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INTRODUCTION

Inspired significantly by the provocative papers of MacArthur (34, 35, 38) and
Hutchinson (22), ecologists over the past twenty years have devoted considerable
energy to the explanation of patterns of diversity in ecologic systems. Despite
considerable interest, however, no generally accepted definition of diversity has
emerged. “Diversity per se does not exist,” was the contention of Hurlbert (20), who
suggested abandoning the term because of the multiplicity of meanings and interpre-
tations attached to it. MacArthur (37) also considered the term had outlived its
usefulness, and Eberhardt (10), Austin (2), and McIntosh (40) all complained of the
lack of a definition. Eberhardt considered that diversity “mostly suggests a consider-
able confusion of concepts, definitions, models, and measures (or indices).” If diver-
sity is to continue to-play a productive role in ecological investigations, agreement
is needed on the definitions of the many constituent concepts included in its current
application.

At the community level of synthesis many phenomena are complex and open to
multiple interpretation. Consequently, many authors have suggested diversity in-
dices appropriate for their own studies, no one of which can be considered a priori
correct for general application (12, 19, 20, 32, 40). Diversity, in essence, has always
been defined by the indices used to measure it, and this has not fostered the sort of
uniformity which allows the clear statement of ideas and hypotheses. Progress in
ecology, as in all science, depends upon precise and unambiguous definition of terms
and concepts (2, 40, 44). The present contribution attempts to define in a precise,
but still generalized manner, what is or should be meant by the many terms sur-
rounding the concept-cluster diversity. Guidelines are also suggested for the applica-
tion of the many available diversity indices.

ASSUMPTIONS AND DATA

The measurement of ecologic diversity is not as simple as might be expected. A
number of assumptions and decisions regarding the data to be analyzed are required.
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Measurement of diversity requires a clear and unambiguous classification of the
subject matter. In ecology reference is usually made to species diversity, but nothing
precludes treatment of varietal, generic, or even structural diversity. Pielou (53) has
discussed some of the problems involved in the simultaneous treatment of different
levels of a hierarchic classification.

All individuals assigned to a specific class are assumed equal. Preston (59) has
pointed out the difficulties in assuming equality of forms (e.g. sexes, larval stages)
which play very different functional roles in a community. Hendrickson & Ehrlich
(18, also 16, 28) have gone further, suggesting modification of ex1stmg indices to
account for within-species variation.

All species or classes are assumed to be equally different. Lloyd (30) was the first
to question the assumption of species equivalency when he suggested a correction
factor to compensate for seasonal variation in diversity due to breeding behavior.
Johnson & Raven (23) also questioned the assumption and Hendrickson & Ehrlich
(18) proposed that indices be modified to include such variation.

Most diversity indices require an estimate of species importance. The actual
measure will depend on the particular question being studied, but the choice can
greatly influence the results obtained, as Dickman (9) has amply demonstrated.

Many organisms, particularly those of sessile habit, exhibit pattern in their distri-
bution. This necessitates careful randomization in sampling (12, 40, 61). Pielou (53)
has addressed this problem in much greater detail.

Whittaker (68-72) distinguished three levels of diversity. His alpha diversity is
the within-habitat or intracommunity diversity that is the subject of the present
contribution. Beta or between-habitat diversity is defined as the change in species
composition along environmental gradients and can be most easily measured in
terms of half-changes. Gamma diversity is the diversity of an entire landscape and
can be considered a composite of alpha and beta. These forms are not always easily
distinguished. Many alpha diversity measurements are influenced by habitat varia-
tion, which could be interpreted equally well as beta diversity.

CONCEPTUAL APPROACHES AND TERMINOLOGY

Much of the confusion surrounding the measurement of diversity is the direct result
of confounding several distinct concepts along with loose application of the now
burdensome terminology. To understand the literature of the subject, however, it
is first necessary to understand that terminology and to grasp the distinctions
between the principal concepts involved.

Species Richness

The oldest and most fundamental concept of diversity is species number. Fisher,
Corbet & Williams (13), who were among the first to seek to quantify this concept,
employed the parameter alpha in the logarithmic relation of numbers of species to
numbers of individuals as an index of diversity. When it became obvious that several
concepts were implied by the term diversity, Lloyd & Ghelardi (31) suggested this
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aspect be called species number as opposed to a second aspect termed equitability
or evenness. As a term species number proved unpopular, probably because it
implies that the number of species in a community can actually be determined.
While the number of species in a sample is easy to ascertain, a natural community
is an open system with nothing approaching a fixed number of species. McIntosh
(40) suggested the alternative term of richness for the concept of species number.
Species richness is in frequent use today and is perhaps the least ambiguous of all
the diversity terminology. ’

A number of less important terms have been applied to species richness. Hurlbert
(20) designated the number of species occurring per unit area as species density,
while Auclair & Goff (1) called such indices variety indices. Species per fixed
number of individuals is richness in the strict sense according to Hurlbert, but
Auclair & Goff call these species/individuals indices.

Heterogeneity

Should a community with five equally abundant species be considered to have the
same diversity as a similar community with the same five species, one of which
comprises 95% of the individuals? According to a second concept of diversity which
compounds richness with evenness, the answer is no. Indices of this diversity con-
cept measure not the absolute number of species in the community, but the func-
tional or apparent number of species. For example, two individuals selected at
random are much more likely to represent different species if taken from the first

- of the above populations than if taken from the second. From this perspective the
community with five equally common species appears to have more species despite
the equal species counts.

This dual-concept diversity was introduced into the ecologic literature by Simp-
son (65), who had become aware of a similar approach in the work of Yule (76) on
the statistical analysis of vocabulary. Many contributors have considered that diver-
sity should include both an evenness and a richness component as Simpson had
implicitly suggested. This concept has now come to be synonymous with diversity
for many workers. While Hurlbert (20) considered that the term diversity should
be restricted to this concept if it is to retain any meaning, it seems unlikely that all
the other connotations will quickly be forgotten. Retention of diversity as a broad
term encompassing all of the subordinate concepts, and specification of the dual-
concept or mixed-diversity measures in some other manner seems more desirable.

Whittaker (69, 71) has advocated using the Simpson index to express relative
concentration of dominance. Sanders (61) reached a similar conclusion on the
dual-concept measures calling them dominance diversity indices. In his 1972 review
Whittaker refined his terminology, calling all such indices measures of slope (of the
importance value sequence), but differentiating between Simpson’s index for concen-
tration of dominance and Shannon’s formula as an index of equitability. Auclair &
Goff went further, calling all these indices equitability indices. This use of equitabil-
ity can be confusing; the term is more frequently used to denote a quite different
concept, discussed in the next section. The term heterogeneity, suggested by Good
(15) and Leti (27), appears less ambiguous and will be used throughout this review.
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Equitability

Having considered both species richness alone and a heterogeneity concept that
combines richness with evenness, it is an obvious extension to try to quantify that
component of evenness. Lloyd & Ghelardi (31) were the first to discuss formally
such an evenness component, though Patten (49) and Margalef (42) used an index
of redundancy to measure a very similar concept. Lloyd & Ghelardi explained that
the term evenness refers to the absolute evenness of a distribution, while equitability
refers to evenness relative to any specific standard, such as the broken-stick model
of MacArthur (34). Evenness measures can thus be considered a subset of measures
of equitability. Sheldon (63), in contrast, has called the equitability concept relative
diversity, a term Kohn (25) has applied to a form of heterogeneity index.

SPECIES RICHNESS INDICES

Richness is an indicator of the relative wealth of species in a community. While the
concept is simple, it is almost impossible to provide a formal definition. The difficulty
stems from the inherent dependence of any richness measure on sample size; the
larger the sample the greater the expected number of species. Because it is virtually
impossible to ascertain the complete composition of an ecologic community, rich-
ness is often measured as the number of species in samples of an arbitrarily chosen
constant size. It would clearly be desirable to have a richness index independent of
sample size.

Simple Indices

Traditionally a series of simple indices have been employed as measures of richness
independent of sample size. All such indices presuppose a particular functional
relationship between the expected number of species observed and the sample size.
Certain parameters of these functions act as richness indices. For example, if we
assume that the expected number of species E[.S] is equal to a constant k times the
square root of the number of individuals N in the sample, where k varies between
communities, then & = S(N )" is an estimate of &, the richness of the sample. In
general, if we are studying a set of communities (or sample universes) with a known
functional relationship between the expected species number and the sample size
[i.e. E[S]= f(k,N) where k is the unknown parameter indexing richness], then we
can find an estimate & for that richness. Such a measure escapes commitment to an
arbitrary sample size by expressing richness as the rate at which the number of
species or sample size increases.

Two assumptions are implicit in the use of such an index. First, the functional
relationship between the expected number of species E[S] and the number of
individuals in the sample N remains constant among the communities being studied.
Second, the precise functional relationship is known. If these assumptions are not
satisfied, the index of richness will vary as a function of sample size in some
unpredictable manner (17, 20, 55, 71).

Numerous species-individuals relationships have been utilized as bases for

richness indices. Margalef (41, 42) suggested a logarithmic relationship: R, =
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(S - 1)/Log N. A similar index was proposed with different motivation by Odum
et al (48): R, = S/Log N. Menhinick’s (45) square root relation has already been
mentioned: R; = S/(N)%

Two of the most frequently used and thoroughly investigated models of the
relationship between species richness and the relative abundance of species (73) are
the log series of Fisher, Corbet & Williams (13) and the lognormal distribution of
Preston (56). Fisher et al suggested that the numbers of individuals representing
different species follow a logarithmic series. Summing over the series they obtained
the relation § = a Log (1 + N/a), where a is a fitted constant indexing diversity.

Preston’s proposal (56-58) that a lognormal distribution provides the best fit for
species abundance data is well known, and subsequent work has shown the distribu-
tion to fit many different kinds of community samples (73). Preston (56-58) used
the parameters of this relationship to calculate the expected number of species in
a total sample or universe. His expression was S* = Y,& (2 7)"%, where the Y, is
the number of species in the modal octave and & is the logarithmic standard
deviation. S* can clearly be used as an index of richness (11, 36).

The dominance diversity curves proposed by Whittaker (69-71) provide a useful
perspective for examining diversity patterns (cf Figure 4). These graphs are con-
structed such that the ordinate represents the logarithm of some importance value
(e.g. abundance), while the abscissa is simply the ordered species sequence from
most to least important. Whittaker has given careful consideration to the shapes of
these curves and their implications. One aspect he considers particularly important
is the average slope, for which he has proposed two indices (71). The first is the total
number of species encountered, S, divided by the difference between the logarith-
mic importance of the most common S, and rarest Sy species. This is a measure
of the average number of species per log-cycle of importance, or simply
the slope of a straight line connecting the most and least abundant species: Ec =
S/(Log S, - Log S ). The second index, a refinement of the first, is the total number
of species divided-by four times the logarithmic standard deviation of the impor-
tance value: Ec' = §/4 [L.5, (Log p; - Log )2/ S]* where p; is the percentage
importance of the i*" species and j is the geometric mean. This second index, which
assumes a lognormal relationship, should theoretically eliminate much of the error
in Ec resulting from use of extreme values of importance, for it divides the species
number by the range which would be expected to be covered by 95% of the species.

Species per log-cycle, which the above two slope indices measure, provides a
different approach to species richness. While the simple richness indices were based
only upon species number and sample size, the slope indices incorporate the species
abundances as well. However, because the shape of the dominance diversity curve
is influenced by the underlying niche division pattern, these two indices are subject
to the same limitations the other simple richness indices are.

Species Counts

The two assumptions necessary for the use of indices relating species number to
sample size are rarely satisfied. An alternate approach is provided by direct counts
of species numbers in samples. MacArthur (36), Poole (55), and Williamson (74)
considered these to be among the most effective richness measures, and Whittaker



