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1  |  INTRODUC TION

There is widespread evidence that functional diversity (FD) has a 
positive influence on ecosystem productivity, stability, and resil-
ience (Diaz et al., 2007; Tilman et al., 1997). This finding has led to 

the development of different formulae to measure FD (Mouchet 
et al., 2010; Petchey & Gaston, 2006). In the simplest cases, a com-
munity is envisioned as a unique combination of functional trait 
states (Podani et al., 2013; Poff et al., 2006; Schmera et al., 2017) or 
functional types/groups (Diaz & Cabido, 2001), and FD is measured 
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Abstract
Functional diversity is regarded as a key concept for understanding the link between 
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tional divergence and functional regularity. In addition, we present a classification 
of presence-/absence-based approaches suitable for quantifying these components. 
We focus exclusively on the binary case for its relative simplicity. We find illogical, 
as well as logical but unused combinations of components and representations; and 
reveal that components can be quantified almost independently from the functional 
representation of the community. Finally, theoretical and practical implications of the 
new classification are discussed.
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by the number of these functional units. In other approaches, a com-
munity is represented by the functional distances among species 
from which FD is calculated as a total or an average (Heemsbergen 
et al., 2004; Schmera et al., 2009; Walker et al., 1999). More sophis-
ticated procedures rely on results of multivariate analysis, such as 
dendrograms (Petchey & Gaston, 2002; Podani & Schmera, 2006), 
minimum spanning trees (Villéger et  al.,  2008), or ordinations 
(Laliberté & Legendre, 2010; Villéger et al., 2008); and quantify FD 
as a carefully selected property of the given result, i.e. the func-
tional representation of the community (e.g. Loiseau et  al.,  2017; 
Pavoine & Bonsall,  2011). Advantages and disadvantages of these 
approaches are emphasized by reviews (Mammola et  al.,  2021; 
Mouchet et al., 2010; Petchey et al., 2004; Petchey & Gaston, 2006; 
Ricotta, 2005).

Mason et al. (2005) pioneered the idea that functional diversity 
is a multifaceted concept that can be characterized by a limited num-
ber of primary components. Based on this idea, Villéger et al. (2008) 
developed an analytical framework for calculating the primary com-
ponents such as functional richness (volume of the functional space 
occupied by the community), functional evenness (the regularity of 
the abundance distribution in the functional space), and functional 
divergence (deviance of abundance from the center of gravity of 
the functional space). Thanks to its novelty and soundness, the 
approach received considerable attention in the ecological liter-
ature (e.g. Mouillot et al., 2013). It is important to note that some 
primary components of Mason et  al.  (2005) are envisioned with 
abundance-weights of species (functional evenness and functional 
divergence), while others (functional richness) are not.

Pavoine and Bonsall (2011) identified a semantic confusion with 
the term functional evenness. According to the authors, evenness is 
one of the three terms of the classical species diversity concept (rich-
ness, evenness and diversity, where diversity includes both richness 
and evenness, see Magurran, 2004; Ricotta, 2007), which defines in 
general the equitability of the abundance distribution of the diver-
sity units, and not necessarily agrees with the definition of Mason 
et  al.  (2005). As a solution, Pavoine and Bonsall  (2011) suggested 
that the term evenness should be restricted in general to the eq-
uitability of the abundance distribution of diversity units, and the 

primary component originally termed as functional evenness should 
be called as functional regularity. Those authors also argued that 
functional diversity components incorporating relative abundances 
should be called weighted components, while those disregarding 
abundance as unweighted components.

It follows that the classical diversity concept includes two com-
ponents (richness and evenness) and three terms (richness, evenness 
and diversity), while functional diversity involves three components 
(richness, divergence, regularity), each with abundance-weighted 
and unweighted forms (Table 1). Another consequence of this ter-
minology is that the components of functional diversity (i.e. rich-
ness, divergence, regularity) should reflect different aspects of 
functional diversity, no matter whether abundance-weighted or 
abundance-unweighted forms are used. Moreover, the existence of 
unweighted components suggests that richness, divergence and reg-
ularity should conceptualize something different from the evenness 
component in the classical diversity concept (i.e. the equitability of 
abundance distribution).

The components of functional diversity are commonly calculated 
using multivariate techniques, which consider at the outset species 
as objects and traits as variables. The relationships among spe-
cies are depicted in numerical and/or graphical form. Pavoine and 
Bonsall  (2011) classified available methods according to whether 
they rely on rooted trees, minimum spanning trees, point configura-
tions in a Euclidean space, or distances among species (see Table  1 
in Pavoine & Bonsall, 2011). Surprisingly, this classification has re-
ceived less attention, notwithstanding that Villéger et al. (2008) also 
suggested previously the use of multivariate analyses (raw functional 
space and minimum spanning tree) for defining the three primary 
components of functional diversity. Dealing with phylogenetic di-
versity, Tucker et  al.  (2017) discussed three primary components: 
richness, divergence and regularity. Although the definitions of these 
components slightly differ from those of Pavoine and Bonsall (2011), 
the general questions they raised (richness: how much? divergence: 
how different? regularity: how regular?) are highly relevant to the 
present subject as well.

Here we provide an overview of the approaches quanti-
fying components of functional diversity. We argue that the 

TA B L E  1 The relationship between components, equitability of abundance distribution and abundance-weighed components for classical 
and functional diversity concepts following Pavoine and Bonsall (2011).

Component Term Interpretation

Classical diversity concept

Component 1 Species richness Number of species

Component 2 Species evenness Equitability of abundance distribution

Two components together Species diversity Species diversity (weighted species richness)

Functional diversity concept

Component Abundance unweighted form Abundance-weighted form

Component 1 Unweighted functional richness Weighted functional richness

Component 2 Unweighted functional divergence Weighted functional divergence

Component 3 Unweighted functional regularity Weighted functional regularity
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components of functional diversity should express different as-
pects of functional diversity regardless of whether the method 
is abundance-weighted or unweighted. As the incorporation 
of species abundance into diversity indices is challenging due 
to the wide variety of forms and their mathematical properties 
(Bulla, 1994; Ricotta et al., 2014; Smith & Wilson, 1996), we focus 
exclusively on abundance-unweighted (presence-absence) meth-
ods. Studies of multiple sites (functional beta diversity measures, 
e.g. Cardoso et al., 2014; Podani et al., 2018; Ricotta et al., 2023) 
and those incorporating intraspecific trait variability (e.g. Carmona 
et al., 2019) or occupancy rate (Laini et al., 2023) are also beyond 
the scope of the present paper.

According to Villéger et al. (2008), functional richness and func-
tional divergence are connected to the raw functional space while 
functional regularity (originally termed as functional evenness, see 
Pavoine & Bonsall,  2011) to a minimum spanning tree. Following 
Mammola et  al.  (2021), Pavoine and Bonsall  (2011), and Tucker 
et  al.  (2017), we challenge this strong linkage and argue that the 
components of functional diversity and the used functional repre-
sentations of the community are not strictly connected.

In sum, we provide an overview of approaches quantifying 
functional diversity components, suggest a new classification that 
generalizes the terms component and representation into a unified 
framework, examine possible constraints, and discuss the implica-
tion of this new classification. The objective of this review is to pro-
vide a structured framework showing how the users of functional 
diversity measures should think about these approaches and, in 
addition, demonstrating the clear differences between functional 
representations and functional components. Finally, we argue that 
the same functional component can be quantified using more or less 
the same mathematical basis independently from the representa-
tion used.

2  |  THE NE W CL A SSIFIC ATION 
FR AME WORK

2.1  |  From community data to the functional 
representations

Let assume that each community is represented by a data matrix of 
functional diversity units (FDUs) by traits. In the evaluation of func-
tionality in ecology, the basic units, the FDUs (defined here as dis-
crete entities representing community members from a functional 
perspective) are individuals, species, or other taxa with rank prefer-
ably not too high above the species level. Features describing the 
functionality of these units are the traits. Assume that we have n 
traits, each being a well-defined, measurable property of organisms, 
usually expressed at individual level and used comparatively across 
species (McGill et al., 2006). The FDUs-by-traits matrices are not al-
ways homogenous in measurement scale because a mixture of possi-
ble data types (nominal, ordinal, interval and ratio, Anderberg, 1973; 
Podani, 2000) may appear simultaneously. Moreover, matrices are 

often incomplete, when no information is available on a given trait 
for a given FDU or when it is illogical to define a character.

We advise the users (1) to identify the measurement scale of each 
trait, (2) to record whether the traits contain missing data, and (3) to 
select an appropriate procedure to obtain the required functional 
representation. The measurement scale(s) of the variables together 
with appearance of missing data will define the applicable proce-
dures and consequently the available functional representations. It 
follows that the quality of the data matrix together with the existing 
procedures will define which functional representation can be pro-
duced. The simplest situation is if each trait is measured on the same 
scale (the data matrix is homogeneous) and no values are missing. In 
this case, each functional representation can be produced with the 
note that the standardization of traits, the selection of the resem-
blance coefficient, as well as the required methods (e.g. clustering 
algorithm in case of dendrogram) might have significant influence on 
the properties of the selected functional representation. If the data 
matrix is non-homogeneous in scale, that is, nominal, ordinal, inter-
val, circular and ratio-scale variables occur simultaneously, and some 
entries are missing or unknown, the possibilities for data analysis are 
more limited. For Q-mode analysis, designed to reveal interrelation-
ships among FDUs as objects, resemblance is readily measured by 
the Gower (1971) formula and its extensions (de Bello et al., 2021; 
Pavoine et al., 2009; Podani, 1999; Podani et al., 2023).

2.2  |  Functional representations

Considering existing measures of functional diversity (see review 
in Chao et al., 2010; Mammola et al., 2021; Mouchet et al., 2010; 
Petchey & Gaston, 2006), distinction has been made among seven 
different functional representations of a community, each corre-
sponding to a well-defined mathematical object (Figure 1):

1.	 The list of functional diversity units (FDUs) recognized in the 
community, mathematically a set abbreviated as U.

2.	 FDUs as points in the raw functional space with the original func-
tional variables as dimensions, mathematically a rectangular data 
matrix X = {xij} with FDUs as rows and variables (traits) as columns, 
a convention followed here.

3.	 Pairwise dissimilarities (distances) between all possible pairs of 
FDUs in the raw functional space, mathematically a symmetric 
matrix, denoted by D with its values in set D.

4.	 FDUs as points in the functional trait space reduced by ordina-
tion, represented by a rectangular matrix of coordinates, C, with 
FDUs as rows and dimensions as columns.

5.	 FDUs as terminal nodes in a rooted tree, a dendrogram, repre-
sented by a symmetric matrix of ultrametric distances, T.

6.	 FDUs as nodes of a minimum spanning tree, M: = {V, E} described 
in terms of a subset V ⊂ U × U of pairs of FDUs and associated dis-
tances E ⊂ D.

7.	 FDUs as terminal nodes of rooted additive trees, described by the 
symmetric matrix A that summarizes pairwise distances along the 
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path connecting each pair of FDUs in the tree. In these trees, the 
pairwise distances are known to be a better approximation to the 
original distances than the ultrametric ones. The trees have the 
property that the terminal nodes are at unequal distances from 
the root, contrary to dendrograms (Podani, 2000).

8.	 FDUs as terminal nodes of unrooted additive trees, described by 
the symmetric matrix A that summarizes pairwise distances along 
the path connecting each pair of FDUs in the tree.

2.3  |  Functional components

We refer to three well-known components of functional diversity, 
following Tucker et al. (2017). These are as follows:

1.	 Functional richness (FR) is the size (a measurable quantity) of 
the functional representation.

2.	 Functional divergence expresses differences among FDUs in the 
functional representation.

3.	 Functional regularity reflects the variability of FDUs within the 
functional representation (“Variance of…”, Tucker et al., 2017).

Although the question associated with functional components 
(Richness: How much? / How many? Divergence: How different? 
Regularity: How variable?) defines the separation of these compo-
nents, further clarification is needed to assign each method to rich-
ness or divergence components. As divergence expresses average 
differences, it cannot be sensitive to the number of FDUs (whereas 
a richness measure can). Contrary to this expectation, Pavoine and 
Bonsall (2011) assign the functional attribute diversity (FAD, Walker 
et al., 1999) and the modified functional attribute diversity (MFAD, 
Schmera et al., 2009) to divergence component. Since these are sen-
sitive to the number of FDUs (Mouchet et al., 2010), we assign them 
to the richness component.

Then, we compile a representation-by-component cross-clas-
sification table and assign functional diversity approaches to its 
cells (Table  2). For some combinations, no procedures can be 
logically conceived – these are labeled “Not applicable”. In other 

F I G U R E  1 A workflow figure showing a list of functional representations with a simplified roadmap to derive them.
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cases, a technique does exist logically, but it has not yet been used 
– these are labeled “not yet used”. Below, we first provide some in-
formation on FDUs and the functional variables describing them, 
and then the methods are grouped according to components (col-
umns of Table 2). Note again that we focus on the presence-ab-
sence situation; the description of abundance-weighted schemes 
is beyond the scope of this paper.

2.3.1  |  Functional richness

Here, the question “How much?/How many” is answered by measur-
ing the size of the functional representation. The number of items 
in the list of FDUs, i.e., the cardinality of the set U of FDUs is the 
simplest way for defining FR, abbreviated by m = |U|.

Measurement in the raw trait space directly involves the calcu-
lation of a volume/range and is most feasible for the interval/ratio 
scale with no missing values. Even in this case, one must ensure that 
the measurement units are the same (commensurability); otherwise, 
some method of standardization/normalization is required. This is 
implied by standardized PCA, which yields coordinates of FDUs in 
the ordination space, so that the user may decide to restrict further 
calculations to meaningful dimensions that explain most of the total 
variance. If the functional variables are nominal or ordinal then it 
is hard if not impossible to define a correct formula for calculating 
volume in the raw space, and the same is true for mixed scale types 
and data sets with missing values. In practice, therefore, the hyper-
volume and convex hull approaches require the most detailed type 
of homogeneous data, which are not always available.

These difficulties are overcome if we switch to the calculation 
of dissimilarities between FDUs. The sum of values in the semi-
matrix of dissimilarities is meaningful measure of size and is com-
parable over different studies if the dissimilarity function ranges 
between 0 and 1 and the number of FDUs is constant. This is 
less plausible for dissimilarities and distances that have no upper 
bound. If the data matrix contains a mixture of different scale 
types and/or some values are lacking, the use of the Gower for-
mula offers a solution (see Podani et  al.,  2023, for a procedure 
applicable to a wide range of variable types). These advantages 
are “inherited” by multivariate approaches that start from the dis-
similarities. Principal coordinates analysis yields ordination scores 
which are in turn useful in calculating volumes in the ordination 
space. Hierarchical clustering provides a dendrogram whose total 
branch length is a widely used measure of size, and the same is true 
for the minimum spanning trees.

2.3.2  |  Functional divergence

In most cases, measurement of absolute size is less meaningful es-
pecially if different studies are to be compared. Also, the size of 
any representation provides no information whatsoever on the dif-
ferences among FDUs. Both problems appear to be solved by the 

application of divergence measures – which respond to the question 
of “how different?” These measures operate via calculating averages 
(means) of all dissimilarities or distances in D or E (see Table 2, for all 
references). For dendrograms, the mean of branch lengths has been 
suggested (Ricotta & Moretti, 2008). Branch lengths may greatly dif-
fer with the clustering method used (Podani & Schmera, 2006), and 
therefore standardized use of the same algorithm (average linkage) 
is recommended to ensure comparability of results. For the additive 
tree, we can calculate two quantities: the mean of branch lengths 
(unrooted tree), or the mean path length for all terminal nodes from 
the root (rooted tree). Similarly, the mean may also be obtained for 
minimum spanning trees. Alternative ways of expressing divergence 
are to calculate the mean of distances of every FDU from its near-
est neighbor in D, or the mean of distances from the barycentre of 
the point cloud based on either X (raw space) or C (reduced space). 
Averages do not change linearly over the size of the representation, 
and therefore they are not suggested for comparisons (Ricotta & 
Moretti, 2008).

2.3.3  |  Functional regularity

The same value of any divergence index may result from a situation 
in which all dissimilarity values are similar and from another case 
with large discrepancies among the values. It is generally said that 
in the first case the regularity is low while in the second case high. 
Functional regularity can thus be expressed directly as the variance 
of the point cloud based on X or C (Mouillot et  al., 2005) or indi-
rectly as the variance of dissimilarities in D (Weiher et  al.,  1998). 
Variances may also be calculated for nearest neighbor distances or 
for distances from the barycentre, similarly to their averages. For 
dendrograms, there is a measure of variance of distances of all inte-
rior nodes to the root. For additive trees, we have two possibilities: 
the variance of all branch lengths (unrooted tree) and the variance of 
distances of all terminal points, i.e. FDUs from the root (rooted tree). 
The first option applies to minimum spanning trees as well.

It is important to note that a further step in the development of 
the methodology is to combine different components into a single 
approach. Zhang et al. (2021), for instance, used minimum spanning 
tree as representation and combined functional richness and func-
tional variability into a singe index (Functional extension and even-
ness index). In the present paper, we do not discuss such approaches.

2.4  |  The unified framework

We have clarified above the definitions of the three basic functional 
diversity components (richness, divergence and regularity), and 
presented a new classification of existing approaches suitable for 
quantifying these components. Here, we show a unified framework 
of these approaches, which show that functional richness can be 
quantified as the “sum”, functional divergence as the “mean”, while 
functional variability as the “variance” of a property of the given 
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    |  7 of 10SCHMERA et al.

representation (Figure 2). Note that there are different ways to cal-
culate length of tree branches. In the unified framework (Figure 2), 
we used the fair proportion index (Hartmann, 2013) following the 
evolutionary study of Jetz et al. (2014).

3  |  DISCUSSION

Mason et al. (2005) pioneered the idea that functional diversity is a 
multifaceted concept that can be characterized by a limited number 

of primary components. Based on this idea, Villéger et  al.  (2008) 
quantified primary components such as functional richness, func-
tional evenness and functional divergence. The present paper em-
phasizes that multivariate techniques providing the background of 
these approaches symbolize the functional representation of the 
communities, and thus these representations are not strictly con-
nected to the components of functional diversity as assumed until 
now. In sum, we present a new framework that unifies the represen-
tations and components of multivariate functional diversity and the 
various methods for the quantification.

F I G U R E  2 A unified framework where functional richness, divergence and regularity is quantified in a unified way independently from 
the used functional representation.
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According to Villéger et al. (2008), functional richness and func-
tional divergence components are connected to the raw trait space, 
while functional regularity to a minimum spanning tree. Synthetic 
overviews already realized that functional components have more 
general meanings (Mammola et al., 2021; Pavoine & Bonsall, 2011; 
Tucker et  al.,  2017). The present paper attributes a more general 
and operative meaning to functional component thereby liberating 
it from the functional representation of communities.

The new classification framework (Table 2 and Figure 2) showed 
that some combinations of functional representations and compo-
nents cannot be logically defined. For instance, if a community is 
envisioned by the FDUs themselves, then functional divergence and 
functional regularity cannot be calculated, because the existence of 
the FDUs does not hold information about differences among them 
(Petchey & Gaston, 2006). It follows that functional representation 
and functional component are not fully independent. Our review 
(Table 2) showed also that there are certain approaches, which are 
logical but not yet used in functional diversity research. We by no 
means argue that they have to be used in the future, but their ap-
plication could contribute to a systematic assessment of functional 
diversity. To fill this knowledge gap, we suggested new representa-
tions and approaches (Table 2 and Figure 2).

The most recent and comprehensive synthesis of functional 
diversity statistics has been given by Pavoine and Bonsall  (2011). 
They categorized the functional attribute diversity (FAD, Walker 
et al., 1999) and the modified functional attribute diversity (MFAD, 
Schmera et  al.,  2009) as functional divergence, while the present 
framework categorizes them as functional richness. Based on the 
unified framework (Figure 2), it is easy to see that FAD is the sum of 
pairwise distances and thus expresses richness. MFAD is a modified 
version of FAD that is less sensitive to the number of species but still 
quantifies the sum of distances.

It is important to note that the representation and component 
together do not necessarily define unambiguously the measure 
of functional diversity (Table 2). In many cases, multiple analyses 
can be applied (Table 2), each with different mathematical prop-
erties (Mouchet et  al.,  2010; Pavoine & Bonsall,  2011; Petchey 
et  al.,  2004; Petchey & Gaston,  2006; Ricotta,  2005; Tucker 
et al., 2017). Fortunately, there are already several studies navi-
gating users among the different approaches (de Bello et al., 2013; 
Loiseau et  al.,  2017; Mouchet et  al.,  2008, 2010; Podani & 
Schmera, 2006, 2007).

Although the framework of Villéger et  al.  (2008) has signifi-
cant contribution to our understanding of the concept of func-
tional diversity, we feel that at least one of its aspects has to be 
reconsidered. As already mentioned, Villéger et al. (2008) defined 
three components of functional diversity based on two different 
functional representations of a community. We argue, however, 
that the choice of the functional representation of the commu-
nity may influence the results and conclusions obtained from any 
approach quantifying functional diversity. We argue that any ob-
served relationship between two components can come from the 

differences of the components, as well as from the differences of 
the representations. It follows that if the objective is to character-
ize several functional components simultaneously, then the use of 
the same functional representation is required. The framework of 
the present paper may serve as a guide to ensure comparability of 
results (Table 2 and Figure 2).

The new framework presents several functional representa-
tions (Table 2 and Figure 2), raising the logical question of which 
one is the best? Unfortunately, the answer is rather complicated 
and we suggest that the optimum depends on study objectives 
and the data available. If a community is envisioned as a set of 
FDUs themselves, then only the functional richness component 
can be conceptualized. The other representations, however, allow 
exploring three well-defined components (richness, divergence 
and regularity) of functional diversity. Tree representations re-
quire special attention. In studying phylogenetic diversity, they 
are favored understandably (Tucker et al., 2017) while functional 
diversity is less firmly associated with trees, and further studies 
are required to identify the strong and weak points of the differ-
ent representations.

4  |  CONCLUSIONS

We have shown that these approaches dealing with functional com-
ponents can be classified by considering how the functionality of 
the community is envisioned, called functional representation, and 
according to the facet of the functional diversity called functional 
components. The present paper combines these classifications and 
presents a unified framework for describing techniques for quanti-
fying functional diversity. Finally, theoretical and practical implica-
tions of the new classification are discussed.
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