, all phylogenetic entities are equally distinct so
that they play the role of “species” (Faith 1992, 2013) in ordinary species-based diversity.
The branch with length of 4 (Branch A in the figure) is counted as 4 entities (red little
segments in the above figure); the branch with length of 3.5 (Branch B) is counted as 3.5 entities
(green little segments in the above figure); and analogously for the other two branches. For this
example, the 4 branch segments with attribute values 4, 3.5, 1 and 2 are respectively counted as 4,
3.5, 1 and 2 entities in the new collection. Therefore, we have a new collection of 10.5
phylogenetic entities as shown in the above figure. All entities are phylogenetically equally
distinct. The branch abundance ai is also indicated under each entity. As indicated in the main
text, the number of entities in our unified framework is allowed to be any real number, not
necessarily an integer.

3

1.3. The Total Abundance of Entities and the Relative Abundance of Each Entity
Next we determine the relative abundance of each entity in the collection by proper
normalization. The total abundance over all the entities in the new collection is
V = ∑u∈C vu au ,

which is also the mean attribute value defined in the main text. For the specific example, we
have V = 4 × 0.5 + 3.5 × 0.2 + 1 × 0.3 + 2 × 0.5 = 4 .
We then divide each abundance ai by the total abundance to obtain the relative abundance
of each entity. Each of the four 4 entities (corresponding to the branch of length 4 with
abundance 0.5) has relative abundance 0.5 / V = 0.125 ; each of the 3.5 entities (corresponding
to the branch of length 3.5 with abundance 0.2) has relative abundance 0.2 / V = 0.05 ; 1 entity
(corresponding to the branch of length 1 with abundance 0.3) with relative abundance

0.3 / V = 0.075 , and each of the 2 entities (corresponding to the branch of length 2 with
abundance 0.5) with relative abundance 0.5 / V = 0.125 . Hence here the sum of the relative
abundances of all entities is unity, so that we can apply ordinary Hill numbers to this assemblage
of 10.5 “species”. This type of normalization for phylogenetic diversity was first proposed in
Chao et al. (2010) with an illustrative example in figure 1 of their paper.

1.4 The Attribute Diversity and Its Interpretation
Our unified approach is to treat the collection of 10.5 entities as a usual assemblage with 10.5
equally distinct “species” (each is weighted by its relative abundance) in ordinary species-based
diversity. The attribute diversity is the effective number of entities or the effective total branch
length, because each entity has a unit of length. This attribute diversity is identical to the
phylogenetic diversity developed in Chao et al. (2010).
4

The attribute diversity (Equations 5b and 6a of the main text) or Hill numbers based on the
collection of 10.5 entities with their relative abundances ai / V are:
1

AD(V ) = 9.76 , and

2

0

AD(V ) = 10.5 ,

AD(V ) = 9.26 . We can interpret these values based on the collection of

entities: Shannon diversity is the same as that of a collection with 9.76 equally abundant entities;
and Simpson diversity is the same as that of a collection with 9.26 equally abundant entities.
However, it is more intuitive to give an interpretation based on the original collection. That is,
the phylogenetic diversity of order 1 of the actual assemblage is the same as that of an idealized
assemblage with 1 AD(V ) / V = 9.76 / 4 = 2.44 equally common and phylogenetically equally
distinct species or lineages all with lineage length of 4; The phylogenetic diversity of order 2 of
the actual assemblage is the same as that of an idealized assemblage with
2

AD(V ) / V = 9.25 / 4 = 2.31 equally common and phylogenetically equally distinct species or

lineages all with lineage length of 4.

2. FUNCTIONAL DIVERSITY
We use the following distance matrix for an assemblage of 3 species to illustrate our unified
framework based on counting the effective number of functional entities.

____________________________________________________________
5

2.1. The Original Collection C of Species Pairs
Assume the 3 species in an assemblage are indexed by {a, b, c} with relative abundances pa = 0.1,
pb = 0.4, and pc = 0.5. The distance between any two species are shown in the above distance
matrix. Here C consists of 9 species pairs: 6 species pairs with non-zero distances and 3 species
pairs with zero distance. The 6 non-zero distances in the collection C have attribute values: dab =
dba = 1.5, dac = dca = 3, and dbc = dcb = 2.6. Each species pair is weighted by the product of the
relative abundances of the two species involved (pa pb, pa pc, and pb pc) as shown in the above
figure.

2.2. The New Collection of Functional Entities or “Species”
In the original collection of species pairs, the 9 species pairs are not functionally equally distinct
because they have different values of species pairwise distances. Our idea is to first consider a
new collection of functionally equally distinct entities. As defined in the main text, a species pair
6

with a unit of pairwise distance is regarded as a functional entity. In other words, all entities are
functionally equally distinct, so they play the role of “species” in the framework of Hill numbers.
A species pair (a, b) with distance of 1.5 is counted as 1.5 entities, and the same set of
entities for the species pair (b, a). The species pair (a, c) with distance of 3 is counted as 3
entities, and the same set of entities for the species pair (c, a). The species pair (b, c) with
distance of 2.6 is counted as 2.6 entities, and the same set of entities for the species pair (c, b).
All pairs of same-species do not contribute any entity in the collection because the distance for
any pair of same-species is 0. (If intraspecific variability exists such that the distance of a
same-species pair is nonzero, then any pair of same-species will also contribute to entities in the
same manner as described.) For the example, we have a collection of 14.2 functional entities or
“species” as shown in the above figure. The corresponding abundance is also indicated under
each entity. Here the total abundance over the 14.2 entities is not unity.

2.3. The Total Abundance of Entities and the Relative Abundance of Each Entity
Next we determine the relative abundance of each entity in the new collection by proper
normalization. The total abundance over all 14.2 entities is identical to Rao’s quadratic entropy:

V = ∑u∈C vu au = ∑i , j d ij pi p j ,
which is also the mean attribute value defined in the main text. For the specific example, we
have V = 1.46.
We then divide each abundance (pa pb, pa pc, and pb pc) by the total abundance to obtain the
relative abundance for each entity. In the collection of entities, each of the 1.5 entities
(corresponding to the species pair (a, b) with a distance of 1.5) has relative abundance pa pb / V =
0.04/1.46 = 0.027; each of the 3 entities (corresponding to the species pair (a, c) with a distance
7

of 3) has relative abundance pa pc / V = 0.05/1.46 = 0.034, …, etc. Hence here the sum of the
relative abundances of all 14.2 entities is unity, so that we can apply Hill numbers to this
assemblage of 14.2 entities.

2.4. The Attribute Diversity and Its Interpretation
Our unified approach is to treat the collection of 14.2 entities as a usual assemblage with 14.2
equally distinct “species” (each is weighted by its relative abundance) in ordinary species-based
diversity. The attribute diversity is the effective number of entities or the effective total sum of
functional distances between any two species, because the attribute value of each entity is unity.
This attribute diversity is identical to the functional diversity developed in Chiu and Chao
(2014).
The attribute diversity (Equations 5b and 7a of the main text) or Hill numbers based on the
0

collection of 14.2 entities with their relative abundances pi p j / V are:
1

AD(V ) = 11.08 , and

2

AD(V ) = 14.2 ,

AD(V ) = 9.36 . We can interpret these values based on the collection of

entities: Shannon diversity is the same as that of a collection with 11.08 equally abundant entities;
and Simpson diversity is the same as that of a collection with 9.36 equally abundant entities. It is
more intuitive to give an interpretation based on the original collection. That is, the functional
diversity of order 1 of the actual assemblage is the same as that of an idealized assemblage with
1

AD(V ) / V = 11.08 / 1.46 = 7.59 equally common and functionally equally distinct species pairs

with a constant species pairwise distance of 1.46. Also, the functional diversity of order 2 of the
actual assemblage is the same as that of an idealized assemblage with

2

AD(V ) / V = 9.36/1.46 =

6.41 equally common and functionally equally distinct species pairs with a constant species
pairwise distance of 1.46.
8
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SUPPLEMENTAL APPENDIX 3: TWO KINDS OF DATA POOLING AND
DECOMPOSITION FORMULAS
1. TWO KINDS OF DATA POOLING
When an investigator has defined multiple assemblages, the species relative abundances of the
pooled assemblage depend on how the data are pooled over assemblages. The pooling scheme
depends on the objective of the study. If the objective is to compare absolute abundances among
assemblages (given the total abundance in the pooled assemblage), individuals should be pooled
over assemblages; if the objective is to compare relative abundances among assemblages,
relative abundances of individual assemblages should be pooled. These two kinds of pooling
schemes lead to different relative abundances in the pooled assemblage and, hence, different
values of gamma diversity. The following simple example illustrates how the two pooling
schemes give different relative abundances in the pooled assemblage:
(a) Pooled absolute abundances over assemblages
Assemblage

Pooled absolute
abundances

Relative
abundances in
the pooled
assemblage

I

II

Species A

7

10

17

17/110 = 0.15

Species B

3

90

93

93/110 = 0.85

Assemblage
size (or
column
sum)

10

100

110

1

Assemblage
weight

10/110
= 0.09

100/110
= 0.91

(b) Pooled relative abundances of the same data as in pooling scheme a
Assemblage
I

Pooled relative
abundances

Relative
abundance in the
pooled
assemblage

II

Species A

P11 = 0.7 P12 = 0.1

0.8

0.8/2 = 0.4

Species B

P21 = 0.3 P22 = 0.9

1.2

1.2/2 = 0.6

2

1

Assemblage
size (or
column
sum)

1

1

Assemblage
weight

0.5

0.5

Pooling absolute abundances as shown in pooling scheme a is equivalent to a size-weighted
pooling scheme for relative abundances, as demonstrated by a consideration of the relative
abundance of species A in the pooled assemblage:
17
7 10
10 100
=
+
≡ P11 w1 + P12 w2 ,
110 10 110 100 110

where, w1 = weight of Assemblage I = 10/110 = the relative size in Assemblage I, and w2 =
weight of Assemblage II = 100/110 = the relative size in Assemblage II. Here, the goal is to
compare and quantify the differentiation between the two sets of absolute abundances. Note that
17/110 is also obtained by pooling 7/110 and 10/110. Thus, the goal is equivalent to comparing
and quantifying the differentiation between the two sets of “relative abundance with respect to
the total abundance” (i.e., divide each absolute abundance by the total abundance of the pooled
assemblage).

2

For pooling scheme b, each weight naturally reduces to equal weight. Note the relative
abundance of species A in the pooled assemblage in this case becomes
0.8
1
1
= 0.7 + 0.1 ≡ P11 w1 + P12 w2 .
2
2
2

This is an equal-weight pooling, w1 = w2 =1/2, where the assemblage “sizes” are unity and thus
each weight reduces to 1/2. Thus, the goal is to compare and quantify the differentiation between
the two sets of relative abundances.
Generally, if sampling is conducted using equal efforts in all assemblages, then the absolute
abundances can be pooled over assemblages, implying that we can compare and assess the
degree of differentiation for the absolute abundance sets among assemblages. Otherwise, we can
pool only over relative abundances and compare the relative abundance sets (see Table 2 of the
main text for similarity/differentiation measures for the two pooling schemes). The choice of
pooling scheme should be determined by the question under investigation. When deciding, the
investigator should use simple examples to consider the effect of each scheme.

2. DECOMPOSITION FORMULAS
Supplemental Table 2 Diversity formulas for decomposing the attribute diversity and
generalized Hill numbers
Gamma diversity

Beta
diversity

Alpha diversity

Decomposition of the attribute diversity
1 /(1− q )

Attribute
diversity

q

 zi+ / z ++  
q




ADγ (V ) = ∑ v i ×
 V
 
i ∈ C

 

(This is for species gamma and
phylogenetic gamma diversities; see
below for functional gamma diversity.)
V = ∑ vi z i + / z + + : mean attribute

i ∈C

1 /(1− q )

q
 z ik / z + +  
1  N
q



ADα (V ) =
∑ ∑ vi
 
N  k =1 i ∈C  V
 

(This is for species alpha and phylogenetic
alpha diversities; see below for functional
alpha diversity.)

q

ADβ (V )

=

q

ADγ (V )

q

ADα (V )

value in the pooled assemblage
3

S
 z
q
Dγ = ∑1×  S i +
 i =1  ∑ z
 j =1 j +


Species
diversity











q

1 /(1− q )


 z
1 N S
q
Dα = ∑∑ 1 ×  S ik

N  k =1 i =1
 ∑ j =1 z j +


where z i + = ∑k =1 z ik
N

B
z /z
q
PDγ (T ) = ∑ Li ×  i + + +
 i =1
 T
Phylogenetic
diversity

B

z
= ∑ Li ×  B i +

 i =1
 ∑ j =1 L j z j +







q






q










q






1 /(1− q )

q

Dβ

=

q

Dγ

q

Dα

1 /(1− q )






1 /(1− q )

1/(1− q )

q
z /z  
1N B
q
 ∑∑ Li ×  ik ++  
=
PDα (T )
N =k 1 =i 1
 T  


q

PDβ (T )

=

q

PDγ (T )

q

PDα (T )

where T = ∑ Bj=1 L j z j + / z + +
1 /(1− q )

q

Functional
diversity

q
 S
 zi + z j + / z+ + z+ +  




FDγ (Q) = ∑ dij ×

 
Q
i , j =1





1 /(1− q )

 S
 

zi+ z j+
 


= ∑ d ij ×
 S d z z  
i , j =1
∑
 r , w=1 rw r + w+  

S
where Q = ∑r , w=1 d rw z r + z w+ / z + + z + +
q

q

FDα (Q)

q

 N
1
= 2 ∑
N k , m =1


 z ik z jm / z + + z + +
∑ d ij × 
Q
i , j =1

S






q






1 /(1− q )

FDβ (Q)

=

q

FDγ (Q)

q

FDα (Q)

Decomposition of the generalized Hill numbers
q

Generalized
Hill
number

q

 q ADγ (T ) 
Dγ (V ) = 

 V


1/ λ

q

 q ADα (V ) 
Dα (V ) = 

V



1/ λ

 q Dγ (V ) 
=q

 Dα (V ) 
q

q

Hill number

Phylogenetic
Hill
number
Functional
Hill
number

Dγ

q

Dα

q

Dγ (T ) =

PDγ ( T )

q

T

q

PDα ( T )
Dα (T ) =
T

1/ 2

q

q

 FDα (Q ) 
Dα (Q ) = 

Q



1/ 2

q

Dγ

q

Dα

Dβ (T )

=
q

 q FDγ (Q ) 
q
Dγ (Q ) = 

Q



Dβ

=
q

q

D β (V )

q

Dγ (T )

q

Dα (T )

Dβ (Q )

=

q

Dγ (Q )

q

Dα (Q )

See Table 1 of the main text for notation.
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SUPPLEMENTAL APPENDIX 4: TWO CLASSES OF SPECIES-OVERLAP (OR
SIMILARITY) MEASURES BASED ON PARTITIONING THE GENERALIZED
HILL NUMBERS
As discussed in the main text, the similarity measures based on the transformations of the
beta generalized Hill number

q

Dβ (V ) quantify species overlap from different perspectives,

whereas the similarity measures based on the transformations of the attribute beta diversity
q

ADβ (V ) quantify attribute overlap from different perspectives. The local and regional

attribute overlap measures (shown in Table 2 of the main text) are recommended for most
applications. Here, we tabulate the species overlap measures. Because
q

q

Dβ (V ) =

ADβ (V ) for species diversity and phylogenetic diversity, there are no differences between

species-overlap and attribute-overlap measures in these two types of diversities; differences
arise only in the functional diversity measures for q = 0 and q = 2 (noted in yellow highlight
in Supplemental Table 3). For q = 1, there are no differences.
Supplemental Table 3. Two classes of species-overlap (or similarity) measures and their
special cases based on transformations of the beta generalized Hill number
Local species overlap
Order
q=0

Measure
Species
diversity

C qN (V ) =

N

1− q

q

−[ Dβ (V )]

U qN (V ) =

N 1−q − 1
N − N ( FADγ / FAD pair )1 / 2
N −1

N − PDγ / PDα

U 0N =

S / S − 1/ N
1 − 1/ N

U 0 N (T ) =

N −1
a

Func-Sørensen
C 0 N (Q ) =

1 − (1 / N )1− q

Phylo-Jaccarda
(= 1– UniFrac for N =2)

Phylogenetic Phylo-Sørensen
(= PhyloSør for N =2)
diversity
Functional
diversity

[1/ qDβ (V )]1− q − (1 / N )1− q

Classic Jaccarda

a

C0 N (T ) =

Dβ (V )

Regional species overlap
1− q

Classic Sørensena
C0 N (Q ) =

q

PDα / PDγ − 1 / N

Func-Jaccard

N − N ( FADγ / FAD pair )
N −1

a

1 − 1/ N

1/ 2

U 0 N (Q) =

( FAD pair / FADγ )1 / 2 − 1
N −1

1

q=1

Species
diversity

Classic Hornb

z +k
z
log( + k )
z ++
k =1 z + +
log N
N

C1N = U 1N =

H Sh ,α − H Sh ,γ − ∑

H Sh ,γ − H Sh ,α

1−

Phylogenetic Phylo-Hornb
diversity

1−

q=2

Species
diversity

z+k
z
log( + k )
z++
k =1 z + +
T log N
N

C1N (T ) = U 1N (T ) =

Functional
diversity

(if z+k =1, z++ =N)

log N

H P ,α − H P ,γ − T ∑

H P ,γ − H P ,α
T log N

(if z+k =1, z++ =N)

Func-Hornb
C1N (Q ) = U 1N (Q ) =

log[1FDγ (Q )] − log[1FDα (Q )]
2 log N

Classic Morisita-Hornc
S

C2 N = 1 −

∑∑ ( z
i =1 m > k

im
S

S

− zik ) 2
N

( N − 1)∑∑ z
i =1 k =1

1−

Classic regional overlapc
U 2N = 1 −

2
ik

(1 − 1 / N )(1 − H GS ,α )

1−

(if z+k =1, z++ =N)

1−

m>k

B

N

( N − 1)∑ Li ∑ z

Qγ − Qα

i =1

k =1

;

( N − 1)(1 − H GS ,γ )

1−

N

i =1

m>k

∑ Li ∑ ( zim − zik ) 2
B

( N − 1)∑ L z

;

2
i i+

Qγ − Qα
( N − 1)(T − Qγ )

(if z+k =1, z++ =N)
Functional regional overlap

C 2 N (Q )


−  ∑∑ d ij ( z ik z jm ) 2 

 k ,m i , j



( N − 1) ∑∑ d ij ( z ik z jm ) 2 

 k ,m i , j

B

i =1

Func-Morisita-Horn


 ∑ d ij ( z i + z j + ) 2 


i, j

=

H GS ,γ − H GS ,α

U 2 N (T ) = 1 −

2
ik

(1 − 1 / N )(T − Qα )

1/ 2

S

( N − 1)∑ zi2+

Phyloregional overlapc

(if z+k =1, z++ =N)
Functional
diversity

− zik ) 2

(if z+k =1, z++ =N)

Phylogenetic Phylo-Morisita-Hornc
B
N
diversity
∑ Li ∑ ( zim − zik ) 2
i =1

i =1 m > k

im

i =1

H GS ,γ − H GS ,α

C 2 N (T ) = 1 −

∑∑ ( z

1/ 2

1/ 2

U 2N ( Q )

=



 ∑ d ij ( z i + z j + ) 2 
 i, j


1/ 2



−  ∑ ∑ d ij ( z ik z jm ) 2 
 k ,m i, j




(1 − 1 / N ) ∑ d ij ( z i + z j + ) 2 
i
,
j



1/ 2

1/ 2

2

The corresponding differentiation measures are the one complements of the overlap measures.
Notation: zik = the abundance (or any species importance measure) of the ith species in the kth
assemblage, z + k = ∑i =1 zik (the assemblage size of the kth assemblage), zi + = ∑k =1 zik (the
S

N

total abundance of the ith species in the pooled assemblage), and z + + = ∑i =1 ∑k =1 zik (the total
S

N

abundance in the pooled assemblage). If zik represents species relative abundance, then z+k =1,
z++ = N in all formulas. Abbreviations: FAD, Walker’s functional attribute diverisity (sum of
the pairwise distances between species); FD(Q), functional diversity (Equations 8b and 9b of
the main text); Phylo, phylogenetic; Func, functional; PD, Faith’s phylogenetic diversity
(total branch length).
a

S = species richness in the pooled assemblage. S = average species richness per assemblage.
PDγ , PDα = gamma and alpha total branch length (i.e., Faith’s PD). FADγ = sum of the

pairwise distances between species (functional attribute diversity, FAD) in the pooled
assemblage; FAD pair = sum of FAD over all possible pairs of assemblages (there are N2
pairs of assemblages).
b

H Sh ,γ , H Sh ,α = gamma and alpha Shannon entropy. H P ,γ , H P ,α = gamma and alpha
phylogenetic entropy. 1 FDγ (Q) , 1 FDα (Q) = gamma and alpha functional diversity of order
1 (formulas are obtained by letting q → 1 in Equations 8b and 9b of the main text).

c

H GS ,γ , H GS ,α = gamma and alpha Gini-Simpson index. Qγ , Qα = gamma and alpha quadratic

entropy.
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SUPPLEMENTAL APPENDIX 5: AN ILLUSTRATIVE EXAMPLE
We applied various diversity and similarity/differentiation measures to the real data discussed in
Ricotta et al. (2012) and Chiu & Chao (2014). The full data contain a total of 43 vascular plant
species collected from 272 random vegetation plots of 2 x 2 m in size during the period
2002-2009 in three successively less extreme fore dune habitats: embryo dunes (EM; 17 species
in 70 plots), mobile dunes (MO; 39 species in 131 plots) and transition dunes (TR; 42 species in
71 plots) along the Tyrrhenian coast, where EM is closest to the sea, MO is between EM and TR,
and TR is farthest from the sea; see Carboni et al. (2010, 2011, 2013) for details. There are 17
shared species (out of a total of 39 species) between EM and MO, 16 shared species (out of a
total of 43 species) between EM and TR, and 38 shared species (out of a total of 43 species)
between MO and TR.
In each habitat, we pooled species abundance over plots and obtained species relative
abundances (see Supplemental Figure 5.1). All our analyses were based on the three sets of
species relative abundances. We also constructed the phylogenetic tree (shown in Supplemental
Figure 5.1) of the 43 species by using the software PHYLOMATIC (Webb & Donoghue 2005).
The age of the root for these 43 species is around 325 million years (Myr).
All species were described by a set of sixteen functional traits which include seven quantitative
variables: plant height, leaf size, leaf thickness, seed mass, seed shape, leaf dry mass and specific
leaf area, together with nine categorical variables: life form, growth form, leaf texture, dispersal
mode, leaf persistence, plant life span, pollination system, clonality and flowering phenology.
Based on these sixteen traits, the species distance matrix was calculated by a Gower
mixed-variables coefficient of distance (Pavoine et al. 2009) with equal weights for all traits. The
Gower distance matrix of the pooled assemblage is provided in Chiu & Chao (2014, their
Appendix S6). The matrix and the three sub-matrices (corresponding to those of three habitats)
are all non-ultrametric.

1

Supplemental Figure 5.1
(Left panel) The phylogenetic tree of 43 vascular plant species and the species relative
abundances in three habitats: embryo dunes (EM), mobile dunes (MO), and transition dunes
(TR). A zero relative abundance means that the species does not exist in that assemblage. The
age of the root is T = 325 Myr. (Right panel) A subtree contains only the dominant species (those
with relative abundance >8% in at least one habitat). All dominant species in MO and TR are
shared by these two habitats. In the EM habitat, the two most dominant species Salsola kali and
Cakile maritime cover about 41% of the individuals and have been in isolated lineages for 200
Myr.
In Supplemental Figure 5.2a, diversity profiles as a function of order q (0 ≤ q ≤ 3) of the
following attribute diversities for three habitats (TR, MO, and EM) are presented: the ordinary
Hill number qD, the phylogenetic diversity q PD(T ) , and the functional diversity q FD(Q) . The
three attribute diversities are in different units. In Supplemental Figure 5.2b, we show the
corresponding profiles for three generalized Hill numbers: the ordinary Hill numbers qD,
phylogenetic Hill numbers q D (T ) , and functional Hill number q D (Q ) . All these generalized
Hill numbers are in the same units of “effective number of species”. Thus, these three
generalized Hill numbers can be compared within each habitat as shown in Supplemental
Figure 5.2c.
A consistent pattern is revealed for both the attribute diversity and the generalized Hill numbers:
TR has the highest diversity, EM has the lowest diversity, and MO is in between. This pattern is
valid for all orders of q, and is expected from ecologists’ perspectives (Ricotta et al. 2012). The
EM is closest to the sea, and hence exposed to wind disturbance, flooding, and salt spray, while
2

the vegetation of the MO is less exposed, and the vegetation of the TR is the least exposed to
these harsh environmental factors. Therefore, the assemblage in the EM habitat is mainly
composed of a few very abundant, specialized phylogenetically related pioneer species with
similar functional traits to adapt the extreme environmental filter, leading to lowest diversities in
all three dimensions (taxonomic, phylogenetic and functional). The species richness and
evenness in TR are the highest among the three habitats, and the vegetation of the TR is the least
affected by harsh environment factors, so the vegetation presents more functionally and
evolutionarily diverse species composition, resulting in the highest value in all three dimensions.
The MO habitat is between EM and TR, so the diversity in each dimension is between the two
extremes.
The pairwise species functional distances (see Chiu & Chao 2014, their Appendix S6) do not
vary greatly. Therefore, within each fixed habitat, the functional Hill numbers are very close to
the ordinary Hill numbers, as shown in Supplemental Figure 5.2c. However, there is
appreciable difference between Hill number and the phylogenetic Hill number in the EM habitat.
The difference becomes more pronounced in the MO and TR habitats. The difference between
the ordinary Hill number and the phylogenetic Hill number arises because the ordinary Hill
numbers represent the species diversity for the current assemblage, whereas the phylogenetic
Hill numbers consider evolutionary histories; the latter can be expressed as a time-average of a
tree’s Hill numbers from the present time to the root (see Chao et al. 2010 for details) and Hill
numbers decreases when the time perspective moves towards the root. Hence these differences
reflect both the tree structure and node abundances.
To assess the effect of species evolutionary history or species functional distances on the
differentiation among habitats, we compare in Supplemental Table 5.1 various species
compositional, phylogenetic and functional differentiation measures between any two habitats
for three pairs of habitats (EM vs. MO, EM vs. TR, MO vs. TR). The measures include some
previous commonly-used differentiation measures, along with the local attribute differentiation
*
*
measure 1 − C qN
(V ) . See Table 2
(V ) , and the regional attribute differentiation measure 1 − U qN
of the main text for formulas.

3

Supplemental Figure 5.2
(a) Diversity profiles as a function of order q (0 ≤ q ≤ 3) of the attribute diversity for three
habitats (TR, MO, and EM): the ordinary Hill number qD (left panel), the phylogenetic diversity
q
PD(T ) (middle panel), and the functional diversity q FD(Q) (right panel). (b) The
corresponding diversity profiles of the generalized Hill numbers: the ordinary Hill number qD
(left panel), the phylogenetic Hill number q D (T ) (middle panel), and the functional Hill
number

q

D (Q ) (right panel). (c) Comparison of diversity profiles of three generalized Hill

numbers within each habitat: EM (left panel), MO (middle panel), and TR (right panel). See
Table 1 for formulas of all measures.
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Supplemental Table 5.1. Comparison of various species compositional, phylogenetic and functional
differentiation measures between any two habitats for three pairs
Measure

Order
EM vs. MO
EM vs. TR
MO vs. TR
(1) Species compositional differentiation measures
(1a) Differentiation measure based on additively decomposing the generalized entropy qH; see Eq. 1c of the
main text
q=0
0.2895
0.3214
0.0595
q
H γ − qH α
q
=
1
0.1022
0.1562
0.0591
q
Hγ
q=2
0.0325
0.0435
0.0150
q
(1b) Differentiation measure based on decomposing Hill numbers D
q=0
0.3929
0.4576
0.0617
1 − C qN
q=1
0.4275
0.7212
0.2788
q=2
0.5729
0.8544
0.4568
q=0
0.5641
0.6279
0.1163
1 − U qN
q=1
0.4275
0.7212
0.2788
q=2
0.4014
0.7459
0.2960
(2) Phylogenetic differentiation measures
(2a) Differentiation measure based on additively decomposing the phylogenetic generalized entropy qI; see Eq.
2c of the main text
q=0
0.2199
0.2598
0.0640
q
I γ − qI α
q=1
0.0168
0.0244
0.0077
q
Iγ
q=2
0.00006
0.00006
0.00002
q
(2b) Differentiation measures based on decomposing the phylogenetic diversity PD(T )
q=0
0.2818
0.3509
0.0684
1 − CqN (T )
q=1
0.1804
0.2659
0.0839
q=2
0.1135
0.1228
0.0328
q=0
0.4397
0.5195
0.1280
1 − U qN (T )
q=1
0.1804
0.2659
0.0839
q=2
0.0602
0.0654
0.0167
(3) Functional differentiation measures
(3a) Differentiation measure based on additively decomposing quadratic entropy; see Eq. 2a of the main text
Qβ* =

Qγ − Qα
Qγ

q=2

0.0279

0.0421

0.0257

(3b) Differentiation measure based on multiplicatively decomposing the effective number of species with
maximum distance; see Section 2.3 of the main text
Qe*,β =

1 − 1 / Qe , β
1 − 1/ N
Qe , β − 1

q=2
q=2

0.0659

0.0669

0.0538

0.0346

(3c) Differentiation measures based on decomposing the functional diversity q FD(Q)
q=0
0.3162
0.3751
*
1 − C qN
(Q )
q=1
0.4283
0.7137
q=2
0.6575
0.8854
q=0
0.6490
0.7059
*
1 − U qN (Q )
q=1
0.4283
0.7137
q=2
0.3243
0.6588

0.0430
0.2815
0.5386
0.1524
0.2815
0.2259

Qe*,*β =

N −1

0.0341

0.1021
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Supplemental Figure 5.3.
(a) Differentiation profiles as a function of order q (0 ≤ q ≤ 3) for local attribute differentiation
*
measure 1 − CqN
(V ) , including the taxonomic differentiation measure 1 − CqN (left panel), the
phylogenetic differentiation measure 1 − CqN (T ) (middle panel), and the functional
*
(Q ) (right panel), for three pairs of habitats (EM vs. MO, EM
differentiation measure 1 − C qN

vs. TR and MO vs. TR). (b) The corresponding differentiation profiles for the regional attribute
*
differentiation measure 1 − U qN
(V ) , including the taxonomic differentiation measure 1 − U qN
(left panel), the phylogenetic differentiation measure 1 − U qN (T ) (middle panel), and the
*
(Q ) (right panel).
functional differentiation measure 1 − U qN

In Supplemental Figure 5.3a, we show the differentiation profiles as a function of order q (0 ≤
*
q ≤ 3) of the local attribute differentiation measure 1 − C qN
(V ) for three pairs of habitats. The
*
corresponding plots for the regional attribute differentiation measure 1 − U qN
(V ) are shown in

Supplemental Figure 5.3b. These profiles characterize species compositional, phylogenetic and
functional differentiation among assemblages based on decomposing the attribute diversity.
All the profiles in Supplemental Figure 5.3 reveal that EM vs. TR has the highest
differentiation, MO vs. TR has the lowest differentiation, and EM vs. MO is somewhat in
6

between for any order q. This ordering is valid for species compositional, phylogenetic and
functional differentiation. As discussed earlier, there are few shared species between EM and TR:
37.2% (16 out of 43), and also between EM and MO: 43.6% (17 out of 39). However, 88.4% (38
out of 43) of the species are shared between TR and MO. This explains the ordering of the three
pairs for q = 0 based on the species incidence data. Moving along the profiles to q >1, the two
species compositional differentiation measures 1 − CqN and 1 − U qN are both dominated by the
relatively common species; the two phylogenetic differentiation measures 1 − C qN (T ) and
1 − U qN (T ) are dominated by the “very important lineages” (those with high node abundances)

and “evolutionarily deep” species (long branch lengths). From Supplemental Figure 5.1, those
dominant species (with relative abundance > 8% in at least one habitat) are all are shared by TR
and MO, but three were not shared by the other two pairs of habitats. The most two abundant
species in EM, Cakile maritime (21.7%) and Salsola kali (19.3%) cover 41% of the individuals,
but these two species become less abundant in both habitats MO (4.9%) and TR (0.57%);
moreover, these two species began to diverge around 200 Mya and had been in isolated lineages
since then. That helps explain why the species compositional and phylogenetic differentiation in
EM vs. MO (and EM vs. TR) is higher than that in MO vs. TR.
For functional differentiation measures, as discussed above, the vegetation within EM is
composed of a few specialized plants (Cakile maritime and Salsola kali) with similar ecological
functions to adapt to the extreme environmental stress. However, these traits are unique to
species in EM when compared with species in the other two habitats. There are also fewer shared
species between EM and TR (also EM and MO). In contrast, the vegetation in MO and TR are
both more diverse and most species in these two habitats are shared. These explain why MO vs.
TR exhibits the lowest functional differentiation, whereas EM vs. TR (also EM vs. MO) exhibit
higher functional differentiation. Comparisons of our differentiation measures and the traditional
approaches are given below.
(1) Species compositional differentiation measures (Supplemental Table 5.1; Supplemental
Figure 5.3, left panels)
Due to the difference among the species relative abundance sets (shown in Supplemental
Figure 5.1) between EM and MO (and between EM and TR) for dominant species, the
compositional differentiation measures 1 − C2 N and 1 − U 2 N correctly reflect moderate to high
differentiation for q = 2. Supplemental Table 5.1 show that the differentiation measure 1− C 2 N
for the three pairs (EM vs. MO, EM vs. TR and MO vs. TR) is respectively 0.5729, 0.8544 and
0.4568, and the corresponding differentiation measure 1 − U 2 N is respectively 0.4014, 0.7459
and 0.2960. The left panels of Supplemental Figure 5.3 show that our differentiation measure

1 − CqN and 1 − U qN (0 ≤ q ≤ 3) yield moderate to high differentiation for the three pairs of
assemblages. In sharp contrast, some of the previously-favored abundance-sensitive
7

differentiation measures lead to low differentiation. The differentiation measure obtained by
additively decomposing the Gini-Simpson index (which is the generalized entropy of q = 2)
gives only 0.0325, 0.0435 and 0.0150 for the three pairs of habitats.
(2) Phylogenetic differentiation measures (Supplemental Table 5.1; Supplemental Figure
5.3, middle panels)
The phylogenetic differentiation measure based on additively decomposing Rao’s quadratic
entropy (which is the phylogenetic generalized entropy of q = 2) for EM vs. MO, EM vs. TR and
MO vs. TR are respectively 0.00006, 0.00006 and 0.00002, indicating almost no differentiation.
Although our phylogenetic differentiation measures 1 − C qN (T ) and 1 − U qN (T ) are lower than
the corresponding species compositional differentiation measures (comparing the left panel with
the middle panel in Supplemental Figure 5.3), they show for q > 0 much higher differentiation
than the traditional measures based on additively decomposing the phylogenetic generalized
entropies.
(3) Functional differentiation measures (Supplemental Table 5.1; Supplemental Figure 5.3,
right panels)
The differentiation measures based on the additive decomposition of quadratic entropy for EM
vs. MO, EM vs. TR and MO vs. TR are respectively 0.0279, 0.0421 and 0.0257, implying very
low differentiation. For the two differentiation measures based on the effective number of
species with maximum distance (Equation 3c of the main text) for the three pairs are
respectively (0.0659, 0.1021, 0.0669) and (0.0341, 0.0538 and 0.0346); both sets give a
counterintuitive ordering in that EM vs. MO exhibits the lowest functional differentiation.
Supplemental Table 5.1 shows that for q = 2, the differentiation measure 1 − C 2*N (Q ) for each
of the three pairs is respectively 0.6575, 0.8854 and 0.5386, and the corresponding
differentiation measure 1 − U 2*N (Q ) is respectively 0.3243, 0.6588 and0.2259. Thus, similar
contrast is also shown for functional differentiation.
The diversity profiles in Supplemental Figure 5.3 for the species compositional and functional
differentiation measures exhibit similar patterns (comparing the left panel with the right panel in
Supplemental Figure 5.3). The profiles for the phylogenetic differentiation show different
patterns. For example, the phylogenetic differentiation measures decline with the order q,
whereas the other two types of differentiation do not show this trend. This is because the node
abundances near roots (where the differentiation values are near zero) are relatively high and
dominant in the whole tree for large value of q, leading to substantially lower phylogenetic
differentiation than the corresponding species compositional differentiation (and functional
differentiation). Supplemental Table 5.1 reveals that the difference between the
abundance-based taxonomic differentiation measure and the corresponding functional
differentiation measure (considering both abundance and function) is little for q = 1, and is
8

limited for q = 0 and for q = 2. This reflects that species abundance is the major factor that
determines the differentiation between two habitats.
As we have proved theoretically and empirically (Jost 2007, Chiu et al. 2014, Chiu & Chao
2014), the low species compositional, phylogenetic and functional differentiation between any
two habitats as obtained from previous approaches do not reflect biological reality but are
inescapable consequences of a mathematical property of these measures. This example
demonstrates that our attribute diversity measures and the associated differentiation measures
(summarized in Table 2 of the main text) yield the expected results and ecologically sensible
interpretations.
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