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ABSTRACT

Aim To determine the relative contribution of species replacement and species
richness differences to the emergence of beta-diversity patterns.

Innovation A novel method that disentangles all compositional differences (bcc,
overall beta diversity) in its two components, species replacement (b-3) and species
richness differences (brich) is proposed. The performance of the method was studied
with ternary plots, which allow visualization of the influence of the relative pro-
portions of shared and unique species of two sites over each metric. The method
was also tested in different hypothetical gradients and with real datasets. The novel
method was compared with a previous proposal based on the partitioning of
overall compositional differences (bsor) in replacement (bsim) and nestedness (bnes).
The linear response of bcc contrasts with the curvilinear response of bsor to linear
gradients of dissimilarity. When two sites did not share any species, bsim was always
1 and b-3 only reached 1 when the number of exclusive species of both sites was
equal. b-3 remained constant along gradients of richness differences with constant
replacement, while bsim decreased. brich had a linear response to a linear gradient of
richness differences with constant species replacement, whereas bnes exhibited a
hump-shaped response. Moreover, bsim > bnes when clearly almost all species of one
site were lost, whereas b-3 < brich in the same circumstances.

Main conclusions The behaviour of the partition of bcc into b-3 and brich is
consistent with the variation of replacement and richness differences. The parti-
tioning of bsor into bsim and bnes overestimates the replacement component and
underestimates richness differences. The novel methodology allows the discrimi-
nation of different causes of beta-diversity patterns along latitudinal, biogeographic
or ecological gradients, by estimating correctly the relative contributions of replace-
ment and richness differences.
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INTRODUCTION

The study of beta-diversity patterns is one of the most funda-

mental issues in biogeography, ecology and conservation. Beta

diversity was first defined as the extent of change in community

composition along gradients (Whittaker, 1960). Since then, the

term has been used to refer to a variety of phenomena, although

all of these encompass some kind of compositional heterogene-

ity or differentiation between sites (for a revision see Tuomisto,

2010a,b, and Anderson et al., 2011). Irrespective of the beta-

diversity variant that is being used, two distinct processes shape

communities and their differences: species substitution and

species loss (or gain) (Williams, 1996; Williams et al., 1999;

Lennon et al., 2001; Baselga, 2007, 2010).
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The substitution of species in one site by different species in

other site results in species replacement, while species loss (or

gain) results in richness differences between sites. The mecha-

nisms that contribute to species loss or gain are numerous; for

example, selective extinction, colonization or dispersal limita-

tion (Novotny & Weiblen, 2005; Urban et al., 2006; Ulrich et al.,

2009). When such richness differences occur in an ordered

manner along a gradient, smaller assemblages become subsets of

larger ones and a nested pattern emerges (Atmar & Patterson,

1993). Therefore, nestedness can be regarded as a special case of

an ordered pattern of differences in species richness. Most fre-

quently, species replacement and richness differences occur

along gradients in different proportions, giving rise to complex

patterns of beta diversity. Disentangling the contribution of

these two components of beta-diversity patterns is fundamental

to understanding how communities react to spatial, environ-

mental and temporal changes.

A considerable number of approaches have been used to

study beta-diversity patterns (Magurran, 2004; Legendre et al.,

2005). One of the most popular methods is to conceive beta

diversity as a measure of dissimilarity between sites. These mea-

sures can be classified into two groups, ‘broad sense’ measures,

which incorporate differences in composition attributable to

replacement and species richness differences, and ‘narrow sense’

measures that focus only on replacement (Koleff et al., 2003).

Several authors have compared both kinds of measures to gain

insight into the mechanisms that generate beta-diversity pat-

terns (Harrison et al., 1992; Williams, 1996; Lennon et al., 2001).

However, none of these works established a comprehensive

framework intended to disentangle the relative roles of species

replacement and species richness differences in generating beta-

diversity patterns.

Recently, a new method has been proposed to partition beta

diversity into two components: replacement and nestedness

(Baselga, 2010). This method was presented for pairwise and

multiple-site comparisons. In the pairwise situation, an index of

beta diversity due to nestedness (bnes), which is deemed to rep-

resent richness differences among nested communities, is calcu-

lated by subtracting bsim (replacement) from bsor (overall beta

diversity). The same rationale was used in multiple-site com-

parisons, using the multiple-site versions of bsor, bsim and bnes.

However, we advocate that this framework needs to be further

tested with theoretical datasets representing different gradients

of composition dissimilarity in order to evaluate its perfor-

mance. Moreover, bsim measure used in Baselga’s (2010)

approach actually overestimates replacement, as we show later in

this paper.

Partitioning overall beta diversity into its replacement and

nestedness components may not be the most obvious proce-

dure, as nestedness is nothing more than a particular case of a

species richness gradient. It seems more useful and intuitive to

understand the nature of a particular beta-diversity pattern by

partitioning it into its replacement and richness difference

components, whether the community is nested or not. There-

fore, we develop a novel and comprehensive framework

intended to disentangle the relative roles of species

replacement and richness differences in generating beta-

diversity patterns.

The performance of the novel framework was evaluated and

compared with the previous proposal of Baselga (2010). For that

purpose, the behaviour of the different measures was analysed

with ternary plots, which allow visualization of the influence of

the relative proportions of shared and exclusive species of two

sites on the values of the different metrics (Koleff et al., 2003).

Moreover, four test cases representing different theoretical gra-

dients of replacement and richness differences were constructed

to evaluate the performance of both frameworks. Finally, we

present two empirical datasets to demonstrate the usefulness

and versatility of the framework proposed here in real scenarios.

INNOVATION

A novel method of partitioning beta diversity into
species replacement and richness differences

Since we are interested in determining the relative roles of

species replacement and richness differences in generating beta-

diversity patterns we will use the term ‘beta diversity’ to refer all

compositional changes between two sites irrespective of the

process that originated it, in accordance with the original idea of

Whittaker (1960). In the context of pairwise comparisons, a

replacement occurs when one species is substituted by another

species. For example, in Fig. 1, species 1 in site A is replaced by

species 10 in site B. The expression ‘richness differences’ will be

used to refer to the absolute difference between the number of

species that each site contains, irrespective of being nested (site

A and sites C, D and E, Fig. 1) or not (site A and site F, Fig. 1).

Therefore, beta diversity can be defined, mathematically, in

relation to its two possible components as:

beta diversity replacement richness differences= + .

In order to derive the measures that should represent the

three terms of the equation, we use the following standard nota-

tion (Koleff et al., 2003): a is the number of species common to

Figure 1 Hypothetical gradient of increasing dissimilarity. Sites
A and B have the same richness but species 1 was replaced by
species 10. Sites A, C, D, E differ in species richness and have at
least one species in common (nested biotas). Sites A and F differ
in species richness but do not share any species (non-nested
biotas).
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both sites, b is the number of species exclusive to the first site,

and c is the number of species exclusive to the second site

(Fig. 2). Therefore, the total compositional difference between

two sites, independent of the process that originated it (replace-

ment or richness differences), is given by the expression b + c. It

is useful to think of compositional differences between two sites

in the form of the proportion of these differences in relation to

the total number of species recorded (a + b + c). Therefore, we

obtain the Jaccard dissimilarity measure, also known as the bcc

complementarity measure of Colwell & Coddington (1994):

βcc = +
+ +
b c

a b c
.

Conceptually, this approach corresponds to the variant of

beta diversity defined as ‘proportional effective species turnover’

(Tuomisto, 2010a,b).

Replacement between two sites is the substitution of n species

in a given site from n species in another site. Therefore, the

number of substitutions between two sites is given by the

minimum number of exclusive species, min(b,c), and the

number of species involved in this process is 2 ¥ min(b,c), since

one substitution always involves two species. By expressing this

quantity in the form of a proportion to the total number of

species recorded (a + b + c), we obtain the measure b-3 of

Williams (1996) as modified by Cardoso et al. (2009):

β− = ×
( )

+ +3 2
min ,

.
b c

a b c

The species richness of each site is given by the expressions

b + a and c + a. Therefore, the absolute difference in species

richness between two sites, expressed as a proportion of the total

number of species recorded (a + b + c), is given by a new

measure, which we designate as brich:

βrich = +( ) − +( )
+ +

= −
+ +

b a c a

a b c

b c

a b c
.

In conclusion, we postulate that beta diversity can be parti-

tioned into two additive components, replacement and richness

differences, according to the equation:

β β βcc 3 rich.= +−

Related methods previously proposed

brich is in some way similar to the previously proposed bgl

(Lennon et al., 2001), the only measure of species richness dif-

ference to date:

βgl = −
+ +

2

2

b c

a b c

Both measures differ in the fact that bgl double-weights the

absolute richness difference (numerator) and the shared species

component. This does not allow the richness differences value to

be expressed as a simple proportion of the total number of

species recorded (a + b + c), a very useful and intuitive property

of brich.

As we will extensively compare our novel method with the

recent proposal of Baselga (2010), the only general framework

proposed to date for partitioning beta diversity in its different

components, we also represent this method. Baselga’s frame-

work can be represented by the equation:

β β βsor sim nes.= +

bsor is deemed to represent all compositional differences, i.e.

overall beta diversity. In the dissimilarity form the index can be

formulated as (Sørensen, 1948):

βsor = +
+ +
b c

a b c2
.

bsor is conceptually similar to bcc by accounting for composi-

tional differences (b + c). Both measures differ only because bsor

double-weights the shared species component. This means that

bsor expresses compositional differences in relation to the sum of

species richness of both sites (usually larger than the total

number of species recorded given that species may be shared).

bsim is deemed to reflect compositional differences attribut-

able to replacement. The index has the form (Lennon et al.,

2001):

βsim =
( )

+ ( )
min ,

min ,
.

b c

a b c

It is worth noting that the numerator of bsim expresses the

number of substitutions, min(b,c), but not the number of

species involved in the replacement process, 2 ¥ min(b,c),

between two sites. Apart from that, bsim expresses the number of

substitutions between two sites as a proportion to the number of

species of the species-poorer site, unlike bsor which expresses

compositional differences as a proportion of the sum of species

richness of both sites. This is non-trivial, because in this way the

replacement in bsor and the replacement in bsim is not math-

ematically equivalent. Actually, bsim is a measure of the propor-

tion of the species-poorer site that is not nested in the species-

Figure 2 Matching/mismatching components between two sites:
a is the number of shared species, b and c are the species exclusive
to each site. The total number of species in the system is given by
the sum a + b + c. The number of compositional differences
between the two sites (total beta diversity) is given by the sum
b + c. Richness difference is given by the absolute value of b–c.
Replacement is given by min(b,c) multiplied by 2 (one
substitution involves two species).
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richer site (Tuomisto, 2010b). Therefore, bsim overestimates

replacement because it measures replacement relative to the

species-poorer site and not as a proportion of all species.

bnes is deemed to account for dissimilarity due to nestedness

(Baselga, 2010). The index is obtained by subtracting bsim from

bsor:

β β βnes sor sim= − =
( ) − ( )

+ ( ) + ( )
×

+
max , min ,

max , min , mi

b c b c

a b c b c

a

a2 nn ,

min ,
.

b c

b c

a b c

a

a b c

( )

= −
+ +

×
+ ( )2

Mathematically, bnes may be viewed as a richness difference

measure (the first term of the product), multiplied by the pro-

portion of the species-poorer site that is nested in the species-

richer site (the second term of the product).

The hypothetical gradient of dissimilarity illustrated in Fig. 1

allows a first comparison of the performance of our novel parti-

tioning method with Baselga’s (Table 1). Apart from the similar-

ity between bcc and bsor, the other measures have totally different

behaviours. While b-3 remains constant, reflecting the constancy

of the number of substitutions between site A and the other sites,

bsim increases with increasing richness differences, which is a

counter-intuitive behaviour of a measure that is deemed to reflect

replacement. While brich reflects all richness differences along the

gradient, bnes is null when the last shared species disappears:

brich(A,F) = 0.8; bnes(A,F) = 0. This is a conceptual difference

between the two measures, bnes only accounts for differences in

richness when sites are nested, i.e. when sites have at least one

common species (a > 0), while brich reflects all richness differences

independently of sites being nested or not. Apart from this dif-

ference, both measures try, in fact, to reflect richness differences

when the sites shared at least one species (a > 0).

It is worth noting that in the graphical example of Fig. 1 two

paradoxical situations are apparent in the behaviour of bnes

(Table 1): (1) bnes(A,D) > bnes(A,E), when in fact site E has one

species less than site D; (2) bsim(A,D) > bnes(A,D), when clearly

almost all species were lost and only one substitution has

occurred. The behaviour of both partitions suggests that more

formal testing is necessary to fully evaluate their usefulness.

Mathematical comparison of measures

The mathematical behaviour of the different measures was

studied with ternary plots, as recommended by Koleff et al.

(2003). Ternary plots allow visualization of the relationship

between the matching/mismatching components (a, b and c),

expressed as proportions, and the values of such measures,

hence, a + b + c = 100% (Fig. 3). For that purpose, we used an

artificial dataset with all possible combinations of the propor-

tions of the components a, b and c, available in the simba

package (Jurasinski, 2010) for the R statistical language (R

Development Core Team, 2009).

Evaluating the performance of measures

To test the performance of the different measures and compare

the novel method with the previous proposal by Baselga (2010),

we constructed four test cases representing different gradients of

known magnitude of replacement and richness differences. For

the gradients to be independent of the variation in the overall

number of species, the matching/mismatching components

were expressed in the form of proportions, such that a + b + c =
100%.

Test case 1. Pure gradient of richness differences

The number of substitutions was set to zero; hence one of the

sites does not have any exclusive species (c = 0%). Therefore,

richness differences increase linearly with decreasing values of

Table 1 Comparison of bcc, b-3, brich, bsor, bsim and bnes values along
a hypothetical gradient of increasing dissimilarity (see Fig. 1 for
details).

Sites bcc b-3 brich bsor bsim bnes

A–B 0.2 0.2 0 0.11 0.11 0

A–C 0.7 0.2 0.5 0.54 0.25 0.29

A–D 0.8 0.2 0.6 0.67 0.33 0.34

A–E 0.9 0.2 0.7 0.82 0.5 0.32

A–F 1 0.2 0.8 1 1 0

Figure 3 Ternary plot of the components a, b and c in the form
of proportions: a is the proportion of the shared species between
two sites; b and c are the proportions of the species exclusive to
each site. Grey lines represent 10% increments of the components.
Dashed lines represent four hypothetical gradients of richness
differences and replacement: A, pure gradient of richness
differences; B, mixed gradient of richness differences with a fixed
constant replacement (20% of the species in the system); C, pure
gradient of replacement; D, mixed gradient of replacement with
constant richness differences (20% of the species in the system).
The arrows represent the direction of increasing gradients.
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the a component and, conversely, increasing values of b. We

advocate that measures of replacement should be null (b-3 = bsim

= 0), whereas measures of overall beta diversity (bcc and bsor) and

richness differences (brich and bnes) should decrease linearly with

increasing values of the a component (Fig. 3, A).

Test case 2. Mixed gradient of richness differences with constant

species replacement

The number of substitutions was set to a fixed known value

(20% of the species in the system). Therefore, richness differ-

ences increase linearly with decreasing values of the a compo-

nent and, conversely, increasing values of b. We advocate that

measures of replacement (b-3 and bsim) should be constant,

whereas measures of overall beta diversity (bcc and bsor) and

richness differences (brich and bnes) should decrease linearly with

increasing values of the a component (Fig. 3, B).

Test case 3. Pure gradient of species replacement

In this case richness differences were set to zero, hence b = c.

Therefore, with decreasing values of the a component, b and c

increase, and conversely, replacement increases linearly. We

advocate that measures of richness differences should be null

(brich = bnes = 0), whereas measures of overall beta diversity (bcc

and bsor) and replacement (b-3 and bsim) should decrease linearly

with increasing values of the a component (Fig. 3, C).

Test case 4. Mixed gradient of species replacement with constant

richness differences

Richness difference was set to a fixed known value (20% of the

species in the system), hence |b – c| = constant (20%). Therefore,

with decreasing values of the a component, b and c increase, and

conversely, replacement increases linearly. We advocate that

measures of richness differences (brich and bnes) should be con-

stant, whereas measures of overall beta diversity (bcc and bsor)

and replacement (b-3 and bsim) should decrease linearly with

increasing values of the a component (Fig. 3 – D).

Values of the different measures (bcc, b-3, brich, bsor, bsim and bnes)

were calculated and plotted against the shared species compo-

nent (represented by the term a in all equations), in order to

evaluate the performance of each index.

Disentangling beta-diversity patterns in replacement
and differences of species richness in real scenarios

A small-scale example: response of spider assemblages to an

ecological gradient

The response of spider assemblages to the invasion of coastal

dunes by Acacia sp. was assessed using the framework proposed

here. The study was carried out in the Amorosa dunes, northern

Portugal (J.C. Carvalho, unpublished data). Three inventories of

ground spiders were performed in three contrasting situations:

coastal dunes with natural vegetation (control), coastal dunes

with low cover of Acacia sp. (< 50%) and coastal dunes with

high cover of Acacia sp. (> 90%). Pairwise dissimilarity com-

parisons were performed among the three locations using bcc, b-3

and brich metrics to evaluate the consequences of the invasion of

an exotic plant species over the spider assemblages. A visual

inspection of the spider assemblage composition of each site

suggests that species loss increased with increasing Acacia sp.

cover, resulting in high richness differences, although some

species replacement also occurred (see Appendix S1 in Support-

ing Information). We expect that by partitioning bcc into b-3 and

brich the relative importance of species replacement and richness

differences induced by the invasion of an exotic plant species on

spider assemblages will be revealed. Specifically, with increasing

cover of Acacia sp. the loss of species, represented by brich, should

be greater than replacement, represented by b-3. The partitioning

of bsor into bsim and bnes was also applied to this dataset in order

to make a comparison with the partitioning of bcc into b-3 and

brich. All calculations were performed with the function

‘betadiver’ from the vegan package (Oksanen et al., 2010) for the

R statistical language (R Development Core Team, 2009).

A large-scale example: response of spider assemblages to a

latitudinal/ biogeographic gradient

The dataset used in this example is fully described elsewhere

(Carvalho et al., 2011a,b). Basically, it consists of 18 standard-

ized inventories carried out for coastal dunes along the western

Atlantic coast of the Iberian Peninsula. The coast is almost per-

fectly aligned with the latitudinal axis and is dominated by a

clear climatic gradient of mediterraneity from north to south,

encompassing two biogeographic regions (Eurosiberian and

Mediterranean).

To illustrate the behaviour of our method, we performed an

analysis of biotic dissimilarity with geographic distance, which is

the complement of distance-decay of similarity (Nekola &

White, 1999), using bcc, b-3 and brich as measures of dissimilarity.

In this case, geographic distance corresponds to differences in

latitude, since sampling sites were scattered along the latitudinal

axis. Regressions were fitted in a log–log space to linearize the

relationship between dissimilarity and distance. A Mantel test

was applied to assess the significance of the relationship (Leg-

endre & Legendre, 1998). All calculations were performed with

the vegan package (Oksanen et al., 2010) for the R statistical

language (R Development Core Team, 2009). Spider species

were divided into three groups, according to their origins: Medi-

terranean, non-Mediterranean and Iberian species (following

Cardoso & Morano, 2010). Analyses were carried out indepen-

dently for each group, to test the hypothesis that different

processes act on spider assemblages depending on the biogeo-

graphic origins of the constituent species.

A visual inspection of the spider assemblage composition of

each site suggests that the non-Mediterranean group suffers a

process of species loss from north to south, resulting in high

richness differences between northern and southern sites (see

Appendix S2). This is expected since most non-Mediterranean

species encounter in northern Iberia the southernmost limit of

J. C. Carvalho et al.
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their geographic distribution. On the contrary, in the Mediter-

ranean and Iberian groups, replacement seems to be the domi-

nant process. Therefore, for non-Mediterranean species, we

predict that the slope of the distance–dissimilarity plot of brich

(richness differences) should be higher than the slope of the

distance–dissimilarity plot of b-3 (replacement). On the other

hand, for Mediterranean and Iberian species, we predict that the

slope of the distance–dissimilarity plot of b-3 (replacement)

should be higher than the slope of the distance–dissimilarity

plot of brich (richness differences). The partitioning of bsor in bsim

and bnes was also applied to this dataset in order to make a

comparison with the partitioning of bcc in b-3 and brich.

CASE STUDY RESULTS

Mathematical comparison of measures

The comparison of frameworks with ternary plots showed strik-

ing differences in their behaviour. In both partitioning methods,

bcc and bsor reflect overall beta diversity independently of the

process that originated it. Both measures are similar, differing

only in the fact that bsor double-weights the a component. This

difference has a significant effect on their performance. The

magnitude of change of bcc values is proportional to the magni-

tude of change of the a component. On the contrary, the changes

of the values of bsor are faster when the values of a are low

(Fig. 4).

b-3 and bsim are deemed to reflect replacement. The values of

b-3 and bsim are maximum when b = c and a = 0. This is in

conformity with the expected notion that species replacement is

maximum when all the species of a given site are substituted by

a different set with the same number of species. These measures

differ in that b-3 is less sensitive than bsim to small changes in b or

c components when the a component and b or c are low. Since

both measures are intended to reflect species replacement, this

means that in this situation a small change in species replace-

ment would yield a large change in bsim values, while b-3 would

change proportionally to the magnitude of that change.

Figure 4 Ternary plots showing the variation of the values of bcc, b-3, brich, bsor, bsim and bnes for all possible combinations of the components
a, b and c, expressed in the form of proportions, so that a + b + c = 100%.
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Moreover, when a = 0, bsim is always 1 and b-3 only reaches 1

when b = c (Fig. 4).

brich and bnes give a null value when b = c. In this situation,

there are no richness differences, and compositional differences

are due to replacement only. The two measures differ when two

sites do not share any species (a = 0), brich is proportional to the

species richness difference between them, while bnes is always 0

(Fig. 4). Therefore, brich accounts for all richness differences,

while bnes accounts only for richness differences when a > 0.

Evaluating the performance of measures

Test case 1. Pure gradient of richness differences

In this scenario, both partitions exhibited a similar behaviour,

differing only in the fact that bcc and brich had a linear behaviour

(Fig. 5a), whereas bsor and bnes responses were curvilinear

(Fig. 5b). b-3 = bsim = 0, according to the expectations.

Test case 2. Mixed gradient of richness differences with constant

species replacement

Although bcc and bsor had a similar response, measures of

replacement and richness differences of both partitions exhib-

ited different behaviours. b-3 was constant (Fig. 5c) contrary to

bsim that diminished with increasing values of the shared com-

ponent (Fig. 5d). brich decreased linearly with decreasing rich-

ness differences (Fig. 5c), contrary to bnes that showed a hump-

shaped response (Fig. 5d). This means that bnes reached its

maximum value for an intermediate value of richness differ-

ences. Thus, bnes reached minimum values, similarly, when

richness differences were high (a near 0) and when richness

differences were small (highest values of a). Moreover, the

values of b-3 and brich have a good proportional relationship,

contrary to bsim and bnes. In fact, bsim > bnes when richness dif-

ferences were high (a near 0), contrary to what one might

intuitively expect. In such circumstances bsim seems to overes-

timate replacement, while bnes underestimates richness

differences.

Test case 3. Pure gradient of species replacement

The values of bcc, b-3, bsor and bsim decreased with decreasing

replacement, according to expectations, but bcc and b-3 had linear

responses to the linear gradient, contrary to bsor and bsim that

were curvilinear. brich = bnes = 0, according to expectations

(Fig. 5e,f).

Test case 4. Mixed gradient of species replacement with constant

richness differences

bcc and b-3 decreased linearly with decreasing replacement

(Fig. 5g), whereas the response of bsor and bsim was curvi-

linear (Fig. 5h). Although richness differences were constant

along this gradient, bnes varied, increasing towards a maximum

value (Fig. 5h). brich was constant (Fig. 5g), according to

expectations.

Figure 5 Response of bcc, b-3, brich, bsor, bsim and bnes measures to four linear gradients of replacement and richness differences: pure gradient
of richness differences (a, b); mixed gradient of richness differences with constant replacement (20% of the species in the system) (c, d);
pure gradient of replacement (e, f); mixed gradient of replacement with constant richness differences (20% of the species in the system) (g,
h). The values of the measures were calculated for all possible combinations of the components a, b and c, expressed in the form of
proportions, so that a + b + c = 100%. Decreasing values of the component a represent increasing gradients.

J. C. Carvalho et al.
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Disentangling beta-diversity patterns in replacement
and differences in species richness for real scenarios

A small-scale example: response of spider assemblages to an

ecological gradient

bcc values indicate that compositional changes were relatively

high (Table 2). By decomposing these values into b-3 and brich we

find that in all possible pairwise comparisons, compositional

differences attributable to richness differences were higher than

compositional differences attributable to species replacement

(Table 2). For example, for the pairwise comparison natural

dune versus dune with high cover of Acacia sp., bcc = 0.76, b-3 =
0.29 and brich = 0.47. Therefore, we may conclude that compo-

sitional differences determined by replacement accounted for

38% (b-3/bcc) and compositional differences determined by

species loss accounted for 62% (brich/bcc) of all compositional

differences.

The partitioning of bsor in bsim and bnes gives remarkably dif-

ferent results (Table 2). For example, for the pairwise compari-

son natural dune versus dune with high cover of Acacia sp.,

bsor = 0.62, bsim = 0.39 and brich = 0.23, thus indicating that

compositional differences determined by replacement

accounted for 63% (bsim/bsor) and compositional differences

determined by species loss accounted for 37% (bnes/bsor).

However, the visual inspection of the species composition of

each site clearly suggests that species loss is much more impor-

tant than replacement (see Appendix S1). Therefore, bnes seems

to underestimate the true loss of species, while bsim appears to

overestimate replacement.

A large-scale example: response of spider assemblages to a

latitudinal/biogeographic gradient

Overall dissimilarity calculated with bcc increased with geo-

graphic distance for the three groups of spiders, revealing the

strong influence of the spatial gradient of mediterraneity on the

assemblage structure of spiders (Fig. 6). Slopes and intercepts

were identical, thus we may conclude that beta-diversity pat-

terns among the three groups of spiders were similar (Table 3).

However, by disentangling bcc in its two components, replace-

ment (b-3) and richness differences (brich), we find that replace-

ment was much more important for Mediterranean and Iberian

species than richness differences. On the contrary, beta diversity

attributable to richness differences was more important in

the non-Mediterranean spider species group than replace-

ment. These results are consistent with our expectations

given the composition of spider fauna of each site (see

Appendix S2).

The partitioning of bsor in bsim and bnes gives strikingly dif-

ferent results (Fig. 6). For the three groups of spiders the slopes

of the distance–dissimilarity plot were always higher for bsim

than for bnes (Table 3). Although the non-Mediterranean spider

group suffers a clear decline in richness from north to south

(see Appendix S2), the slope of the distance–dissimilarity plot

of bnes for this group was remarkably low (Table 3). Therefore,

this framework failed to detect the process of species loss suf-

fered by the non-Mediterranean spider species group.

DISCUSSION

Beta diversity can be conceptualized as the change in commu-

nity structure along a gradient (turnover) or the variation in

community structure among sampling units within a given area

without reference to a particular gradient or direction (Ander-

son et al., 2011). Independently of the perspective, turnover

versus variation, beta-diversity patterns are determined by two

basic processes: the replacement of species and richness differ-

ences. Assessing the relative role of each component in deter-

mining beta-diversity patterns is a fundamental task in

biogeography, ecology and conservation (Williams, 1996; Will-

iams et al., 1999; Baselga, 2007). We propose a novel method

that disentangles all compositional differences (bcc, overall beta

diversity) into its two components, species replacement (b-3)

and species richness differences (brich). By accounting for the two

components of beta diversity, this method allows us to study the

turnover of species along directional gradients and the variation

in community structure without reference to a particular gradi-

ent or direction (see Anderson et al., 2011).

The novel approach is conceptually similar to the partitioning

of bsor into a replacement component (bsim) and a nestedness

component (bnes), proposed by Baselga (2010). Both partitions

differ conceptually in the fact that brich accounts for all richness

differences whereas bnes accounts for species richness differences

due to nestedness (sensu Baselga, 2010). In practice, bnes = 0 if

two communities do not share any species (a = 0), indepen-

dently of their richness differences, while brich reflects these dif-

ferences. When sites share at least one species (a > 0), bnes tries to

measure their richness differences like brich. Therefore, both

frameworks try to partition beta diversity into its two compo-

nents: replacement and richness differences and, hence, their

performance could be compared.

Performance

Both partitions were analysed with ternary plots (Koleff et al.,

2003) and tested against linear gradients of replacement and

richness differences. We found that the partitioning of bcc into

Table 2 Comparison of bcc, b-3, brich, bsor, bsim and bnes values of
spider assemblages along a gradient of invasion of coastal dunes
by Acacia sp.

bcc b-3 brich bsor bsim bnes

Control vs. low Acacia cover 0.51 0.24 0.27 0.35 0.20 0.15

Control vs. high Acacia cover 0.76 0.29 0.47 0.62 0.39 0.23

Low Acacia cover vs. high

Acacia cover

0.50 0.18 0.32 0.33 0.15 0.18

Spiders were sampled in three sites: control, natural dune vegetation
without Acacia sp.; low Acacia cover (< 50%); high Acacia cover
(> 90%).
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Figure 6 Relationship between spider assemblage dissimilarity and geographic distance. bcc, b-3, brich, bsor, bsim and bnes were used as
measures of dissimilarity. Regressions were fitted in a log–log space to linearize the relationship between dissimilarity and distance.

Table 3 Results from ordinary
least-squares regression of the bcc, b-3,
brich, bsor, bsim and bnes, by distance
between pairs of 18 coastal dune sites.

Species origins bcc b-3 brich bsor bsim bnes

Mediterranean

Intercept 0.327 0.097 0.248 0.183 0.026 0.172

Slope 0.051 0.073 -0.015 0.065 0.087 -0.021

Mantel r 0.755* 0.626* -0.176* 0.746* 0.723* -0.396*

Non-Mediterranean

Intercept 0.421 0.321 0.113 0.302 0.243 0.060

Slope 0.040 0.012 0.041 0.055 0.055 0.004

Mantel r 0.623* 0.116n.s. 0.325* 0.604* 0.436* 0.063n.s.

Iberian

Intercept 0.324 0.023 0.306 0.211 -0.017 0.237

Slope 0.056 0.081 -0.015 0.070 0.102 -0.032

Mantel r 0.543* 0.477* -0.115* 0.557* 0.528* -0.307*

Regression models were fitted in a log–log space and applied separately for Mediterranean, non-
Mediterranean and Iberian spider species. A Mantel test was applied to assess the significance of the
relationship of the Pearson correlation coefficient (r): *P < 0.05; n.s. not significant.
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b-3 and brich was consistent with the variation of the degree of

replacement and richness differences and showed linear

responses to linear gradients of richness differences and replace-

ment. We argue that linearity is an obligatory property, as it

ensures that the magnitude of change in dissimilarity among

sites is reflected by the measures employed to depict beta-

diversity patterns. Moreover, many statistical methods demand

linearity of dissimilarity measures (Legendre & Legendre, 1998).

Complying with these properties, we advocate that partitioning

of bcc in b-3 and brich allows a correct estimation of the relative

contribution of species replacement and richness differences to

the emergence of beta-diversity patterns.

The partitioning of bsor into bsim and bnes gave similar results

to the partitioning of bcc into b-3 and brich in pure gradients of

richness differences and pure gradients of replacement, but

exhibited a counter-intuitive behaviour along mixed gradients

of richness differences and replacement. The response of bsim

and bnes was inconsistent with the variation of replacement and

richness differences in mixed gradients. The worse perfor-

mance of Baselga’s method seems to derive from a basic flaw:

the replacement in bsim is not mathematically equivalent to the

replacement in bsor. bsor could be regard as a measure of all the

compositional differences between two sites, thus including a

component of replacement and a component of richness dif-

ferences, expressed as a proportion of the sum of species rich-

ness values in both sites (contrary to bcc which is expressed as

a proportion of the total number of species in the system).

Therefore, we advocate that an exact replacement partition of

bsor should be done in relation to the sum of species richness

values in both sites. However, as Tuomisto (2010b) notes, bsim

quantifies the proportion of the species-poorer site that is not

nested in the species-richer site, thus ignoring the number of

species in the richer site. Therefore, bsim can be regard as a

measure of replacement in relation to the richness of the

species-poorer site, but not to the richness of both sites. This

often causes bsim to overestimate the replacement component

in mixed scenarios of replacement and richness differences.

Since, bnes was obtained by subtracting bsim from bsor, it tends to

underestimate the richness differences component. These

shortcomings may lead to misleading results and conclusions,

as verified with the two empirical examples presented in this

paper. Therefore, we argue that, although the idea of disentan-

gling beta diversity in replacement and nestedness (sensu

Baselga, 2010) is straightforward, the behaviour of the pro-

posed metrics advises serious caution in their use.

Furthermore, our method presents the additional advantage

of relying on measures robust to undersampling (Cardoso

et al., 2009). Therefore, relying on bcc, b-3 and brich minimizes

the under- or over-estimation of beta-diversity values due to

comparisons of incomplete species lists. On the contrary, bsor

and bsim are among the most sensitive metrics to undersam-

pling (Cardoso et al., 2009). Beta-diversity patterns could be

biased due to comparisons of incomplete species lists, a

common problem in invertebrate community studies among

others (Novotny & Basset, 2000; Longino et al., 2002; Codding-

ton et al., 2009).

Applications to real scenarios

This novel method was revealed to be useful and versatile in the

study and understanding of real datasets differing in their nature

(ecological versus biogeographic gradients) and scale (small

versus large gradients). In the simplest case, the response of

spider assemblages was studied along an invasion gradient of

coastal dunes by Acacia sp. by using simple direct comparisons

of the indices (bcc, b-3 and brich). Striking changes in the compo-

sition of spider assemblages were found. By decomposing the

overall beta diversity (bcc) into its two sources, we find that

differences in species richness were more important than

replacement. Therefore, we conclude that the relative contribu-

tion of species loss to the observed pattern was more important

than species replacement. Spiders are strongly affected by the

physical features of their habitat, like humidity, temperature and

vegetation structure (Uetz, 1991; Wise, 1993). The natural

mosaic of open sand, moss, lichens, herbaceous plants and small

shrubs was radically transformed by Acacia sp. into a dense

shrub canopy with a blanket of dense foliage on the ground.

Therefore, we suggest that changes in the physical structure of

the litter/soil microhabitat with the invasion of Acacia sp. are the

likely cause of the substantial loss of spider species.

In the large-scale study case, beta diversity of spider assem-

blages was studied along a latitudinal/biogeographic gradient of

mediterraneity by using the complement of distance–decay

plots of similarity, taking in account the biogeographic origins

of spiders. For the Mediterranean and Iberian spider groups,

replacement was the main process that determined composi-

tional differences. This pattern is certainly determined by a

combination of the climatic gradient of mediterraneity and his-

torical processes, which favoured the replacement of species

along the gradient. For example, the replacement of Iberian

species is most probably a consequence of allopatric speciation

events that occurred along the complex history of the Iberian

Peninsula (Gómez & Lunt, 2007). On the contrary, non-

Mediterranean species appear to suffer a sorting process along

the latitudinal/climatic gradient of mediterraneity, resulting in

the loss of species from north to south and, consequently, in

richness differences among sites. Therefore we conclude that

different processes act on spider assemblages along this large-

scale gradient depending on the species biogeographic origins.

Using the new framework in multiple-site
comparisons

The method proposed here is limited to pairwise comparisons.

This could be appropriate when we want to evaluate (dis)simi-

larity along a latitudinal or environmental gradient, as we dem-

onstrate in the response of spider assemblages to a latitudinal/

biogeographic gradient. However, we acknowledge that this is a

shortcoming in multiple-site comparisons, i.e. when we want to

compare three or more collections of sites from different regions

(Diserud & Ødegaard, 2007). A possible way to overcome this

limitation in multiple-site situations is to calculate the average of

all pairwise dissimilarities for each region. As pairwise similari-
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ties are not independent and they ignore the information on

species shared among multiple sites (Diserud & Ødegaard,

2007), the development of a multiple-site similarity version of

this method is nevertheless desirable, although it is beyond the

scope of this paper.

Concluding remarks

In conclusion, the novel framework proposed here presents

several interesting attributes: it is simple to apply and to under-

stand, it is intuitive, the metrics used gave consistent responses

to different test cases and are robust to undersampling, and it is

versatile according to the nature and the scale of the study. By

decomposing overall beta diversity into its two sources, replace-

ment and richness differences, and by estimating their relative

contributions, we ensure that the different causes of the

observed patterns are discriminated and quantified. Thus, our

framework provides a standard for comparisons of different

sites and studies with different levels of species richness. We

conclude that this method can contribute to describing and

understanding the complexity of beta-diversity patterns that

emerge along latitudinal, biogeographic or ecological gradients.
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