
CONCEPTS, REVIEWS AND SYNTHESES

Inventory, differentiation, and proportional diversity: a consistent
terminology for quantifying species diversity

Gerald Jurasinski Æ Vroni Retzer Æ Carl Beierkuhnlein

Received: 18 December 2007 / Accepted: 13 August 2008 / Published online: 25 October 2008

� Springer-Verlag 2008

Abstract Almost half a century after Whittaker (Ecol

Monogr 30:279–338, 1960) proposed his influential

diversity concept, it is time for a critical reappraisal.

Although the terms alpha, beta and gamma diversity

introduced by Whittaker have become general textbook

knowledge, the concept suffers from several drawbacks.

First, alpha and gamma diversity share the same charac-

teristics and are differentiated only by the scale at which

they are applied. However, as scale is relative––depending

on the organism(s) or ecosystems investigated––this is not

a meaningful ecological criterion. Alpha and gamma

diversity can instead be grouped together under the term

‘‘inventory diversity.’’ Out of the three levels proposed by

Whittaker, beta diversity is the one which receives the most

contradictory comments regarding its usefulness (‘‘key

concept’’ vs. ‘‘abstruse concept’’). Obviously beta diversity

means different things to different people. Apart from the

large variety of methods used to investigate it, the main

reason for this may be different underlying data

characteristics. A literature review reveals that the multi-

tude of measures used to assess beta diversity can be sorted

into two conceptually different groups. The first group

directly takes species distinction into account and com-

pares the similarity of sites (similarity indices, slope of the

distance decay relationship, length of the ordination axis,

and sum of squares of a species matrix). The second group

relates species richness (or other summary diversity mea-

sures) of two (or more) different scales to each other

(additive and multiplicative partitioning). Due to that

important distinction, we suggest that beta diversity should

be split into two levels, ‘‘differentiation diversity’’ (first

group) and ‘‘proportional diversity’’ (second group). Thus,

we propose to use the terms ‘‘inventory diversity’’ for

within-sample diversity, ‘‘differentiation diversity’’ for

compositional similarity between samples, and ‘‘propor-

tional diversity’’ for the comparison of inventory diversity

across spatial and temporal scales.
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Introduction

‘‘List(s) of the actual species […] are needed, not estimates

of beta-diversity, which can be estimated in many ways

because no two ecologists can agree on what beta-diversity

is!’’

—Anonymous reviewer

This quote is taken from a review of one of our manu-

scripts. Although we do not agree with the statement, it

stimulated us to carry out a thorough review of the different

concepts behind beta diversity. Based on this, we discuss
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its various facets here and place them in a terminological

context.

There are more ways to assess the diversity in species

assemblages than just counting species numbers (e.g.,

Magurran 2003; Allan 1975). Peirce (1884), Jaccard (1901)

and Williams (1950) all expressed the idea of additionally

using the heterogeneity of samples as a measure of diver-

sity. However, Whittaker (1956, 1960) was the first to

develop a framework incorporating different aspects of

biotic diversity. In his groundbreaking work on the vege-

tation of the Siskyou Mountains (Whittaker 1960, p. 620),

he developed a terminology and concept for the measure-

ment and comparison of vegetation diversity in which he

distinguishes three aspects or levels of species diversity in

natural communities: (1) alpha diversity, the ‘‘richness in

species of a particular stand or community;’’ (2) beta

diversity, the ‘‘extent of change of community composi-

tion;’’ (3) gamma diversity, the ‘‘species diversity of a

number of community samples.’’ Whittaker (1960) con-

cludes that the ‘‘same types of measurements may be

applied to ‘gamma’ as to ‘alpha’ diversity,’’ whilst ‘‘‘beta’

diversity represents a different problem.’’

The concept has found its way into ecological textbooks

(e.g., Magurran 2003; Rosenzweig 1995; Beierkuhnlein

2006) and has been widely accepted. However, there is also

debate over its usefulness––especially regarding beta

diversity. Therefore, here we propose a critical appraisal of

the concept that reflects the recent discussion and leads to a

new terminology that clarifies the characteristics of dif-

ferent beta diversity measures.

Species richness and species frequencies (alpha diver-

sity) have long been used as basic parameters for describing

biotic diversity (e.g., Fisher 1943; Preston 1948; Hector and

Bagchi 2007). Beta diversity has been used to test niche-

based models against neutral models of species assembly

(e.g., Ruokolainen et al. 1997; Condit et al. 2002; Tuomisto

et al. 2003; Chust et al. 2006) and for the evaluation of

distance decay at continental scales (Nekola and White

1999; Qian et al. 1998). To a smaller extent, the concept has

also been employed in conservation-related studies (e.g.,

Steinitz et al. 2005; Wiersma and Urban 2005) or in studies

on biological homogenization (e.g., McKinney 2004; Olden

et al. 2006; Jurasinski and Kreyling 2007).

Recently, the importance of beta diversity in ecological

research has found itself the subject of debate. There is

substantial disagreement about biodiversity conceptualiza-

tion and evaluation among ecologists (Ghilarov 1996;

Ricotta 2005; Sarkar 2005; Sarkar 2006; Podani 2006).

Legendre et al. (2005) emphasize that beta diversity is ‘‘a

key concept for understanding the functioning of ecosys-

tems, for the conservation of biodiversity, and for

ecosystem management,’’ because it can be used to describe

the distribution of species diversity in space and/or time.

Many scientists call for a stronger incorporation of beta

diversity into ecological research (e.g., Condit et al. 2002;

Olden and Rooney 2006) and in conservation planning (e.g.,

Srivastava 2002; Wiersma and Urban 2005). Other authors

regard beta diversity an ‘‘abstruse concept’’ (Novotny and

Weiblen 2005), and it has become widely accepted that beta

diversity has grown to incorporate a wide range of concepts.

The multifaceted nature of beta diversity makes it difficult

to completely describe it with a simple single definition, and

its ambiguity has been criticized (see, e.g., Vellend 2001;

Lorance et al. 2002; Ricotta 2005).

As a concept, beta diversity is not as singularly defined

as alpha and gamma diversity. Maybe this is why a large

variety of methods are available to investigate beta diver-

sity. Comparisons between the results of different studies

may be hindered severely by the variety of measures used

to quantify beta diversity and by the variety of ways in

which these measures are applied (Koleff et al. 2003a).

However, the imprecision surrounding the term beta

diversity is not only due to the multitude of available

measures, but to the fact that these are related to different

conceptual backgrounds which are not clearly explained

and thoroughly understood. Whittaker (1960) laid the

foundation for future confusion, as he proposed several

different concepts of beta diversity. All are related to the

idea that the heterogeneity of an ecosystem or a landscape

can be examined based on the joint analysis of single

observations within this ecosystem/landscape. Here, we

give a short but comprehensive review of the different

interpretations of Whittaker’s terminological concept,

placing a strong emphasis on beta diversity since this term

causes the most confusion due to its many meanings. This

compilation can provide a useful basis for future discussion

and reference.

We show that the different concepts of beta diversity

can be organized into two groups based on whether species

distinction or species numbers are considered. Based on

this review we develop and discuss an alternative termi-

nology for the measurement and analysis of species

diversity that clearly reflects the underlying data charac-

teristics and different applications and will thus aid a better

understanding of the different aspects of species diversity.

Methods

This paper is based on our own work on beta diversity issues

(Beierkuhnlein 2000, 2001; Jurasinski and Beierkuhnlein

2006; Buhk et al. 2007; Jurasinski and Kreyling 2007), as

well as on a review of recent and classic literature regarding

beta diversity. To achieve a systematic overview of the

usage of different beta diversity concepts in the literature,

we conducted a search in the ISI ‘‘Web of Science,’’ which
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represents one of the largest and most comprehensive dat-

abases of anglophone natural science literature on the web.

All 75 ecological papers with ‘‘beta’’ and ‘‘diversity’’ or

‘‘diversities’’ in the title were screened manually. We

skipped two papers from the analyses because one could not

be accessed, and another one mentioned beta diversity

solely in the title. The resulting 73 papers were analyzed

systematically regarding the kind of beta diversity concept

employed. The complete reference list of the analyzed

papers including information on the type of study and beta

diversity concept employed is available as ‘‘Electronic

supplementary material.’’

Alpha, beta and gamma diversity and their development

Alpha and gamma diversity

As Whittaker (1960) noted, alpha and gamma diversity are

descriptors of species within one certain area, but they

differ in the units considered. Alpha diversity is measured

within a sample (in Whittaker’s original notion, a stand or

community; other frequently used terms are: site, sampling

unit, plot, etc.; in the following we use the term ‘‘sample’’),

while gamma diversity refers to the species richness at a

higher aggregational level, usually a combination of dif-

ferent samples within the investigation area (Fig. 1).

Whittaker (1956) introduced the term alpha diversity, as he

suggested that Fisher’s alpha parameter of the log-series

species-abundance distribution would be a useful measure.

There are basically two different types of measures for

alpha and gamma diversity. The first is sampled species

richness or estimated species richness, using samples or

individual-based rarefaction (species accumulation curves,

e.g., Gotelli and Colwell 2001; Chao 2005): the second

describes the species-abundance distribution, such as the

indices of Simpson (1949); Shannon-Weaver (1949) or

Fisher’s alpha (1943).

The different notions of beta diversity

Beta diversity is frequently used in a very general sense of

differentiation between units (e.g., Condit et al. 2002;

Koleff et al. 2003b; Chave 2004; Kluth and Bruelheide

2004; Chust et al. 2006; Olden and Rooney 2006). Vellend

(2001) tried to clarify terminology by distinguishing

between beta diversity (relationship between the species

richness or representatives of species richness at different

scale levels) and ‘‘species turnover’’ (compositional simi-

larity). On the one hand, this might indicate that ‘‘species

turnover’’ is different from beta diversity. On the other

hand, several approaches to beta diversity are neglected.

Alternatively, two main groups of beta diversity measures

can be distinguished that represent different approaches to

the handling of recorded information. One group comprises

coefficients that examine the variation in species richness

(expressed by species numbers or by richness indices)

across scales. The other group comprises coefficients that

examine the variation in species composition between

samples (taking into account species distinction and/or

abundances).

We tried to depict the two main concepts of beta that

derive from this distinction and their relation to alpha and

gamma diversity to illustrate the fundamental differences

between them (Fig. 1). Various mathematical forms of beta

diversity exist that can be assigned to these two concepts.

However, they are not equally widespread in the screened

literature, and only few approaches (e.g., resemblance

indices, multiplicative partitioning) have been applied rel-

atively often (Fig. 2).

Concepts of beta diversity: Group 1—examining

the variation in species richness

Multiplicative partitioning In his original paper, Whit-

taker (1960) defined beta diversity as the relation between

gamma and average alpha diversity:

Fig. 1 Illustration of alpha, beta, and gamma diversity. The circles
represent vegetation samples (relevés) with species (different symbols
depict different species). The dashed box encloses the set of samples.

The species found in this set represent the gamma diversity. For

simplicity, alpha diversity (diversity within samples) is recorded as

species richness. The same holds for gamma diversity (diversity

within a set of samples or within a larger region). Beta cannot easily

be illustrated due to its multifaceted character. The two main types of

variety among samples are differentiation diversity (bD), which is

shown as similarity between pairs of samples taking into account

species distinction (the broader the gray bar connecting two samples,

the higher the similarity), and proportional diversity (bP), which is

assessed as the relation between the two scales of investigation

(taking into account species numbers) in terms of species richness.

bP = bD. For further explanation, see text

Oecologia (2009) 159:15–26 17
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b ¼ c
a

ð1Þ

The reciprocal value of this coefficient can be directly

explained as the proportion of species richness found in an

average sample, and it thus indirectly measures similarity

in species composition. This value generally decreases with

the heterogeneity of the samples, but also depends on plot

number and size in relation to the investigated area. It

approaches 1/n if the single plots share no species at all,

and 1 if all plots have identical species compositions.

However, for any value between these extremes, the origin

of the heterogeneity between the plots cannot be

distinguished. The index may yield the same value if

only one plot in a data set differs completely from all

others and in a situation where the data set consists of plots

of moderate similarity.

Additive partitioning Recently, Veech et al. (2002)

published a paper reviewing an additive notion of beta

diversity closely related to Whittaker’s (1960, 1972)

multiplicative concept. They refer to Lande (1996), who

proposed partitioning gamma diversity into additively

combined components of alpha and beta diversity (Eq. 2).

Lande (1996) was the first to use Whittaker’s (1960,

1972) terminology (alpha, beta, gamma) in this context,

but the conceptual idea of partitioning species diversity

into additive components is much older (MacArthur et al.

1966; Levins 1968). ‘‘Additive partitioning’’ defines beta

diversity as the average amount of diversity that is not

found in a single, randomly chosen sample (Veech et al.

2002; Couteron and Pelissier 2004). However, it ‘‘does

not explicitly recognize differences among samples or

communities, which, after all, is the original intent of beta

diversity’’ (Veech et al. 2002).

b ¼ c� a ð2Þ

Concepts of beta diversity: Group 2—examining

the variation in species composition

Resemblance expressed by similarity/dissimilarity coeffi-

cients Whittaker (1956, 1960) suggested the use of

available indices of compositional similarity, such as

coefficient of community (Jaccard 1901), coincidence

index (Sørensen 1948), or percentage difference (Bray and

Curtis 1957), for measuring beta diversity. This notion of

beta diversity is most widespread today (see Fig. 2).

Therefore, a multitude of coefficients is available. Several

comparative reviews have tested features and performance

of (dis)similarity and distance coefficients (e.g., Cheetham

and Hazel 1969; Janson and Vegelius 1981; Wolda 1981;

Hubalek 1982; Shi 1993; Koleff et al. 2003a; Clarke et al.

2006).

Two relatively recent and interesting approaches are

worth mentioning. Chao et al. (2005) propose a probabi-

listic extension to the existing coefficients of Jaccard

(1901) and Sørensen (1948) to account for ‘‘unseen’’

shared species. A similar approach is that of Plotkin and

Muller-Landau (2002) for a Sørensen-type similarity index

for abundance counts, which relies on a gamma distribution

to characterize ‘‘real’’ species-abundance structure.

Condit et al. (2002; see also Chave and Leigh 2002)

propose the use of the co-dominance index of Leigh et al.

(1993) as a similarity measure. It describes the probability

of joint occurrences of species in compared sampling units

Fig. 2 Number of times the

different concepts of beta

diversity have been employed in

the screened literature. The

absolute number of cases the

different concepts have been

employed in the screened

literature may give an

impression of the overall

frequencies of implementation

in the ecological literature. The

concept of resemblance

[including all kinds of

(dis)similarity and distance

measures] is by far the most

often applied. The numbers do

not add up to the number of

studies considered because

some papers dealt with more

than one concept
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(Palmer 2005); in other words, the probability that two

randomly chosen individuals a distance r apart belong to

the same species (Chave and Leigh 2002).

Slope of the distance decay relationship This approach

was formulated by Whittaker (1960) as well. It has been

sparsely used since but was brought back into discussion

recently by, e.g., Condit et al. (2002) and Qian et al.

(2005). Distance decay is the phenomenon of decreasing

similarity with increasing geographical distance (Tobler

1970, see also Qian et al. 1998; Nekola and White 1999;

Tuomisto et al. 2003). The steeper the slope of the distance

decay relationship, the faster species are replaced within

space. Closely related to this is the suggestion of Beals

(1984), to plot similarity against environmental distance

(expressed by an elevational gradient). This leads to spe-

cific curvatures depending on the coefficient used, and

Beals (1984) suggests that the curvature can be interpreted

directly as a function of the length of the environmental

gradient, which he calls beta diversity.

Sum of squares of a species matrix In a recent paper,

Legendre et al. (2005) argue that the variance of a com-

munity composition table is a measure of beta diversity.

They show that the total beta diversity of a data set can be

derived either from the dissimilarity matrix or from the

original species matrix. The authors argue that the ‘‘raw

data approach’’ provides more statistical power and should

be preferred when the variation in species composition

among samples is addressed, especially when the influence

of environmental drivers is being considered.

Gradient length in ordination space Whittaker was the

first to suggest the use of ‘‘half-changes (HC)’’ as a mea-

sure of beta diversity to overcome the problem that the

similarity of two samples from different ends of a gradient

often equals zero, as they tend to have no species in

common (Whittaker 1956, p. 321; Whittaker 1960, p. 39).

Therefore, Whittaker (1956) suggested that percentage

similarity should be calculated between successive plots

along a gradient. At the point where the percentage simi-

larity drops to 50%, the procedure is stopped, and it is then

started anew until either a new stopping point is found or

the end of the gradient is reached. The number of ‘‘half-

changes’’ determined by this method ‘‘may thus indicate

the extent of change in species populations along the gra-

dient’’ (Whittaker 1956), and is therefore a measure of beta

diversity (Whittaker 1960).

With increasing computing power, ordination tech-

niques have gained in importance, and distance in

ordination space is used as a proxy for beta diversity.

Gauch (1973) defined ‘‘Z units’’ of species turnover as

the ‘‘axis length (100) divided by the average standard

deviation of species distributions,’’ which were later

renamed ‘‘sd units’’ by Hill and Gauch (1980). Closely

related is the concept of the mean range of species ‘‘R’’

(Minchin 1987). A simple and direct measure of the

turnover is the gradient length in detrended correspon-

dence analysis (DCA), because it directly scales the axes

in sd units. Based on a critique of available measures of

floristic resemblance, Økland (1986) also proposes to use

DCA axis length as a measure of beta diversity. In a

slightly different approach, Ohmann and Spies (1998)

used the total variation (TV) from stepwise constrained

correspondence analysis (CCA) as a measure of beta

diversity. Following a similar line of thought, Anderson

et al. (2006) proposed the multivariate dispersion in

ordination space as a measure of beta diversity. Multi-

variate dispersion is calculated ‘‘as the average distance

(or dissimilarity) from an individual sample to the group

centroid’’ of a (dis)similarity matrix. This has been

implemented only once, in this very study (see Fig. 2),

and has therefore been omitted from Table 1.

Discussion

Alpha and gamma diversity

Some authors have been critical of the fact that alpha and

gamma diversity do not differ in their characteristics,

only in the spatial extent over which the data are

recorded. Beierkuhnlein (2001) termed both ‘‘quantitative

diversity’’ because they are based on counts of variables

(e.g., species or genera). There are other problems

associated with determining gamma diversity. First, it is

usually derived from combining the species found within

individual samples. This is rarely a true representation of

the species richness in the total area, as usually only a

small proportion of the area is actually sampled. Second,

although Whittaker (1960) explicitly defined gamma

diversity as the diversity of a landscape, the perception of

an appropriate ‘‘landscape scale’’ is extremely variable

(see ‘‘Electronic supplementary material’’). Thus, it can-

not be used reproducibly without further explanation

regarding the actual landscape scale for which the ref-

erence is made in a specific study.

Whittaker (1977) suggested an extended classification

with seven diversity levels to account for the nested hier-

archy of scales. That would be even more confusing than

the three levels proposed previously, and cannot solve any

of the problems discussed. However, he also applied alpha

and beta diversity at different scales, thus indirectly

acknowledging the superfluity of gamma diversity or any

other levels such as ‘‘delta’’ or ‘‘omega’’ diversity (van der

Maarel 1997).
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Beta diversity

Concepts of beta diversity: Group1—examining

the variation in species richness

Two measures belong to the group of concepts that disre-

gard taxon distinction during the computation of indices:

Whittaker’s multiplicative beta diversity (Whittaker 1967,

1972) and the additive partitioning approach (Eq. 1, Lande

1996; Veech et al. 2002). However, Kiflawi and Spencer

(2004) show that both measures are directly related, as the

multiplicative measure is simply a summary statistic of the

relation between the additive components. Loreau (2000)

claims that the additive approach has a greater potential for

consistency (see also Lande 1996) and for application to

multiple scales. Veech et al. (2002) argue for additive

partitioning because it measures alpha, beta and gamma in

the same units. This allows for an easy comparison of the

contributions of alpha and gamma to total species richness

across spatial or temporal scales (Summerville and Crist

2002; Crist et al. 2003; Veech et al.2002). Consequently, it

is mainly implemented to study the organization of species

richness across spatial scales (e.g., Wagner et al. 2000;

Gering et al. 2003) and to monitor restoration success

(temporal scale; e.g., Martin et al. 2005). Nonetheless, as

both concepts use only average species numbers or

respective diversity values, they are not suitable for testing

hypotheses regarding the drivers of species composition

(Loreau 2000; Crist et al. 2003).

Concepts of beta diversity: Group 2—examining variation

in species composition

The most frequently applied method of measuring the

variation in species composition is the calculation of

similarity or distance coefficients (see Table 1). These

coefficients preserve taxon distinction during the calcula-

tion because the obtained value is determined by the

species’ presence and absence or their relative abundances

in the compared samples, respectively. To increase the

performance of the indices, recently proposed coefficients

include a probability term to estimate the ‘‘true’’ diversity

of two compared plots from the whole sampled population

(Chao et al. 2005). In contrast to similarity coefficients, co-

dominance (Condit et al. 2002, see also Leigh et al. 1993;

Chave and Leigh 2002) is not a statistically valid index of

similarity, because for two identical assemblages with

many species, F tends to zero (Chao et al. 2005). More-

over, two identical assemblages may result in different

values of F, depending on species richness and relative

abundance patterns. It is possible, however, to normalize F

to produce a valid similarity index. Additionally, the co-

dominance index depends ‘‘disproportionately on the more

common species, whereas turnover may be more rapid

among rare species’’ (Pitman et al. 2001). The co-domi-

nance index implicitly takes the geographic distance

between samples into account. Therefore, it is not a mea-

sure of differentiation between sampling units but a

measure of spatial organization of species in the ecosystem.

Analyses based on resemblance measures Similarity (or

distance) is usually calculated between a pair of samples,

but Whittaker (1960, 1972) proposed the use of the mean

similarity calculated between all samples as a measure of

beta diversity. Legendre et al. (2005) emphasize this, but

simultaneously stress that the variance of the similarities is

not a measure of beta diversity. There was no solution to

this problem until Diserud and Ødegaard (2007) and

Baselga et al. (2007) recently proposed multi-plot simi-

larity measures that allow for the simultaneous calculation

Table 1 A new terminology for the measurement and analysis of diversity (first column)

New terms Available concepts NoSa Whittaker

Inventory diversity Species richness, Shannon, Simpson Alpha, gamma

Differentiation diversity Resemblance (compositional (dis)similarity, distance) 43

Sum of squares of species matrix 3

Turnoverb Gradient length in ordination 12

Slope of distance decay relationship/halving distance 7 Beta

Proportional diversity Additive partitioning 12

Multiplicative partitioning 21

Slope of species–area curve 3

Existing concepts are sorted according to the proposed new terminology (second column). The third column gives the number of studies (among

the 73 analyzed) in which the existing concepts were employed (only for beta concepts). The numbers do not add up to 73 because more than one

concept was employed in some articles (19)
a Numbers are based on a literature review on beta diversity in the ISI Web of Science (see ‘‘Methods’’)
b Turnover is a subordinate category based on the calculation of differentiation diversity, so it is filed under this category. However, species

distinction is then skipped and the data are aggregated. This may lead to an increase in insight, but it also results in a loss of information
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of similarity between multiple samples. Another approach

to the calculation of multi-plot similarity (including tests of

statistical significance) has been incorporated by the

authors into the R package simba (Jurasinski 2007), which

is publicly available.

Regarding the calculation of an average similarity from

single similarities between pairs of samples, we would like

to add that neither the mean nor the variance take species

distinction into account. In both cases, indices calculated

from the raw data are aggregated at a higher level to

examine heterogeneity. Both methods of aggregation

neglect the phenomenon of distance decay. Because the

similarity of objects is likely to decrease with distance

(Tobler 1970), it is not clear how much of the variation is

explained by geographical distance and how much by

environmental difference. The alternative is to take the

geographical distance between samples into account

explicitly (Condit et al. 2002; Qian et al. 2005), but species

distinction is still neglected.

It appears more promising to use the slope of the dis-

tance decay relationship directly as a measure of beta

diversity, as it explicitly incorporates geographical space.

However, it depends on the properties of the similarity

coefficient and on the regression model used. There is no

general agreement regarding the best-fitting (linear)

regression model: in large-scale studies, the regression of

the logarithmic similarity against geographical distance

best described the relationship (Qian et al. 1998; Nekola

and White 1999; Qian et al. 2005), whereas in medium-

scale studies in the tropics, the best fit was achieved when

using untransformed similarity and log-distance (Condit

et al. 2002; Duivenvoorden et al. 2002; Phillips et al.

2003). In a recent small-scale study (unpublished), we

found that the best-fitting model changes with scale. Fur-

thermore, the best regression model often depends on the

ecosystem and organisms under study (Soininen et al.

2007). Additionally, regression coefficients of the models

are usually relatively poor (Jones et al. 2006).

To solve the difficulties associated with different

regression models, Soininen et al. (2007) propose using the

‘‘halving distance’’ instead of the slope of the distance

decay relationship. The halving distance is defined as the

geographical distance at which the initial similarity S

reaches S/2. The halving distance can be constructed

independently from the regression model and therefore

allows for comparisons across organisms and ecosystems.

This method is scale-dependent, as an initial similarity

must be defined rather arbitrarily (Soininen et al. 2007).

Thus, results based on the slopes of distance decay rela-

tionships or the halving distance should be evaluated with

care, and with the goodness of fit and the appropriate scale

in mind. Nevertheless, it has relevant applications in nature

conservation (Ferrier et al. 2002; Wiersma and Urban

2005), as well as in investigations of pattern and process in

ecological communities (e.g., Podani et al. 1993; Garcillán

and Ezcurra 2003; McDonald et al. 2005) and community

assembly (dispersal versus niche; Condit et al. 2002; Gil-

bert and Lechowicz 2004; Jones et al. 2006).

The similarity-distance function might predict the slope

of a power-law species–area curve (Condit et al. 2002).

Based on this characteristic, the authors conclude that it is

an appropriate measure of beta diversity. MacArthur

(1965) proposed using species–area curves as an analytical

tool for diversity, using the intercept of the curve as a

measure of alpha diversity and the slope parameter as a

measure of beta diversity (see also Caswell and Cohen

1993; Ricotta et al. 2002). However, Connor and McCoy

(1979) show that this is mathematically invalid, because

the slope and intercept of the power function are interde-

pendent parameters. Additionally, there is empirical

critique: even for simple systems, some component of the

slope is probably due to the within-habitat diversity, so the

slope cannot serve as a measure of beta diversity. Fur-

thermore, the true area of the community being sampled

must be known (Veech et al. 2002).

The suggestion of Legendre et al. (2005), that beta

diversity can be measured as the sum of squares of the

original species matrix, provides a more direct way of

assessing the variation in species composition. They argue

that canonical partitioning should be used rather than

Mantel tests of dissimilarity matrices for ‘‘partitioning the

spatial variation of community composition data among

environmental and spatial components, and for testing

hypotheses about the origin and maintenance of variation

in community composition among sites.’’ However, there is

an interesting recent debate about this problem, and we

agree with Tuomisto and Ruokolainen (2006) that the

Mantel approach also has a niche where it is most appro-

priate (level 3 questions in their paper).

The use of the length of the ordination gradient as a

proxy for beta diversity implies that it is indirectly based on

similarity indices as well, because ordinations represent

either intrinsic distances [e.g., Euclidian distance in prin-

cipal components analysis (PCA) or chi-square distance in

correspondence analysis (CA)––see, e.g., Legendre and

Legendre 1998] or a specifically chosen distance or

(dis)similarity coefficient in low-dimensional space, as in

nonmetric dimensional scaling (NMDS). Because ordina-

tions include the whole gradient within a data set, they at

least partly solve the problem of zero similarity between

extreme plots (De’ath 1999). Although DCA results

depend on the detrending method applied (Legendre and

Legendre 1998), the appealing feature of DCA scores is

clearly the scaling in standard deviations, which facilitates

the comparison of results between different data sets. Such

standard deviations are analogs to turnover measured along
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a gradient (slope of the distance decay relationship of

halving distance) for whole nonlinear data sets. Therefore,

the dimensionality reduction obtained in ordination is a

powerful tool for extracting gradients and reducing data

complexity, and thus estimating the variation in species

composition. Such methods have been frequently and

successfully applied by numerous authors (e.g., Økland

1990; Pitkänen 2000; Svenning et al. 2004).

A new, more descriptive terminology

A clear and well-defined terminology, which researchers

agree upon, is an important basis for intensive discussions

within any field of research (Kuhn 1976; Loehle 1987). In

1984, Beals criticized Whittaker (1967) for creating the

vague terms ‘‘direct gradient analysis’’ for ordination by

environmental factors and ‘‘indirect gradient analysis’’ for

ordination by sociological factors, and called for more

descriptive terms such as ‘‘environmental ordination’’ and

‘‘sociological ordination.’’ Nevertheless, the vague terms

made it into the vegetation ecological terminology. Simi-

larly, the abstract terms ‘‘alpha diversity,’’ ‘‘beta

diversity,’’ and ‘‘gamma diversity’’ have became part of the

biogeographical terminology, although they refer to dif-

ferences in scale rather than to different data characteristics

or conceptual ideas.

Here, we propose descriptive terms that better reflect the

different data characteristics and conceptual ideas standing

behind the various concepts and expressions of species

diversity. We know that many researchers and students in

ecology and related fields are aware of the Greek letters

and have gained an intuitive understanding of their general

meaning. With a sample being a collection of data from a

plot or site, alpha diversity represents the diversity within a

sample (Fig. 1). In contrast, gamma diversity is the

diversity within a set of samples or at a larger scale.

Usually data from the sample scale are combined and

treated as one large sample to calculate the gamma diver-

sity. Beta diversity generally reflects diversity among

samples. However, as we have shown above, beta diversity

has at least two distinct forms (see Fig. 1), whereas alpha

and gamma diversity do not differ in their characteristics

but in their relative scales. This double meaning and the

duality of beta diversity can be replaced by a more

meaningful and unambiguous terminology.

We do not share the opinion that beta diversity should

be further used in a broad sense (Veech et al. 2002). It is

not helpful to apply the term beta diversity to all concepts

that somehow investigate the variation in species compo-

sition, because this requires every scientist to sort out

which meaning of beta diversity the author(s) are using.

However, we do agree with Veech et al. (2002) that beta

diversity should not be seen ‘‘just as change along an

environmental gradient.’’ Therefore, we propose an alter-

native terminology to avoid confusion and to clarify the

concepts. Three primary levels of diversity can be distin-

guished in this framework (see also Table 1): ‘‘inventory

diversity,’’ ‘‘differentiation diversity’’ and ‘‘proportional

diversity.’’ The variants and approaches discussed above fit

into these levels as described below (see also Table 1).

Inventory diversity largely refers to Whittaker’s alpha

and gamma diversity, and should be used for the species

data assessed within sampling units (abundance, frequency

or presence/absence). It makes no difference whether these

are plots, investigation areas, or geographical regions.

Further, it does not matter whether inventory diversity is

expressed as recorded species richness in the field or as

‘‘true’’ species richness estimated from the sampled data

(Colwell and Coddington 1994; Chao et al. 2005), and it

does not matter on which scale inventory diversity is

assessed [alpha or gamma diversity in the sense of Whit-

taker (1960, 1972)]: it remains inventory diversity. Because

of the importance of scale (Dale et al. 2002; Legendre et al.

2002; Rahbek 2005), the term ‘‘inventory diversity’’ should

always be used with reference to the scale at which it was

recorded. Nevertheless, its characteristics remain the same

whilst the spatial and temporal references may change. In

the conventional use of gamma diversity with an implicit

reference to ‘‘landscape scale’’ or ‘‘global scale,’’ it has

always been necessary to clarify the exact geographical

extent to which reference is made. Therefore, it may also

be possible to directly refer to a specific scale of inventory

diversity.

Differentiation diversity results from the comparison of

samples whilst taking species composition (frequency,

abundance or presence/absence) into account. Again, it

does not matter which spatial or temporal scale is regarded,

although essentially differentiation diversity should only be

evaluated within scale levels, because inventory diversity

changes with spatial extent (species–area relationship).

Recent studies which emphasize the importance of beta

diversity often use this ‘‘resemblance’’ notion (e.g., Condit

et al. 2002; Srivastava 2002; Gering et al. 2003; Olden

et al. 2006).

Typically, differentiation diversity can be assessed by

(dis)similarity indices or measures based on such indices

that are calculated between pairs of samples and, due to

recent propositions (Baselga et al. 2007; Diserud and

Ødegaard 2007; Jurasinski et al., unpubl.), also between

multiple samples simultaneously. Computational routines

for the calculation of multi-plot similarity coefficients are

already available (e.g., Jurasinski 2007). Furthermore, the

sum of squares of a species matrix provides a global

measure of differentiation diversity (Legendre et al. 2005).

Compositional similarity is thought to be determined by
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ecological processes. Thus, compositional similarity (or

differentiation diversity) can be used to study the drivers of

species composition.

The variation of species composition in space is a major

concern in vegetation ecology and biogeography. Some-

times measurements of differentiation diversity are pooled

to express a mean differentiation diversity for an area

(Lennon et al. 2001; Koleff et al. 2003b; Anderson et al.

2006). However, this approach neglects distance decay.

The slope of the distance decay relationship addresses this

issue. It allows for an investigation of the spatial organi-

zation of differentiation diversity. Therefore, it is related to

the spatial heterogeneity of species composition and is a

true measurement of turnover. So why not subsume

methods which compare differentiation diversity along

geographical gradients under the term ‘‘turnover?’’

The slope of the distance decay relationship or the

‘‘halving distance’’ are excellent tools for investigating

spatial patterns in species distribution and their drivers.

Similarly, ordination methods depend on underlying simi-

larity or distance coefficients. In his original paper, Hill and

Gauch (1980) already stresses that DCA offers a unique

possibility for measuring species turnover. Thus, gradient

length in ordination space is also a measurement of turn-

over. Within the proposed concept, turnover is always

determined in a subsequent analysis of differentiation

diversity describing its spatial or temporal organization

(see Table 1).

Proportional diversity does not account for species

differentiation but expresses the relative distribution of

inventory diversity across spatial and temporal scales. The

concepts of multiplicative (Whittaker 1960) and additive

partitioning (Lande 1996; Loreau 2000; Veech et al. 2002)

both express proportional diversity; they just differ in their

mathematical approaches and are more related than it

seems from first sight (Kiflawi and Spencer 2004). The

term ‘‘proportional diversity’’ has already been used by

Bambach et al. (2002) with a similar meaning, and we

think that it expresses the concept quite clearly.

In the rare cases where exactly two samples make up the

whole set of samples, proportional diversity may come

close to being a measure of differentiation diversity

(depending on the coefficient used to calculate the com-

positional similarity). However, as long as the species

distinction is taken into account during the computation

(shared and unshared species are detected and counted), we

refer to the measure as a coefficient of differentiation

diversity. The additive partitioning of inventory diversity

into the average diversity found within scales and the

average difference in diversity between scales is the

appropriate technique for evaluating the distribution of

inventory diversity across scales, and thus is a measure of

proportional diversity as well.

Conclusion

Whittaker’s (1960) biodiversity concept has heavily influ-

enced developments in ecology. However, the term ‘‘beta

diversity’’ in particular has been vaguely defined from the

very beginning and is a rather confusing concept. This

terminological ambiguity is an obstacle to development in

all fields requiring more than inventory data [‘‘alpha

diversity’’ or ‘‘gamma diversity,’’ sensu Whittaker (1960)].

Compositional (dis)similarity between samples (‘‘differ-

entiation diversity’’) and the variation of ‘‘inventory

diversity’’ across scales (‘‘proportional diversity’’) are

important fields for future research which should not be

neglected due to unclear concepts. Thus, we hope to con-

tribute to the discussion by offering a clear terminology as

a basis for scientific communication. The proposed termi-

nology embraces all facets of the original Whittaker

concepts but has a different focus. Whereas Whittaker

concentrates on scale, our proposition centers on differ-

ences in data characteristics. Thus, it might be a useful

conceptual complement to the alpha, beta, and gamma

diversity concept.

We would like to emphasize, along with Tuomisto and

Ruokolainen (2006), who ‘‘urge[d] ecologists to become

more aware of the levels of abstraction in ecological

questions,’’ that increased appreciation of terminological

and abstraction issues can lead to better interpretations and

progress in ecology. We are aware that the now traditional

terms alpha, beta, and gamma diversity will not be replaced

immediately, because researchers and students have an

intuitive understanding of their meaning. Nevertheless, we

do think that the proposed terminology can be of value in

teaching and in research regarding the communication of

multiple aspects of diversity and their drivers.
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