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Summary

1. Dissimilarity measures can be formulated using matching components that can be defined as the intersection
in terms of species composition of both sets (¢) and the relative complements of each set (b and ¢ respectively).
Previous work has extended these matching components to abundance-based measures of dissimilarity.

2. Using these matching components in terms of species abundances I provide a novel partition separating two
components of abundance-based dissimilarity: (i) balanced variation in abundance, whereby the individuals of
some species in one site are substituted by the same number of individuals of different species in another site; and
(i) abundance gradients, whereby some individuals are lost from one site to the other.

3. New indices deriving from the additive partition of Bray-Curtis dissimilarity are presented, each one account-
ing separately for these two antithetic components of assemblage variation.

4. An example comparing the patterns of increase of assemblage dissimilarity with spatial distance in two tropi-
cal forests is provided to illustrate the usefulness of the novel partition to discern the different sources of assem-
blage variation.

5. The widely used Bray-Curtis index of dissimilarity is the result of summing these two sources of dissimilarity,
and therefore might consider equivalent patterns that are markedly different. Therefore, the novel partition may
be useful to assess biodiversity patterns and to explore their causes, as substitution and loss of individuals are pat-
terns that can derive from completely different processes.
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Introduction

The dissimilarity in species composition between two assem-
blages is a basic parameter for the assessment of biodiversity
patterns (Legendre & Legendre 1998). However, despite its
apparent simplicity, dissimilarity is a concept that has proven
elusive because (i) assemblage composition can be defined in
several ways; and (i) differences in assemblage composition
can also be defined in several ways. Regarding the definition of
assemblage composition, the most important criterion is
whether composition is defined qualitatively (i.e. species pres-
ence or absence in each site) or quantitatively (i.e. species abun-
dance in each site). In relation to the second issue, even once
the definition of composition is set, a myriad of definitions of
dissimilarity are possible (Legendre & Legendre 1998; Koleff,
Gaston & Lennon 2003), each one accounting for different
facets of dissimilarity.

In previous papers I have shown that incidence-based mea-
sures of dissimilarity can be partitioned into turnover and nest-
edness-resultant dissimilarity components (Baselga 2010,
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2012). In short, the rationale is that in nested assemblages the
poorest site is a subset of the richest site. Such nested assem-
blages are obviously dissimilar, a fact properly accounted by
Whittaker’s beta diversity (i.e. gamma/alpha) or the derived
Serensen or Jaccard indices. However, in that case no species is
replaced by other. Therefore, species replacement and nested-
ness are markedly different ways of generating dissimilarity.
These two components of incidence-based dissimilarity can be
derived from different underlying processes (speciation vs.
extinction, for example). For this reason, separating both com-
ponents of incidence-based dissimilarity has proven useful to
assess empirical patterns of variation in species composition
and their potential underlying determinants (e.g. Hortal ez al.
2011; Leprieur et al. 2011; Baselga, Gémez-Rodriguez & Lobo
2012).

Incidence-based pairwise dissimilarity indices are usually
formulated using the matching components a, » and ¢, which
stand for the species present in both sites, the species present in
the first site but not in the second, and the species present in the
second site but not in the first respectively. Using set theory ter-
minology, the matching components can also be defined as the
intersection in terms of species composition of both sets (a)
and the relative complements of each set (b and ¢ respectively).
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The advantage of this terminology is that it makes intuitively
obvious that incidence-based indices can be extended to
account for other facets of biological diversity just considering
the intersection and relative complements of sets in terms of
such different attributes, i.e. phylogenetic diversity (Leprieur
et al. 2012) or functional diversity (Villeger, Grenouillet &
Brosse 2013).

Even previously, but using a different reasoning and point
of view, this procedure was used to extend incidence-based dis-
similarity (or similarity) indices to account for species abun-
dances (Tamas, Podani & Csontos 2001). Using this
procedure, it remains clear that the widely used Bray-Curtis
coefficient is an abundance-based extension of the Serensen
index (a fact already known, e.g. Legendre & Legendre 1998).
In short, the explanation for this relationship between both
measures relies in the fact that the intersection (4 component)
and the relative complements (B and C components) in terms
of species abundances can be formulated as:

A= Zmin(x!-,-,xik) eqn 1
i

B= Z X — min(xy, Xg) eqn 2
i

C= Zx,-k — min(xg, Xi) eqn 3
i

where x;; is the abundance of species 7 on site j, and x; is the
abundance of species 7 on site k. Therefore, A4 is the number of
individuals of each species that exists in both sites j and k,
whereas B and C are the number of individuals that are unique
to sites j and k respectively. This formulation is very useful
because it makes obvious the relationship between the Seren-
sen (Bsor) and Bray-Curtis (dpc) indices, because,

b+c

= 4

ﬁSOr 2a + b + c eqn
and,
dpe — i X — il
22Xy + Xik
_ DX+ X — 2% min(X, Xik) eqn 5
2 Xij + Xik
B+ C
" 24+B+C

Different patterns of variation in species
abundance

The formulation of the Bray-Curtis index of dissimilarity using
the abundance-based matching components makes evident
that dgc depends on the number of individuals that are unique
to any of both sites in relation to the sum of abundances in
both sites. Therefore, dgc would attain the same value in all sit-
uations in which the relationship between (B + C) and 4
remains constant, irrespective of the relative contributions of B
and C to their sum. In other words, dgc dissimilarity will be
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equally affected by (i) balanced changes in species abundances
between sites (B = C, i.e. the abundance of some species
declines from site 1 to site 2 in the same magnitude than the
abundance of other species increases from site 1 to site 2); and
(i1) abundance gradients (B>C = 0, i.e. the abundance of all
species equally declines (or increases) from site 1 to site 2). The
first situation (Fig. 1a) is analogous to species replacement in
incidence-based patterns, as some individuals are substituted
by individuals of different species from site to site. To avoid
confusion with terms used for incidence-based patterns, I will
call this pattern balanced variation in species abundances. The
second situation (Fig. 1b) is equivalent to species nestedness in
incidence-based patterns, as some individuals are lost from one
site to the other without any substitution. I will call this pattern
abundance gradient. These are not reciprocally exclusive pat-
terns, but can simultaneously occur (Fig. 1c), producing inter-
mediate situations in which Bray-Curtis dissimilarity is
partially derived from balanced abundance variation and
partially derived from abundance gradients.

It should be noted here that other abundance-based dissimi-
larity indices are also affected by both patterns (i.e. balanced
variation and abundance gradients). This is the case of abun-
dance-based dissimilarity indices derived from Hill numbers
(e.g. Horn and Morisita-Horn indices), which are monotonic
transformations of strict sense beta diversity (i.e. the effective
number of distinct communities) for true diversities of any
order g (Jost 2007). However, because they are derived from
Hill numbers, Horn and Morisita-Horn indices account for
changes in relative abundances instead of changes in absolute
abundances, as the Bray-Curtis index does. For this reason,
Horn (djy) and Morisita-Horn (dyyy) indices consider identical
the communities in Fig. 1b B1 and B2 (dy = dyy = 0). This
does not imply that they are completely independent of abun-
dance gradients, as both indices would consider that dissimilar-
ity is similar in situation D (dyg = dpyg = 0-33) and E
(dg = 0-31, dpy = 0-33). The use of relative abundances
makes difficult to disentangle the effect of subset patterns (spe-
cies nestedness and abundance gradients) from substitution
patterns (species turnover and balanced variation in abun-
dance). Whether it is possible to separate both components in
dissimilarity measures accounting for relative abundances
remains open to future research. In this article, a partition of
Bray-Curtis dissimilarity into balanced variation and abun-
dance gradient components is provided.

Using an analogous reasoning as for separating the turnover
and nestedness components of incidence-based dissimilarity
(Baselga 2010, 2012), the balanced variation and abundance
gradient components of Bray-Curtis dissimilarity can be
separated as follows:

_ B+C
dpc = dpc—pa + dpc—gra = AT BLC
_ min(B,C) |B—C] . A
~ A+min(B,C) 24+B+C A+min(B,C)

eqn 6

where dc.pa and dpc.gra are the balanced variation component
and the abundance gradient component of BC dissimilarity,
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Fig. 1. Idealized examples involving four species and two sites in each
situation (a-f), showing that biotic dissimilarity in terms of variation in
species abundances may be linked to two antithetic phenomena. In all
situations, the total number of individuals (120) and the sum of
absolute differences in species abundances (40 individuals) are exactly
the same and, in consequence, Bray-Curtis dissimilarity is identical in
all situations (dgc=0-33). However, in situation (a) the decrease of
abundance in species 1 and 2 from site Al to A2 is perfectly balanced
by the increase of the abundance of species 3 and 4, whereas in situation
(b) all species decrease its abundance from Bl to B2. In situation (c)
both patterns are mixed, as the decrease in abundance of species 1-3
from C1 to C2 is only partially balanced by the increase of abundance
of species 4. In situation (d), the balanced variation in abundance is
associated with species turnover, while in situation (e) the abundance
gradient is associated with species nestedness. Note that any combina-
tion of all these patterns that keep constant the relationship between
the total number of individuals and the sum of absolute differences in
abundances would yield the same Bray-Curtis dissimilarity. For exam-
ple, situation (f) combines balanced variation, abundance gradient and
nestedness.

respectively, and A4, B and C are extended abundance-based
matching components as formulated above. In the same way
that Bray-Curtis dissimilarity (dgc) reduces to the Serensen
index (Bsor) When incidence data are used, dgc.par and dgc_gra
reduce to the Simpson index of dissimilarity (Bg,) and the
nestedness-resultant component (Bg;,e) respectively.

With this additive partition it is possible to quantify
the total dissimilarity between two assemblages in terms
of variation in species abundances (dpc), and to separate
the fractions of this total dissimilarity that are linked to
balanced variation in abundances (dgc.pa) or linked to
abundance gradients (dpc.gra). In the six idealized exam-
ples in Fig. 1, the total abundance-based dissimilarity as
measured by the Bray-Curtis index is exactly the same
(dgc = 0-33), but the partition correctly identifies that (i)
dissimilarity in case A is completely due to balanced vari-
ation in abundances (dpc.par = 0-33, dpcgra = 0); (i) dis-
similarity in case B is completely due to balanced
variation in abundances (dgcpal =0, dpcgra = 0-33); and
(i) dissimilarity is partially due to both phenomena in
case C (dpcopar = 0-20, dpcegra = 0-13). In general terms, in
the absence of any difference in total abundance between
two sites (i.e. no abundance gradient), dgc =0 and
dpc = dpcpa, ranging from O (ie. equal species abun-
dances in both sites) to 1 (i.e. both sites have completely
different species and the abundance of species in one site
is perfectly balanced by the abundance of species in the
other site). In the absence of any balanced variation in
species abundances (i.e. all species abundances that change
from one site to the other do it with the same sign),
dpcbat = 0 and  dpc = dpcgra, ranging from =0 (e
almost equal species abundances in both sites) to =1 (i.e.
the difference in species abundance is very large and in
the same direction in all species). Of course, multiple
combinations including partially balanced changes in spe-
cies abundances and abundances gradients (Fig. 1c) are
possible. Moreover, balanced variation in abundances can
be associated with species turnover (Fig. 1d) and abun-
dance gradients can be associated with species nestedness
(Fig. le), and all these patterns can be mixed in multiple
ways (i.e. Fig. 1f). The usefulness of the partition pre-
sented above is that different patterns behind dissimilarity
can now be separated, allowing to explore their respective
relationships with different potential determinants. Note
that the framework presented here is analogous to the
partition of beta diversity into turnover and nestedness
components (Baselga 2010, 2012), as it extends the con-
cepts of substitution (Fig. la) and subset (Fig. 1b) to
abundance-based measures of dissimilarity.

An example: assemblage dissimilarity in tropical
forests

Distance decay of assemblage similarity or, equivalently,
the increase of assemblage dissimilarity with geographical
distance is one of the best known and most analysed eco-
logical patterns (Nekola & White 1999; Condit et al.
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2002; Tuomisto, Ruokolainen & Yli-Halla 2003). When
abundance data are available, the Bray-Curtis index is
one of the most widely used measures of dissimilarity
but, as explained above, dgc results from the summation
of two antithetic sources of dissimilarity: balanced changes
in species abundances and unidirectional abundance gradi-
ents. Because these two components of variation in spe-
cies abundances can have different patterns in different
regions, if they are not separated we can fail to discover
important differences between ecological systems. I exem-
plify this by comparing the patterns of increase in assem-
blage dissimilarity with spatial distance in the tropical
lowland forests of Panama (Condit et al. 2002) and the
tropical montane forests of Chiapas (Cayuela, de la Cruz
& Ruokolainen 2011). Both data sets are available from
the mentioned papers and include the abundance of tree
species in plots or forest fragments, as well as the spatial
coordinates of each sampling unit. Using the equations
presented above, I computed dgc, dpcpa and dpcogra
between all pairs of sites in each data set, and assessed
the relationship between assemblage dissimilarity () and
spatial distance (s) using the model d =1 — a * ¢"™. Note
that this model is equivalent to the exponential decay
models used for similarity, and therefore perfectly matches
the theoretical requirement of asymptotic increase towards
maximum dissimilarity (¢ = 1). This requirement is not
accomplished by simpler linear or logarithmic models. All
calculations were performed in R (R Development Core
Team 2011), using the function bray.part (available as
R script in Suppl. Mat. and to be implemented in pack-
age betapart; Baselga & Orme 2012) to compute the
dissimilarities, the vegan package (Oksanen et al. 2011)
to assess the significance of relationships using Mantel
tests, and the boot package (Canty & Ripley 2008) to
estimate frequency distributions of slopes, which were
used to assess the significance of differences in slopes
between regions by empirically comparing the estimated
distributions of parameters.

In both data sets, Panama and Chiapas, dpc dissimilar-
ity was positively related with spatial distance (Fig. 2). In
the case of Panama, the model fitted much better the
data, and the estimated slopes (Table 1) were significantly
steeper than those in Chiapas (P = 0-012). However, when
both components of variation in species abundances were
separated, the slope for the balanced variation component
(dpc.pa) showed no significant differences between Chiapas
and Panama (P = 0-306), whereas the slope for the abun-
dance gradient component (dpc_gra) Was significantly differ-
ent between Chiapas and Panama (P < 0-001). In fact,
the abundance gradient component was not significantly
related with spatial distance in Panama, but negatively
correlated with spatial distance in Chiapas (Fig. 2). In
other words, the widely used Bray-Curtis dissimilarity
index would suggest that tree assemblages change faster
with spatial distance in Panama than in Chiapas. How-
ever, as the partitioned dissimilarities show, this difference
does not stem from a faster rate of substitution in
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Panama, but from the existence of more pronounced
abundance gradients in Chiapas. In Panama, no marked
abundance gradients exist at any spatial distance (SD/
mean abundance = 0-25), while in Chiapas close forest
pairs in some cases present unidirectional gradients in spe-
cies abundances (SD/mean abundance = 0-65) in which
one forest is just a subset of the other, but with lower
abundances of the same species. In consequence, Bray-
Curtis dissimilarities are inflated at shortest distances by
abundance gradients in Chiapas but not in Panama, mak-
ing the slope of the relationship for dgc in Chiapas flatter
than that in Panama. Therefore, separating both compo-
nents allows assigning the patterns in dissimilarity to the
specific phenomena behind these patterns. In the example
above, it is the strength of abundance gradients and not
the rate of substitution what changes between regions.
Because substitution is the intuition we usually have in
mind as representing dissimilarity, the proposed partition
is useful as it allows explicitly separating the amount of
dissimilarity derived from both sources of variation.

General implications

In general terms, the method introduced here may be useful in
a wide range of research questions. Pairwise dissimilarity
matrices underlie numerous multivariate analyses dealing with
assemblage variation and, therefore, the distinction between
patterns of substitution and abundance gradients could be
crucial. For example, biogeographic regionalizations are
performed using clustering algorithms that make use of dissim-
ilarity matrices. As already argued in the context of incidence-
based dissimilarities, biogeographic regionalizations have to
be performed based on substitution patterns only, removing
the effect of subset patterns (Kreft & Jetz 2010; Svenning,
Flojgaard & Baselga 2011). Thus, if species abundance varia-
tion is to be accounted for, regionalization has to be based in
the balanced component of dissimilarity. Other types of
analyses include the assessment of the correlates of patterns
of variation of assemblage composition or patterns of varia-
tion of dissimilarity (Legendre, Borcard & Peres-Neto 2005;
Tuomisto & Ruokolainen 2006). The variation in assemblage
composition in terms of species abundances can be caused, as
explained above (Fig. 1), by balanced variation or abundance
gradients. Those antithetic phenomena can be linked to differ-
ent underlying determinants, so inference based on unparti-
tioned abundance-based dissimilarity may be misleading. The
same occurs for the assessment of patterns of variation of
dissimilarity with spatial or environmental distances, as shown
above in the example on tropical forests. In sum, the proposed
partition may be useful in a wide range of biodiversity
analyses.

As a final consideration, it should be stressed that the meth-
ods proposed here rely on the assumption that species abun-
dance can be measured without bias. This could be realistic for
some taxa with stable and well visible populations, like trees or
some sessile animals, but less so for many other organisms.
The need for unbiased measures of abundance is not specific of
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Fig. 2. Relationship between biotic dissimilarity and spatial distance in the tropical forests of Panama (a—c) and Chiapas (d-f), as measured with the
Bray-Curtis index (dgc) and its balanced variation (dpc.pa1) and abundance gradient (dc.gra) components. Black curves are the fitted functions. The
coefficient of determination (r*) and significance (p, computed using Mantel tests) of each relationship are shown.

the partitioning framework developed here, but to the very
concept of abundance-based patterns, including abundance-
based dissimilarity measures as the widely used Bray-Curtis

Table 1. Estimated parameters («¢ = intercept, and » = slope) of the
relationship between abundance-based dissimilarity and spatial
distance for the different dissimilarity indices and both data sets from
Panama (Condit ez al. 2002) and Chiapas (Cayuela, de la Cruz &
Ruokolainen 2011)

Panama Chiapas
Dissimilarity a b a b
dpc 0-58 0-042 0-64 0-031
dpcobal 0-55 0-037 042 0-036
dBcogra 0-03 ~0-000 0-15 —0-032

index. When this assumption cannot be met, incidence-based
methods would represent a more robust methodological
alternative.

Conclusions

Abundance-based dissimilarity can be derived from two anti-
thetic patterns: (i) balanced variation in abundance, whereby
the individuals of some species in one site are substituted by
the same number of individuals of different species in another
site or, in other words, species abundances change from site to
site with different signs for different species and changes bal-
ance each other; and (ii)) abundance gradients, whereby some
individuals are lost from one site to the other or, in other
words, all the species that change their abundance from one
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site to the other make it with the same sign. The widely used
Bray-Curtis index of dissimilarity is the result of summing
these two sources of dissimilarity, and therefore might consider
equivalent patterns that are markedly different. The partition
of dpc dissimilarity into two components of balanced abun-
dance variation and abundance gradient, respectively, may
thus be useful to assess biodiversity patterns and to explore
their causes, as substitution and loss of individuals are patterns
that can derive from completely different processes.
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