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TAXON 21 (2/3): 213-251. MAY 1972 

EVOLUTION AND MEASUREMENT OF SPECIES DIVERSITY" 

R. H. Whittaker': 

Summary 

Given a resource gradient (e.g. light intensity, prey size) in a community, species evolve 
to use different parts of this gradient; competition between them is thereby reduced. 

Species relationships in the community may be conceived in terms of a multidimensional 
coordinate system, the axes of which are the various resource gradients (and other aspects 
of species relationships to space, time, and one another in the community). This coordinate 

system defines a hyperspace, and the range of the space that a given species occupies 
is its niche hypervolume, as an abstract characterization of its intra-community position, 
or niche. Species evolve toward difference in niche, and consequently toward difference in 
location of their hypervolumes in the niche hyperspace. Through evolutionary time addi- 
tional species can fit into the community in niche hypervolumes different from those of 
other species, and the niche hyperspace can become increasingly complex. Its complexity 
relates to the community's richness in species, its alpha diversity. 

Species differ in the proportions of the niche hyperspace they are able to occupy and 
the share of the community's resources they utilize. The share of resources utilized is 
expressed in species' productivities, and when species are ranked by relative productivity 
(or some other measurement) from most to least important, importance-value or domi- 
nance-diversity curves are formed. Three types of curves may represent manners in 
which resources are divided among species: (a) niche pre-emption with strong dominance, 
expressed in a geometric series, (b) random boundaries between niches, expressed in the 
MacArthur distribution, and (c) determination of relative importance by many factors, so 
that species form a frequency distribution on a logarithmic base of importance values, a 

lognormal distribution. The forms of importance-value curves do not permit strong infer- 
ence about resource division, but are of interest for their expression of species relation- 

ships and bearing on measurement of diversity. 
Two aspects of alpha diversity are to be measured. Diversity in the strict sense is 

richness in species, and is appropriately measured as the number of species in a sample of 
standard size. Slope measurements, in contrast, express the steepness of the importance- 
value sequence. Of the slope measurements the Simpson index expresses dominance or 
relative concentration of the importance values into the first or first few species, whereas 
the Shannon-Wiener index expresses the relative evenness or equitability of the importance 
values through the whole sequence. A new index, expressing equitability as number of 

species per logarithmic cycle of the importance-value sequence, is suggested. 
Given a habitat gradient (e.g. elevation or soil moisture conditions) species evolve to 

occupy different positions along this gradient. The various habitat gradients of a landscape 
may also be conceived as a multidimensional hyperspace, and species evolve toward occupa- 
tion of different positions in this hyperspace. Along a particular habitat gradient species 
populations have scattered centers and usually overlap broadly, forming a community 
continuum or coenocline. Through evolutionary time additional species can fit themselves in 

along the coenocline. As they do so the extent of change in community composition along 
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the gradient increases. The extent of differentiation of communities along habitat gradients 
is beta diversity. The total or gamma diversity of a landscape, or geographic area, is a 
product of the alpha diversity of its communities and the degree of beta differentiation 
among them. The species' position in a landscape of communities, as described in terms of 
both habitat and niche relationships, may be termed its ecotope. 

Two approaches to measuring beta diversity have been most useful. For a transect along 
a given coenocline, the degree of species turnover or compositional change may be measured 
through sample similarities and expressed as half-changes. When a set of samples are 
taken to represent differences in communities of a landscape or range of habitat along more 
than one habitat axis, beta differentiation for these samples may be expressed by the ratio 
of the total number of species represented in the samples to the mean number per sample. 

Diversity of communities seems a resultant of non-extreme conditions, stable condi- 
tions, evolutionary and successional time, and the kind of community developed in that 
time. It is difficult to separate the effects of chronic environmental rigor, amplitude of 
regular fluctuation, and irregularity or unpredictableness of fluctuation. Diversities are 
low in many unstable environments, but certain desert communities subject to wide and 
irregular variation in precipitation have evolved high diversities in relation to this varia- 
tion. Evolutionary time is difficult to measure, but is important as the dimension through 
which increase in alpha and beta diversity occurs. Alpha diversities of birds, and gamma 
diverstities of islands, appear to reach saturation or steady-state levels. It is suggested, 
however, that for terrestrial plants and insects increase of species diversity, with elabora- 
tion of the niche hyperspace and division of the habitat hyperspace, is a self-augmenting 
evolutionary process without any evident limit. 

INTRODUCTION 

Ecologists and systematists alike are beneficiaries of the richness of the 
living world in forms and species. This richness appears on varied levels - 
in the many species accommodated to one another in a community studied 
by an ecologist, the relative numbers of species in areas with which the 
biogeographer is concerned, and the great wealth of species of the living 
world as a whole that the systematist tries to bring to understanding 
through evolution and classification. Different fields have thus common 
interests in the phenomenon, of richness in species, to which the term 
"diversity" applies. I shall discuss here some interpretations of diversity as 
a product of evolution and what these imply for measurement of diversity. 
We may note first the extraordinary development of the study of diversity 
during the last fifteen years. Articles by Hutchinson (I957) and MacArthur 
(I957) offered promise of a new area of a different kind of ecology, one 
of an orderly, formal system of mathematical relationships by which 
diversities and the importance-value relations of species should become 
predictable. An area of study with its own literature now exists, and it is 
of interest to see how its characteristics relate to the promise. 

NICHES AND ALPHA DIVERSITY 

Let us for this article accept without argument the formulations of 
Volterra (1931) and Lotka (1932), and the principle of Gause (I934) or of 
competitive exclusion: In general, in a stable community, two species will 
not persist as direct competitors for the same resources. We must qualify 
the statement: species in a stable community may be found to differ not in 
resources but in their limiting mechanisms (Levin I970). In any case they 
differ in their positions in the community - in resource use, time of 
activity, vertical location, relation to horizontal pattern, manner of popu- 
lation interaction with other species, etc. Position within the community in 

2I4 TAXON VOLUME 21 



0 

O 

C: 

- 
1007 

5 10 15 20 25 30 

Depth from canopy surface, m 

FIG. i. Relations of species populations to a resource gradient (hypothetical). Light intensity 
as a resource is plotted on a logarithmic scale on the ordinate; available light decreases 
with increasing depth from the top of the forest canopy as indicated by the oblique lines. 
Species populations are adapted to different light intensities and have their centers scattered 
along the gradient. The bell-shaped curves represent relative utilization of light and rela- 
tive population densities for the individual species. Five species occupy the gradient in the 
upper part of the figure; through evolutionary time three others enter and take positions 
along the gradient: Number 6, a strong competitor adapted to high light intensities fits in 
between I and 2, narrowing their distributions and increasing the "packing" of the 
resource gradient. Number 7, a weak competitor, while using a minor fraction of the 
resource, fits in with its adaptive center between 3. and 4. Number 8, a specialist adapted 
to very low light intensities, uses the low extreme of the gradient not effectively occupied 
before. 

this sense is termed niche, a central concept of community theory derived 
from Elton (I927), Gause (I934), and earlier writings of Grinnell (I917). 
The community may be conceived as, in this respect, a system of variously 
interacting, niche-differentiated species populations. 

We may consider a particular resource gradient, say, the gradient of 
light intensity from the top of the forest canopy downward. Along this 
gradient light is intercepted by foliage of plants for which it is a resource 
and suffers a logarithmic extinction (Fig. i). Plant species must evolve to 
relate themselves to this gradient. If two species are competing in nearly 
the same positions along the resource gradient, their adaptations should 
tend, by the effects of selection, to diverge. From the divergence should 
ideally result, for a number of species, a staggering or spacing of their 
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populations along the gradient as indicated. There are some boreal forests 
in which the ideal structure is approached - five to seven major plant 
species that may include a canopy and a smaller tree species, a tall and a 
low shrub species, a tall and a low herb species, and a ground-level moss, 
with their foliages staged at heights that suggest a contracting geometric 
series from the canopy down. In most forests, however, a larger number of 
species occur with diverse adaptations to light and other factors, and with 
smaller differences in height between them. Given evolutionary time ad- 
ditional species can utilize a resource gradient; because of selective pres- 
sures their populations will in general fit in between the centers of the 
populations of other species (Fig. i). As they do so their competition should 
reduce the breadths, or dispersions, along the gradient of species already 
present. The result of this process is the "packing" of an increasing number of 
species along the resource gradient (MacArthur I970). 

Evolution in response to light as a resource gradient produces a size- 
gradient of plants, and the plants are resources for herbivorous animals. 
The same principle of divergence applies to these animals; they will evolve 
to use different sizes and tissues of plants and in the process will evolve 
toward different sizes themselves. The herbivores will then form a third 
resource gradient, as prey of a range of sizes for predators. The predators 
in turn will form a size gradient, offering to secondary predators of dif- 
ferent sizes different possibilities of harvest of primary predators, and of 
combinations of these with herbivores. Thus evolution of diversity on one 
level is transmitted upward, permitting evolution of further diversity in 
the trophic levels above it. Size is only one aspect of resource difference 
on a given level, and it is the full range of diversification on one level to 
which the level above may respond by diversification. 

The last statement is improperly one-sided. Predators, by exerting dif- 
ferent modes of control, make possible much of the diversity of their prey 
(Paine I966, I969). Grazing by herbivorous animals makes possible in- 
creased diversity of the plants they graze (Harper I969). Effects of a given 
trophic level may thus enhance diversity of the level below it. For this 
effect we can offer at least two, overlapping interpretations: (a) The 
pressure of consumption from the upper level prevents over-dominance by 
any one species on the lower level. It thereby makes possible successful 
competition and survival of a larger number of lower-level species. (b) A 
number of upper-level species (and combinations among them) become, as 
different control mechanisms, a basis for increasing the number of niches 
on the lower level. Facilitation of increase in species number in interacting 
trophic levels is reciprocal. We should thus expect diversity to increase in 
parallel on any adjacent trophic levels and, in fact, throughout the various 
groups of interacting species that the community comprises. 

For the community as a whole we can conceive an abstract niche 
"structure." Many of the attributes of niches can be treated as gradients - 
of organism size, vertical height, soil depth, diurnal time, seasonal time, 
proportions of different foods, intensities of different chemical defenses, 
etc. These gradients may be treated as axes defining a multidimensional, 
abstract "space", the niche hyperspace (Hutchinson I957, Whittaker I965, 
I969, 1972). The niche hyperspace is a means of conceiving the way species 
relate to one another in the community as an interacting system. It is a 
conceptual construction about the evolution and organization of a com- 
munity, and clearly should not be hypostatized or considered to have 
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existence except as an abstraction of some significant relationships in the 
community. As such it permits some interpretations of interest. 

i. Each species evolves toward its own position in this space, different 
from that of any other species. Its position in and response to factors of 
the niche hyperspace defines its niche. If we think of the species as 
being limited to some range of each niche axis, then these limits outline for 
the species its niche hypervolume (Hutchinson 1957). To say that two 
species will not both survive if they have congruent hypervolumes, or if 
the hypervolume of the weaker competitor is wholly within that of the 
stronger, paraphrases the principle of Gause. It may be preferable, how- 
ever, to think that each species occupies a vaguely outlined, cloud-like 
space that differs from, but may overlap broadly with, those of other 
species. Species evolve not so much toward mutually exclusive hyper- 
volumes as toward different locations of their centers in the hyperspace. 
If we knew enough about niche relationships it should be possible to 
"ordinate" species, arranging them by relative positions on niche axes in 
the niche hyperspace (Whittaker 1967, I97oa, Wuenscher I969). Mac- 
Arthur et al. (1962) have, in fact, related the population clouds of bird 
species to one another in a hyperspace defined by foliage density axes; 
and structural dimensions of plant communities have been used as expres- 
sions for the dimensions of niche axes to predict species diversities of birds 
(MacArthur 1964, MacArthur & MacArthur 1961, Cody 1968) and desert 
lizards (Pianka I967). 

2. In evolutionary time the number of species in the community can 
grow - by fitting species in between other species along existing resource 
gradients, by the reciprocal facilitation of diversity growth by interacting 
groups, and by the extension of existing and addition of new niche axes. 
The possibilities for niche space division among species may increase 
exponentially with increase in number of niche axes - as shown by Mac- 
Arthur (1964) for the relation of bird species diversities to densities of 
different foliage layers as axes. There is no evident intrinsic limit on the 
increase in species number, with increased packing and elaboration of axes 
of the niche hyperspace. The addition of species to communities is a self- 
augmenting, self-facilitating evolutionary process (Hutchinson I959, 
Whittaker 1969); the result of this process is community, within-habitat, 
or alpha diversity. 

IMPORTANCE VALUES 

There is a second consequence of this evolution of species in communities 
to be considered - the patterns of relative importances of species. Let us 
consider that the niche hyperspace, minus axes that are not interpretable 
as resources, is also a hyperspace of resource gradients. Species evolve 
characteristics that imply not only different positions in the hyperspace, 
but different sizes of the resource hypervolumes they occupy in different 
communities. In a given community species will differ in the ranges of 
resources they are able to command in competition with other species. The 
range of resources used is expressed in a species' productivity. We wish 
thus to ask how the resource hyperspace is divided among species, as this 
division is expressed in relative productivities of species. Productivities are 
not easily measured, and in many cases we must compare species by some 
other "importance value" - for animals population density or species 
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FIG. 2. Forms of dominance-diversity, or importance-value, curves for different treat- 
ments of the axes. Numbers of individuals, on the ordinate, are plotted against species 
number in the sequence from most to least abundant, on the abscissa. The four types of 
curves illustrated in both charts are: (a) geometric series, (b) lognormal distribution, (c) 
logarithmic series, and (d) MacArthur distribution. The curves are all computed for a 
hypothetical sample of Iooo individuals in 20 species; for curve a, c = o.5, for curve b, 
a = 0.2 and So = 2.26, for curve c, a = 3.542. 

Left, with number of individuals logarithmic and species sequence linear, the geometric 
series becomes a straight line and the lognormal and MacArthur distributions sigmoid curves 
of different slopes. 

Right, with number of individuals linear and species sequence logarithmic, the MacArthur 
distribution approaches a straight line, but all other forms become ("Type IV") J-curves. 

biomass, for plants coverage, biomass, frequency, basal area, or density. 
Such measurements are usually applied to "taxocenes," or taxonomically 

defined fractions of communities. When the species are thus measured and 
then arranged in sequence from most to least important, they may be 
plotted in semilog graphs to form importance-value or dominance-diversity 
curves. The most generally appropriate chart uses importance values on a 
logarithmic ordinate and species sequence on a linear abscissa; such charts 
distinguish the distributions characterized below as the linear geometric, 
sigmoid lognormal, and flat-sigmoid MacArthur distributions (Whittaker 
1965, I97oa). For a taxocene that may approach a MacArthur distribution 
a chart with importance values linear and species sequence logarithmic is 
preferable (MacArthur I960), for on this plot the MacArthur distribution 
is quasilinear, whereas the geometric and lognormal distributions become 
hollow J-curves (Fig. 2). Observations of importance-value curves have 
led to these interpretations: 

i. The geometric series and niche pre-emption hypothesis (Motomura 
I932, Whittaker I965, I969): If one assumes that a first species in the 
sequence, the dominant, occupies a fraction k of the resource hyperspace, 
the second a fraction approximating k of that not occupied by the first, 
and so on, the species importances will form a geometric series, pi = pic'-. 
In this pi is the relative importance of a given species (i.e. as the decimal 
fraction of the sum of corresponding importance values for all species 
sampled), pi is the relative importance of the first species, i is the position 
of a species in the sequence from most to least important, and c is the 
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FIG. 3. Importance-value curves for an old field succession to oak-pine forest at Brook- 
haven National Laboratory, New York. The curve of the initial old field community (o) 
is roughly geometric (many such distributions lack the central cluster that appears in 
this case). With plant succession species are added until a later herbaceous stage (5) 
approaches a lognormal distribution. Similar relationships are shown by the old field data 
of Odum (I960) and Golley (I965). As woody plants enter the community (14), these 
establish strong dominance (20) with consequent steepening of the importance-value dis- 
tribution and reduction of diversity. Sample (43) shows the beginning of a secondary 
increase in species diversity in the communities dominated by woody plants. Succession 
thus implies change both in species diversity and in slope of importance-value distributions. 
One measure of slope discussed below, Ec (measuring equitability, or the inverse of steep- 
ness, as mean number of species per log cycle of the sampled importance-value sequence), 
increased from 4.3 (sample o) to I7.1 (sample 5), then decreased to 2.7 (sample 20). 
(From unpublished data, courtesy of Buford Holt and G. M. Woodwell, Brookhaven Natio- 
nal Laboratory.) 

geometric series ratio and equals 1 - k. There is no assumption that the first 
species was first inr time, only that the species have -struck competitive 
balances in which they take roughly equivalent fractions of resources not 
claimed by more effective competitors. The fractions, and the ratio c for 
their complements, may be expected to show random fluctuation from one 
species-pair to another in the sequence. (Alternatively the distribution itself 
can be interpreted as lograndom.) The occurrence of strong dominance in 
plant communities (and the relation to height and light shown in Fig. i) 
suggest that the geometric form should often be observed in terrestrial 
plant communities (Fig. 3). Such is the case for the vascular plants of many 
communities of low species diversity, and for fractions or synusiae (such 
as each stratum or life-form taken by itself) of many communities of 
higher diversity (Whittaker i965, I969, Whittaker & Woodwell 1969, 
McNaughton I968, Reiners et al. 1970). In some cases the strata as wholes 
are geometrically related (Whittaker I969). 
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2. The MacArthur series and random niche boundary hypothesis: If one 
assumes that the boundaries between species hypervolumes in resource 
space are set at random, a very different distribution of importance values 
is predicted. MacArthur (I957, 1960, Vandermeer & MacArthur 1966) 
considered alternative modes of use of environment by species; the most 
interesting of these, in which species are limited by competition at randomly 
located boundaries, is fitted by the series (Whitworth 1897: 235, Barton & 
David 1956), 

N I 
pr -- = - 

i i i i ii i 

S is the number of species in N individuals of the sample, i the sequence 
of species from least to most important, and r the position of a species with 
relative importance of pr in the sequence. The series has come to be called 
the broken-stick or MacArthur distribution (probably against that author's 
wishes). By this hypothesis division of a given resource gradient is random 
on a linear scale; and the distribution of importance values implied is 
much "flatter" - of lower slope or less contrast between one species and 
the next in the sequence. Such importance value curves are approached by 
some samples of appropriate sizes for singing birds and some other animals 
(MacArthur 1960, King 1964, Hairston I964). They are approached also, 
for what may be different reasons, by microcrustaceans deposited in 
sediments representing whole lake ecosystems (Goulden 1969, Deevey 
1969). It is possible to interpret the geometric series as one limiting case 
approached by taxocenes or synusiae subject to scramble competition and 
the establishment of strong dominance, the MacArthur distribution as an 
opposite limiting case approached by other groups with contest competition 
and territorial relations stabilizing populations without development of 
dominance (Whittaker I965, 1969). 

3. The lognormal distribution: Both the niche pre-emption and random 
niche boundary interpretations are applicable to particular taxocenes of 
limited numbers of species in competitive contact with one another (con- 
tiguous niche hypervolumes). They should not be expected to apply to 
larger numbers of species most of which are not closely related in resource 
use (Whittaker & Woodwell I969). As the number of species increases, the 
number of factors governing their relative importance increases. If relative 
importances are governed by many factors acting in partial independence, 
we should expect the importance values to form a frequency distribution, 
presumably a normal curve. If species importances are appropriately 
compared on a logarithmic, rather than a linear scale, as seems to be the 
case, then this frequency distribution becomes lognormal (Preston 1948, 
I962). When species are classed by octaves or doubling units, a modal 
octave will contain the largest number of species, with intermediate im- 
portance values, and numbers of species per octave will decrease upward to 
a small number of dominants and downward to a small number of rarities, 
some of them beyond the reach of our sample from the community. The 
distribution of species in octaves may be expressed by, 

Soe-(aR) ,= SS = So S/-ia, 

TAXON VOLUME 21 220 



in which Sr is the number of species in an octave R octaves distant from a 
modal octave containing So species, and a is a constant. Lognormal dis- 
tributions are observed for a wide range of different kinds of samples 
(Preston I948, I962, Patrick et al. I954, Williams I953, I964, Whittaker 
i965, Batzli i969); the samples must, however, be large if one is to observe 
the downslope of species numbers into octaves of increasing rarity. When 
a large sample is taken containing a good number of species, a lognormal 
distribution is usually observed, whether the sample represents a single 
community or more than one, whether distributions of the community 
fractions being combined are of geometric, lognormal, or MacArthur form. 
The constant a is usually around 0.2, but it is possible to make the 
lognormal curve reasonably fit most importance-value distributions from 
the near-geometric to the MacArthur form by varying the values of a 
and So. 

4. The logarithmic series: A fourth treatment of importance value curves 
should be mentioned, the logarithmic series of Fisher et al. (I943, see also 
Williams 1953, I964, Pielou I969), 

S = S (1 + x + + ...)= aloge (1 + N) 
2 3 a 

In this Si is the number of species represented by single specimens, SiX/z 
the number represented by two specimens .. .; x is a constant less than unity 
but approaching that value for large samples, and a is a constant and a 
slope-related diversity measurement. No theoretical justification is assumed 
for this series, which fits the ascending slope (of high importance values) of 
lognormal distributions. 

Study of these curves leads not to a single characterization of the im- 
portance-value structure of communities, but to recognition of a range of 
intergrading forms of curves (Whittaker I965, I969). For interpretation of 
community process underlying these forms the curves are, unfortunately, 
a tactic of weak inference: a number of alternative hypotheses can be 
adduced to interpret a given form (Cohen I968, Whittaker I969). Study of 
the curves has given less insight into community organization than had 
been hoped, but has not been without value. There is, first, undoubted 
significance in contrast of pattern as marked as that between the geometric 
and the MacArthur distributions of a plant and a bird community, even 
if we are less than certain of the meaning of the difference. Second, the 
forms of these curves are important to problems of measuring diversity. 

MEASUREMENT OF ALPHA DIVERSITY 

Alpha diversity measurements are those applied to samples from partic- 
ular communities. In principle it should be possible to characterize alpha 
samples by parameters of the lognormal distribution, St or So and a or o, 
(a=/o.5/a), but in practice it is often impossible to compute these. Two 
properties of samples - species numbers and relative importances - imply 
the need for measurements of two kinds: (a) diversity proper, or richness 
of the community in numbers of species, and (b) the character of the 
importance-value relations which, if we seek a single number, is a slope 
for the importance-value sequence. This slope relates to relative concen- 
tration of dominance, or to the inverse of this, relative flatness of the 
importance-value curves or evenness of the importance values. Diversity 
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and evenness are correlated; but the correlation is partial, and it is often 
desirable to measure species-richness and slope separately. The two aspects 
of slope - concentration of dominance in the first or first few species, and 
evenness for the whole sequence of species - bear a partial inverse cor- 
relation; and different measurements are appropriate for them. We thus 
desire more than one measurement and should like each to have such 
properties as: (a) relative independence of sample size, (b) low dispersion 
or vulnerableness to sample error, (c) conceptual appropriateness to the 
subject of measurement, and (d) dimensional correspondence with that 
subject and lucidity of expression of changes in it. The study of diversity 
is primarily about richness in species and we should prefer, though not 
necessarily require, diversity measurements to be interpretable in terms 
of numbers of species. 

The most generally appropriate measure of diversity is simply S, the 
number of species per unit area as represented in some kind of standard 
sample. The sample is most often a quadrat of consistent (if arbitrarily 
chosen) area, in some cases a water volume. The virtues of standard 
samples by criteria (c) and (d) are balanced against weakness with regard 
to (a). Standard samples of different sizes are not simply comparable, 
though the approximately logarithmic relation of species number to sample 
area makes some comparisons possible. Species per quadrat measurements 
are also subject to rather large dispersions (b) because of irregularities of 
species distribution and different success in finding and determining rare 
species. Thus the measurement that is most appropriate, S, is by no means 
ideal. 

Some limitations of species/quadrat as a measurement can be reduced by 
the relation of species number to the logarithm of sample size. The 
measurement is thus transformed from numbers of species per sample to a 
rate, d, at which species are added with expansion of the sample. A 
number of measurements of this type have been proposed: d=S/log A 
(Gleason I922), d = (S - i)/log N (Margalef I958, I967), or d = S/log 
N (Odum et al. I960, Golley et al. i965), d = (Sm S- )/log M (Dahl i957, 
I960), d = S/VN (Menhinick I964, I967), S = kAd (Kilburn I963, 
I966), and the Fisher et al. (I943) relation given above (see also Auclair 
& Goff I971). (A is sample area, M the number of sample quadrats with 
mean number of species S and a number of species Sm when combined.) 
Apart from the Fisher alpha they have not been much used or well 
evaluated for the study of community diversities. Several of them take the 
form, S = a + d log Q, in which Q is sample size (usually N, number of 
individuals, M, number of samples, or A, area in mn). The constant a is in 
some cases set to zero, or for animal samples to i. For areal samples from 
plant communities a is the y intercept of the line fitted to the quasilinear 
portion of the curve of S (as y) on log A (as x) and in some cases can be 
interpreted as a threshold diversity for a unit sample. Some non-areal 
diversity expressions, such as species per oo000o individuals or the number of 
species with relative importance values above a given percentage, describe 
points of the curve of S in relation to the log (or other function) of N. 
They thus do not measure areal diversity as such but (like H', to be discus- 
sed) infer relative diversity from slope. To the extent that the equation 
given (imperfectly) fits relations of species numbers to both areas and 
numbers of individuals (Hopkins I955, Preston I962, Greig-Smith I964), 
a threshold area, Ao (for a diversity of S = .0o) is suggested, Ao = A/N 
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=exp [(i-a)/d]. Ao appears to express the scale of the community as a 
mean area per individual for all species and, if known, should in principle 
permit conversion of a non-areal into an areal diversity measurement. 

Measures of slope itself are more varied. One of the simplest is the index 
of Simpson (I949, Eberhardt I969). 

S s 

C p', or i = 
N (N- i)' 

In the second expression ni is an importance value, not relativized, for 
species i and N is the total of such importance values for all species. These 
expressions give the probability that two individuals drawn at random 
from the sample will be of the same species if the first individual drawn 
has been (first form) or has not been (second form) returned to the sample 
when the second individual is drawn. The second form can also be in- 
terpreted as a frequency of encounters between individuals of the same 
species, its complement Dc =- i - C as a frequency of encounters between 
individuals of different species. Such an assessment of encounters from 
importance values may have very limited meaning, however; for many of 
the species sampled may have no significant interactions, and many of the 
significant interactions may not be expressed in similarity of importance 
values in a community sample. The Simpson index does express degree of 
"dominance" and for this expression the first form given (which is also 
the limit of the second for a very large sample) seems more directly ap- 
propriate, is more easily computed as the sum of the squares of relative 
importance values, and escapes the problem of importance values less than 
i.o from which I.o is subtracted in the second form. 

The Simpson index is strongly affected by the importances of the first 
one, two, or three species; it is primarily a measure of dominance as degree 
of concentration of importance values in one or a few species. As such it is 
most appropriate to kinds of samples for which degree of dominance is of 
concern, as with samples from land plant communities. For these the 
Simpson index is suitable as judged by criteria (a) and (c) and, assuming 
the samples are large enough to represent effectively the proportions of 
the major species, criterion (b). As regards criterion (d), the Simpson index 
is not dimensionally related to species number or species importance values; 
but the square root of the Simpson index is strongly related to (but larger 
than) the importance of the first species, or a weighted estimate of the 
first species' importance from those of the first few species. A number 
of other variants on the Simpson index and related indices have been 
proposed (McIntosh I967, Pielou i969, Hurlbert I971, Hendrickson & 
Ehrlich I97I), but I do not see sufficient reason to prefer any of these to 
the Simpson index itself. For sequences of geometric form the ratio c from 
a least squares fit is a slope measure (Whittaker ig96a), and its complement 
k is then also a weighted estimate of first-species dominance. McNaughton 
(I967, I968, McNaughton & Wolf I970) used as a dominance index DI = 

pi +p2, the sum of the two highest relative importance values in a sample, 
and showed inverse correlation of this expression with diversity; Berger 
& Parker (I970) used for dominance Dd = pi and showed correlation 
with the Simpson Index. The Simpson C and these other expressions are 
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less appropriate when concern is not dominance of the first species but 
slope of importance-values through all the sampled species. 

This over-all slope, approached as relative evenness of importance 
values from one species to the next throughout the sequence, is "equita- 
bility" (Lloyd & Ghelardi I964). The most widely used equitability 

S 
measure is the Shannon-Wiener information index, H' = - X pi log pi. 

i I 

There is no particular reason to interpret diversity or equitability as in- 
formation or uncertainty, but the index has distinctive and appropriate 
qualities. It is most strongly affected by importances of species in the 
middle of the sequence. For large samples the index is consequently some- 
what damped against effects of differences in quantitative proportions of 
the first few species. Effects of the rarer species are also damped, rendering 
the index, like C, relatively independent of sample size, criterion (a), for 
samples that are not too small. Low dispersions (b) for H' compared with 
S result, but the low dispersions are in part deceptive because H' is 
logarithmically related to species number. For samples with few species 
H' is neither of low dispersion nor stable against effects of quantitative 
relations among dominant species. For a given sample H' will, like other 
slope measures, change with change in the kind of importance value 
(density, coverage, productivity, biomass, etc.) to which it is applied 
(Dickman 1968, Wihlm 1968). 

In application to some communities H' can give misleading results. 
Along an elevation gradient from I720 to i8oo and I920 m in subalpine 
forests of the Great Smoky Mountains, vascular plant species diversity 
declines in a trend as expressed in 2I, 19, and i6 species per o.I ha, 
whereas H' increases from 1.22 to 1.46 and then decreases to 1.12 (log2) in 

response to change in dominance proportions between Picea rubens and 
Abies fraseri (data of Whittaker I965). For bird communities with general- 
ly consistant importance-value curves H' is a strong correlate of S and a 
reliable index of species diversity (Tramer I969). Even for birds, however, 
H' may fail to express significant differences in numbers of rare species 
(Karr I97I). For lake phytoplankton H' is strongly affected by importance 
values of the first o- 5 species and little affected by additional species 
(Sager & Hasler 1969); for these samples it is a weak correlate and poor 
expression of diversity. Further limitations of H' involve its curvilinear rela- 
tion to diversity. Addition of io species to a MacArthur distribution of I0 

species increases H' from 2.84 to 3.78; addition of Io species to a distribution 
of o5 species increases H' from 5.07 to 5.32. In rich tropical communities 
the expression of diversity increase in H' is damped. The richer the com- 
munity the less expressive the measurement, for H' asymptotically ap- 
proaches a maximum that for many kinds of samples is around 5 (Margalef 
I969). If, for example, the rate of diversity change along an elevational 
or latitudinal gradient is in question, diversity increase as expressed in S 
or a may accelerate into the low-elevation or tropical communities (Yoda 
I967), whereas H' suggests a decreasing rate of increase. H' does not merit 
the unquestioning trust as an expression of diversity it has sometimes 
been granted. Pielou (I966b, I967, I969) has advocated the use in some 
circumstances of the Brillouin information index (Lloyd et al. I968). I 
will differ, not with the mathematical quality of Pielou's treatment, but 
with suggested applications to community data. I doubt that for ecological 
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data the Brillouin index, which is more difficult to compute, more obscure 
in relation to importance-value slope, more sample-size dependent, and 
more questionable on theoretic grounds for samples that are never complete 
than the Shannon-Wiener index, is ever to be preferred to the latter. 

As a more directly interpretable alternative to H' for non-areal samples, 
numbers of species in some such standard sample as ooo individuals 
(Sanders I968) can be used. The function of H' itself for ecological material 
may be clarified by observation of its antilogarithm. The expH' bears a 
strong and quasilinear relation to number of species per decimal cycle of 
geometric distributions, species number in the modal octave or cycle of 
lognormal distributions, and species per cycle or total species number for 
MacArthur distributions. H' thus expresses equitability of an importance- 
value distribution as a function related to the logarithm of the number of 
species per cycle. The manner in which H' gives an integrated expression of 
equitability from importance values through the full ranges of different 
types of distributions is convenient. H' seems the best all-purpose expression 
of equitability now in use. There are, furthermore, studies in which 
diversity cannot be directly measured but must be inferred from equi- 
tability of non-areal samples; H' (or exp H') is a useful measurement for 
this purpose. The Simpson index in the forms i-C (Pielou I969) and i/C 
(Williams I964), because of the strong influence on it of the importance 
values of the first or first few species, is a less effective index for inferring 
diversity than H'. 

The relation of expH' to species per cycle suggests, however, the pos- 
sibility of a more directly appropriate measure. Equitability may be con- 
ceived as a function of the variance of species importance values: the wider 
the dispersion of the importance values, the lower the equitability (Peet 
I97I). The variance is most simply stated, for relative importance values, 
as Ve = X (pi - p)2; Ve is related to the Simpson index, Ve = C - I/S. 
For unrelativized importance values Peet (I97I) develops the form, 

' nz-2 (N2/S) 
(I - /S) (N- S) 

The measure is relatively stable for sample size (for samples that are not 
too small) and is standardized to give values from zero, if all species are 
represented by equal numbers of individuals, to i.o for maximum con- 
centration of individuals into the dominant species (with one individual 
each for the remaining species). Equitability is thus expressed by I - V'e. 

From Ve an equitability expression in species per cycle may be devel- 
oped. (i) The dispersion dimensionally most appropriate to importance 
values uses the logarithms of these to compute a standard deviation or 
mean deviation, hence, 

ae = V Z (log ni - log nf)2S, MDe = 2llog ni - log nl/S, 

in which i is the geometric mean. (ii) When computed from logarithms of 
importance values, the standard deviation (oe) and mean deviation (MDe) 
express dispersions directly in cycles (those of the base of the logarithms) 
as units. Four times either oe or MDe (including, for a lognormal distribu- 
tion, about 950/o of the importance-value sequence) is an expression of the 
range of the importance values in logarithmic cycles, and should be closely 
related to the distance in logarithmic cycles between the most and least 
important species in the sample, De = log nl - log ns. (iii) The number of 
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species, S, divided by 47e, 4MDe, or De then expresses equitability as an 
average density or "packing" of species per cycle of the importance-value 
distribution (Fig. 3). The three expressions of range of importance values, 
and different logarithmic bases, provide a number of ways of computing 
equitability measures by this concept. The simplest measurement is E, = 
S/De using logarithms to the base io. Mathematically the most interesting 
form may be E'c = S/4oe (using log2). When computed for a lognormal 
distribution (the sample for which is complete), E'c bears a strict relation 
to the lognormal parameters, E'c = o.354Sa = o.628So. E, and E'c are 
relatively, though not fully, independent of sample size and appear to have 
the advantage over H' by the other criteria given. Peet's (197i) and these 
equitability measures have not yet been adequately evaluated in practice, 
but they suggest that a better measure of equitability and means of infer- 
ring diversity than H' can be found. 

Some other equitability expressions should be mentioned. Lloyd & 
Ghelardi (I964), observing the distinction of diversity and equitability, 
sought expression of the latter by the ratio of H' of a sample to that of a 
MacArthur distribution for the same number of species, Hm. The Mac- 
Arthur distribution was considered to represent maximum feasible equita- 
bility, in communities. Direct comparison of Shannon-Wiener indices 
E = H'/Hm, was rejected because of the logarithmic scale of H'. The ratio, 

= S'/S, was suggested instead, comparing actual number of species in a 
sample (S) with the number that would occur (S') in a sample with a 
MacArthur distribution and the same H'. Pielou (I966b, I969) suggested 
J = H'/log S, in which log S is equal to H' for S species given perfect 
equitability - identical importance values for all. Pielou did not refer to 
Lloyd & Ghelardi's rejection of the logarithmic ratio, but Buzas & Gibson 
(I969) have used an antilog equivalent, expH'/S. The index E would in 
principle have the advantage because it is interpretable in terms of both 
species as units and a biologically realistic maximum equitability. However, 
all these indices suffer from the fact that they compare a stable with an 
unstable value (cf. Sheldon I969, Hurlbert I97I). H' is relatively inde- 
pendent of sample size, but S, and hence log S and Hm are strongly 
influenced by sample size. There is no area-independent number of species 
in a community that may be used as a comparison. S, log S, and Hm will 
change both more-rapidly than H' with change in sample size, and more 
slowly than H' but in parallel with H' as equitability increases for samples 
of constant size. For standard samples of geometric or lognormal form E, 
I, and J are functions of H'; they increase with increasing equitability but 
may offer no information on equitability beyond that expressed in H'. 
As sample size for the same importance distribution is varied, E, E and J 
will vary, but interpretation of the variation as change in equitability will 
be in error. J, which has no biological standard of comparison, seems a 
rather unrevealing number. For samples that should be compared with the 
MacArthur distribution e is still useful (Goulden I966, I969, Deevey 
I969). In this use e expresses not over-all evenness of importance values 
through the whole sequence (as H' does), but degree of departure of that 
sequence from the MacArthur form, departure usually in the direction of 
stronger dominance and geometric or lognormal form. The greater the 
departure the more the value of e will be influenced by sample size as well 
as that departure. Other tests of goodness of fit to the MacArthur distri- 
bution are used by Hairston (I959), King (I964), and Kohn (I968). 
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One regrets the limitations of these ingenious efforts to obtain a second 
slope measure from H'. The reason for the effort may lie in the popularity 
of H' as a measurement for the inference of diversity; it has not been 
sufficiently emphasized that H' is itself an equitability measure. Some 
authors have gone beyond use of H' as the best equitability measure for 
inferring relative diversity, to try to solve the problem of biological inter- 
pretation of diversity by the simple postulation that H' is diversity. From 
this identification of diversity with a particular index of mixed meaning 
an unforeseen line leads to Hurlbert's (1971) conclusion that, since diversity 
can be identified with any of a number of indices, diversity per se does 
not exist. 

For the measurement of alpha diversity relations I suggest, first, use of 
a direct diversity expression, S, as a basic measurement whenever possible, 
second, accompaniment of this by a suitable slope expression when the data 
permit. For vascular plants and other samples involving strong dominance 
S and C or V C may be the most effective combination, for many kinds of 
samples S and H' or E, may be desired, and when the MacArthur form is 
in question E or one of the other tests of fit is of interest in combination 
with S, H', or E,. 

HABITATS AND BETA DIVERSITY 

The environment of a species, as characterized primarily by physical 
and chemical qualities rather than position within a community, is the 
species' habitat. The habitats occupied by species in a given landscape 
intergrade along environmental gradients, and we can use these gradients 
as axes of a quite different kind of abstract space, a habitat hyperspace 
(Goodall 1963, Whittaker 1967, 1969, Whittaker & Levin I972). The 
qualities of environments in a landscape are many. It simplifies treatment 
to abstract from the many factor-gradients a few major directions of envi- 
ronmental variation, complex-gradients along which many particular fac- 
tors vary together. The habitat hyperspace for a landscape may thus be 
reduced to a manageable two to four or five axes, which may include such 
variables as elevation, moisture conditions as influenced by topographic 
position, soil fertility, and severity of disturbance. For each of these axes 
a species has a range of tolerance, a span of environmental conditions over 
which it is able to maintain a population in interaction with other species. 
The limits of these ranges outline in the hyperspace a hypervolume, as an 
abstract formulation of the species' habitat (Whittaker & Levin I972, cf. 
Hutchinson 1957). 

Extensive work in gradient analysis has dealt with the manner in which 
species populations relate to environmental complex-gradients (Whittaker 
I956, 1967, I970c). In general (a) each species has a bell-shaped distri- 
bution of binomial or Gaussian form, and (b) the modes or centers of these 
distributions are scattered along the gradient, while (c) in most cases the 
curves overlap broadly with one another, so that (d) the many species 
together form a population continuum, a community-gradient or coenoc- 
line (Fig. 4). The scattering of species centers along the gradient is of 
particular interest for it suggests that, even as species evolve toward dif- 
ference of niche in a community as implied by the principle of Gause, they 
evolve also toward difference of habitat by which competition between 
them in their distributional centers is reduced. One expression of the result 
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FIG. 4. Species distribu- 
tions and community con- 
tinuity along environ- 
mental gradients. Densi- 
ties (or other importance 
values) of species form 
overlapping bell-shaped 
curves; the centers or 
modes of these curves are 
scattered rather than 
clustered along the gra- 
dient. Communities in- 
tergrade continuously 
along the gradient to 
form a "coenocline."The 
three coenoclines illus- 
trated are from simulat- 
ed data (Gauch&Whitt- 
aker 1971); with alpha 
and beta diversity dou- 
bling from thetopto the 
middle and from the 
middle to the bottom 
coenoclines. The patterns 
of species distributions 
in these simulated coe- 
noclines fit those of 
actual data as given by 
Whittaker (i956, I960, 
Whittaker & Niering 
1964, I968). 

is the principle of species individuality (Ramensky 1924, Gleason 1926): 
Each species is distributed according to its own physiological and life-cycle 
characteristics and ways of relating to environment (including other 
species); in general no two species have the same distribution. The fact 
species distributions much more commonly overlap broadly than exclude 
one another (Whittaker I956, 1962, Terborgh 1971) implies that where 
these overlapping species meet they occupy niches at least partly different. 
The coenocline as a continuum of populations with scattered centers is a 
consequence of evolution of both niche and habitat difference among the 
species of a landscape (Whittaker I965, 1969, 9I70c). As additional species 
enter a landscape, they may fit into positions along particular coenoclines 
by location of their centers between those of species already present 
(Whittaker I969, I970a). 

Species distributional relations to one another in the landscape can be re- 
presented by species ordination in relation to the habitat hyperspace 
(Whittaker 1967). Fig. 5 represents the population centers and distributions 
of seven major tree species in relation to the range of habitats in the Great 
Smoky Mountains (Whittaker I956); a number of other techniques of species 
ordination have been described (Bray & Curtis I957, Dagnelie 1960, Loucks 
1962, Whittaker I967, Green I97I, James I971). For the distributional rela- 
tions of species in habitat space two measures are of interest, to express 
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FIG. 5. A community pattern, with distributions of major tree species superimposed. 
Vegetation samples from the Great Smoky Mountains were plotted on the chart in rela- 
tion to elevation and topographic position, and the boundaries of major types of com- 
munities were outlined (Whittaker I956). Locations of the boundaries of these types are 

largely arbitrary, for the whole pattern forms a continuum of intergrading communities. 

Populations of seven major tree species are outlined: I Aesculus octandra, 2 Fagus gran- 
difolia, 3 Tsuga canadensis, 4 Quercus alba, 5 Quercus prinus, 6 Pinus virginiana, and 7 
Pinus pungens. Each population forms a binomial solid or "hill", with a center of maximum 
density at the circled number and lower densities (I ?lo and 5?/o of stems in forest stands) 
outlined by the two contour lines. A transect, measuring species populations along an 
environmental gradient either vertically or horizontally across the pattern, gives a coeno- 
cline of apparently Gaussian species distributions like those of Fig. 4 (Whittaker I956). 
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widths or amplitudes and degrees of overlap. Habitat width can be measured 
as a dispersion when data are adequate for species distributed along a par- 
ticular gradient (McNaughton & Wolf I970); but habitat breadth is often 
more easily measured by analogs of the Shannon-Wiener equitability index, 

M I i M 
B' = - X pj log pj, and of the reciprocal of the Simpson index, B = : pj2, 

j= j = 
in which pj is now the relative importance of a species in a given sample j 
as a decimal fraction of its total importance values in M samples, X pj = I.0 
(Levins 1968, Price 1971, Colwell & Futuyma I97I). The simplest overlap 
measures are species association (considering presence and absence in samples 
only) as an analog of the Jaccard or Sorensen index indices given below, 
"percentage co-occurrence," SA = 2Mc/(Mh + Mi) (Agrell I945, Iversen 
I954, Whittaker & Fairbanks I958), and species correlation (comparing 
species importance values in samples) as an analog of percentage similarity, 

M M 

SC = min (phj, pij) = I -0.5 ph -p 

j1= j1= 

(Whittaker & Fairbanks I958, Schoener 1970, Price I971, Colwell & Futuy- 
ma I97I). (Mh and Mi are the numbers of samples in which species h and i, 
respectively, occur and Mc the number in which both occur; phj and pij are 
importance values for species h and i in sample j when relativized as for the 
measures B and B'.) Point and rank correlation coefficients and a number 
of other measures can also be used (Goodall I972, see also Levins 1968, 
Fienberg I970, Colwell & Futuyma I97I), but some of these are more com- 
plex than the quality of community data is likely to justify. These measures 
when applied to habitat width and overlap, though they are sometimes 
termed "niche" measurements, should be clearly distinguished from niche 
measurements that express intracommunity relationships. Schoener (I970) 
and Price (1971) have applied measurements of the forms given to com- 
binations of niche and habitat factors, thereby using them to express "eco- 
tope" relations as these are considered below. 

As additional species are packed into a coenocline, competition among 
species tends to narrow their distributions along the gradient. As species 
distributions become narrower, the extent of change in species composition 
of communities along the coenocline increases (Fig. 4). This extent of species 
replacement or biotic change along environmental gradients is beta or be- 
tween-habitat diversity. To the habitat hyperspace there corresponds a 
community pattern or hyperspace, the axes of which are gradients of com- 
munity composition or coenoclines (Whittakker I956, I967). One of the 
products of an indirect ordination of community samples should be a re- 
presentation of such a compositional or community hyperspace. An ordina- 
tion of species, rather than samples, generally reveals the scattering of 
their positions in habitat or community hyperspace (Whittaker 1967). Spe- 
cies, through evolutionary time, are added to the biota of the landscape, and 
each species fits itself into a habitat - and a corresponding hypervolume in 
the habitat hyperspace and central position in the community hyperspace - 
different from those of other species. Thus beta diversity may increase with 
time along each of the major axes of the community hyperspace. The com- 
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munity hyperspace may be conceived to "grow" by the addition of species 
and extension of the compositional lengths of its axes. Like alpha diversity, 
the community pattern of a landscape is an evolutionary product that tends 
by addition of species further to complicate itself in evolutionary time. 

Richness in species of a range of habitats (a landscape, a geographic area, 
an island) is a gamma diversity and is consequent on the alpha diversity of 
the individual communities and the range of differentiation or beta diversity 
among them. We may, once more, employ the hyperspace formulation. If 
we combine the set of axes of the niche hyperspace with the set of axes for 
the habitat hyperspace (and axes for succession and disturbance that we may 
or may not wish to include among the latter), we derive a compound hyper- 
space (Whittaker 1969). The axes of this (niche + habitat + succession) 
hyperspace are now assumed to include all the ecological variables to which 
species in the landscape respond in their evolution. There is no established 
name for this compound hyperspace; we may refer to it here as the "ecotope 
hyperspace." A given species has its place in this hyperspace, set by the 
limits of its population tolerances in the face of interaction with other 
species, along those axes that affect its population. This place is its ecotope 
hypervolume as an abstract formulation of its place in a landscape of com- 
munities and species, its relation to the full range of habitat and niche fac- 
tors affecting it (Whittaker & Levin 1972). The habitat + niche, as the 
species' position in (and response to) the landscape and its community, we 
may call "ecotope." The abstract ecotope hypervolume largely corresponds 
to the "fundamental niche" of Hutchinson (I957, 1965, Whittaker & Levin 
I972). 

The concept of "niche" should be kept in clear distinction from "funda- 
mental niche" and "ecotope hypervolume." "Niche" and "habitat" are, like 
"diversity" and "equitability," a complementary pair of terms representing 
complementary concepts. In both cases confusion has resulted from appro- 
priation of one of the terms to denote the combination of the two concepts. 
The concept of "niche" has its functional "place" in community theory, its 
"role" in interpretation of species evolution in communities. Confusion 
results from a sequence of changes in usage in which, first, the term "fun- 
damental niche" for Hutchinson's abstract formulation is applied to the 
actual ecotopes of species, second the qualification "fundamental" is dropped 
so that niche + habitat is now termed "niche," and third intracommunity 
factors are left out of active consideration, so that in some cases "niche" is 
used as a term for habitat and "niche breadth" for habitat width. I intend no 
detraction from the incisiveness of Hutchinson's concept that is, along with 
work in gradient analysis, a source of the formulation offered here. As ob- 
served by Clarke (I954) separate terms are needed for the functional niche 
of Elton (I927) and Gause (I934) and the place niche or habitat-niche of 
later writings of Grinnell (1928) and as formulated by Hutchinson. For 
clarity "niche" should apply to a species' position in the community. The 
species' habitat + niche may be given abstract formulation as its "ecotope 
hypervolume"; and habitat + niche may be termed "ecotope" in application 
to actual relations of a species population to both environmental gradients 
and other species in communities in the field (Whittaker & Levin I972). 

The present formulation can be completed in terms of the ecotope hyper- 
space. The hyperspace may be conceived as an arena in which the species of 
a geographic area evolve in relation to one another. Under the influence of 
selection species move in the hyperspace; their movements are maneuvers 
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toward positions in the hyperspace that differ from those of other species in 
both niche and habitat factors (Whittaker I969). If we might, in our view 
of the hyperspace, hold constant the niche axes and observe the relations of 
species and communities to habitat axes, we would observe the individualis- 
tic scattering of species in relation to habitats, their varied habitat widths 
and degrees of overlap, the community continua formed, the degrees of beta 
differentiation along these, and the the pattern of communities in relation 
to environmental gradients. If we held constant the habitat axes we would 
observe niche differentiation and importance-value relations, alpha diver- 
sity and equitability, and the community as a system of interacting species. 
I hope thus to justify the abstract course of this article through more than 
one hyperspace. The conception links together, as connected by common 
evolutionary roots in selection toward divergent uses of resources and re- 
duction of competition, various properties of species and communities, re- 
search results from diversity studies and gradient analysis (Whittaker I967, 
1969, I97oc). 

MEASUREMENT OF BETA AND GAMMA DIVERSITY 

Gamma samples are usually alpha samples combined from several com- 
munities, or lists of species for geographic units, or non-areal samples (such 
as those of light traps) drawing species from a number of communities. Since 
gamma samples have the same dimensional characteristics (numbers of spe- 
cies, relative importance values) as alpha samples, the same measurements 
of diversity and slope are appropriate. The most extensive current research 
on gamma relationships uses numbers of species in areas (e.g. islands) as a 
diversity measure; for the non-areal samples a slope measure such as H' or 
Ec is appropriate. 

Beta diversities, in contrast, are of different dimensional character; they 
are based on ratios or differences. For different research purposes such ratios 
or differences are to be measured either along particular coenoclines, or for 
sets of samples differing from one another along several axes of habitat or 
community hyperspace. A number of approaches are, however, possible 
(Whittaker 1960). 

The essential relationship is most simple fi =y/a. A generally appropri- 
ate measure is consequently, BD = Sc/S, in which Sc is the number of species 
in a composite sample (combining a number of alpha samples), and S the 
mean number of species in the alpha samples. An analogous measure based 
on H' and comparing Hc' for a composite sample with the mean H' for alpha 
samples, H'c/H', is subject-to the damping effect of a ratio of logarithms. 
For non-areal samples a ratio of equitabilities as antilogs, 

BD' = exp H'c/exp H', or BDc =Edcc/c, 

in which Ecc is calculated for the composite sample, is suggested. It is pos- 
sible also to approach the measure as the ratio of the habitat range of 
the set of samples to the average habitat amplitudes of species in samples 
of the set, BD = Mn/AM, in which Mn is the number of samples in the 
set, and M. is the number of these samples in which particular species occur, 
averaged for all species. The calculation is converse to that of BD = Sc/S 
and will give the same result. These measures are somewhat affected by 
sample size, but seem otherwise suitable in relation to the criteria given 
above. The units in which they express beta differentiation are full changes 
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in, or turnovers of, species composition. Identical samples (if such existed) 
would give BD = I, two samples completely different in species composi- 
tion a value of 2.0, etc. Since a single sample may be considered to have 
zero beta differentiation, it is appropriate to modify BD, BD' and BDc as 
the ratios given minus I.0. 

A second set of possible expressions are based on measurement of relative 
similarity of samples. Three principal indexes of sample similarity are in 
use: (a) Coefficient of community, 

CC = S,/(S; + Sk-Ss) (Jaccard I902), or CC = 2S/I(Si + Sk) (S0rensen 1948), 

in which S8 is the number of species shared by two samples, Sj is the number 
in the first and Sk the number in the second sample. (b) Percentage similarity, 

s s 

PS = min (pij, pik) = - 0.5 puJ-pik (Renkonen 1938, Whittaker I952), 

i=l i =1 

s 

or PS = 2 E min (n, nik) I (Nj + Nk) (Bray & Curtis I957), 

i=l 

in which pij and pik are relative and nij and nik unrelativized importance 
values, for a given species in samples j and k with total unrelativized im- 
portance values of Nj and Nk. (c) Euclidean distance, 

ED = V Z (nu - nik), (Orloci I966). 

Euclidean distance, though it is part of some current ordination techniques, 
has properties that do not recommend it for diversity studies (Gauch & 
Whittaker 1972). A number of more complex measures have been proposed 
(Dagnelie I960, Whittaker 1967, Goodall 1972). MacArthur (I965, MacAr- 
thur et al. 1966, MacArthur & Wilson 1967) has used a measure of bird 
species difference based on H', BSD = H' - (Hj' + Hk')/2, in which H' is 
computed for the two samples combined, Hj' and Hk' for the samples sepa- 
rately. BSD has served well as one of several measurements based on H' ap- 
plied to bird communities, but is much more difficult to compute than CC 
and PS and is affected by its logarithmic scale. CC expresses the degree to 
which two samples are alike in species present, PS the degree to which they 
are alike in the quantitative proportions of their species. CC (Sorensen 
form) may be the more appropriate for diversity measurement, and the 
mean CC for samples of a set compared with one another in all possible 
directions is one expression their relative dissimilarity, or beta differentia- 
tion (cf. Koch I957). 

There are difficulties with such measurement. It is not the mean CC but 
its one complement that expresses relative dissimilarity. CC should not, how- 
ever, be subtracted from I.0 but from the smaller fraction that represents 
CC for comparison of replicate samples from the same community. This 
"internal association" or threshold dissimilarity, CCo, ranges often between 
70 and 90 per cent, and is not known for a given kind of sample until 
measured. It decreases with increasing alpha diversity and decreasing sam- 
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pie size (Whittaker 1952). The difference, CC0 - CC, bears a curvilinear re- 
lation to distance along a complex-gradient or coenocline (Gauch 1972). 

Furthermore, the mean CC will be affected by sample density in the com- 
munity pattern - the number of samples taken from a given range of com- 
munity variation with environment. 

These points make difficult use of sample similarities for expression of beta 
diversity in sets of samples having multidirectional relationships to one 
another. Sample similarities can, however, be used to measure beta diversity 
as degree of change in species composition along a particular coenocline (Fig. 
6). Mean sample similarities are computed for different unit distances along 
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FIG. 6. Measurement in half-changes of the beta diversity of a coenocline. Mean similarities 
of community samples decrease with increasing separation along a topographic moisture 
gradient. The upper curve (squares) is for coefficients of community, the lower (circles) for 
percentage similarities, for a transect of the topographic moisture gradient, 600-goo m 
elevation belt, Siskiyou Mountains, Oregon (Whittaker 1960). The fitted lines permit 
calculation of degree of turnover of species populations along the gradient in half-change 
units; the arrows indicate points at which sample similarity is reduced to o50/0 of control 
(for comparison of replicate samples). Half-change values for the coenocline are 1.59 
using percentage similarity, 1.47 using coefficient of community. 

the complex-gradient (for example, different numbers of 100 m elevation 
intervals apart). A semilog plot of these sample similarities against distance 
along the gradient permits extrapolation of the first part of the resulting 
curve to zero distance, to estimate CCo, and to the full length of the gradient 
studied, to give an estimate of CCn. (Because of the curvilinear relation of 
CC to sample separation and the limited significance of very low values 
(Gauch I972), this estimate is preferred to the actual value for the ex- 
treme samples.) A beta diversity expression is then, in "half-changes" f = 

(logCCo-logCCn)/log 2, CCn = CCo (o.5)/. The technique has been applied, 
using PS, by Whittaker (1960) and Whittaker & Niering (I965, I968); when 
the S0rensen CC is used the result expresses beta diversity along an environ- 
mental gradient in terms of half-units of species turnover. The measure seems 
appropriate by the criteria given; in use with vegetation transects it is 
reasonably, though not wholly, independent of sample size, and dispersions 
of repeated measurements are not large if sufficient numbers of samples 
are used and similarity measurements averaged. Different half-change values 
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are obtained for the different strata of the same communities; this fact re- 
flects the relative independence of diversity relations of different strata and 
taxocenes (Fig. 7), rather than limitations of the technique. 

Measures of the same form as those given for beta diversity are appro- 
priate on other levels of community differentiation than that in relation to 
topography, elevation, and soils of a given landscape or limited geographic 
area. MacArthur (1969) shows that the ratios of species numbers for tropical 
and temperate faunas from corresponding areas increase as the areas are 
expanded, implying greater geographic, as distinguished from topographic, 
differentiation of tropical communities. Cody (1970) used BSD to compare 
Chilean bird samples and found that topographic beta diversity is lower 
than in the United States, but that geographic differentiation is about the 
same. Measurement of differentiation may also be extended downward to 
intracommunity pattern. Pielou (i966a) suggests as a measure of pattern 
diversity, D = H (n)/E[H(n)], in which H(n) is the mean Brillouin measure 
for a set of local subsamples and E [H(n)] is the expected measure for the 
community as a whole. Pielou defines as low pattern diversity marked seg- 
regation of species and differentiation of subsamples, the reverse of the def- 
inition that seems appropriate for intracommunity patterning as an aspect 
of niche differentiation among species. As appropriate measures of pattern 
diversity, 

DP = (S/S) - i, DP' = (exp H'c/exp H') - I, and DPe = (EccEc) - I, 

are suggested, applied to small quadrats or subsamples within the commu- 
nity. These indices (like other measures of intracommunity pattern) are 
strongly affected by the size of the subsamples. 

DIVERSITY AND ENVIRONMENT 

As a final question, to what knowledge have diversity measurements led? 
I shall limit myself to terrestrial plant communities and certain comparisons 
because of the extent of the literature and discussions by other participants 
in the symposium. As a general statement: Alpha diversity of terrestrial 
plant communities seems a resultant of the combined influences of: - non- 
extreme conditions, stable conditions, evolutionary and successional time, 
and the kind of community developed in that time. 

Environmental Favorableness 

It is a natural first guess that alpha diversity and primary productivity 
should vary in parallel as community expressions of environmental "favor- 
ableness." However, different observers have suggested both direct (Connell 
& Orias 1964, MacArthur 1969) and inverse (Grice & Hart 1962, Margalef 
1969, Whiteside 1970) correlations of diversity and productivity. It is likely 
that for land plant communities in general, over a broad range of environ- 
ments, these two dimensions are non-correlated (Whittaker 1965, 1969). 

Considered apart from productivity, diversities bear no simple relation 
to what we might regard as environmental "favorableness." In some areas 
maximum diversities are in most mesophytic communities (Ilvessalo 1922, 
Ogawa et al. I961, I965, Daubenmire & Daubenmire 1968, Carbiener I970). 
In the Great Smoky Mountains maximum vascular plant diversity (and 
foliage insect diversity) is in the intermediate ranges of topographic moisture 
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FIG. 7. Species diversity of four taxocenes in the Great Smoky Mountains (data of 
Whittaker I952, I965). Contours outline numbers of tree, shrub and summer herb species 
in o.I ha quadrats, and alpha indexes for sweep samples of summer foliage insects. 

gradients (Fig. 7, Whittaker I956, I952, cf. Curtis 1959, Monk I965, I967, 
Auclair & Goff I971). In Washington diversities increase with increasing 
elevation and moisture from grasslands into the lower forests (Daubenmire 
1970), whereas in the Santa Catalina Mountains, Arizona, plant diversities 
increase with decreasing elevation and increasing drought, from forest 
through woodland and grassland to the less extreme deserts (Whittaker & 
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Niering 1965). In many cases diversities increase with increasing soil fertility 
and (apart from saline soils) pH (Dahl I957, Loucks 1962, Monk I965, I967, 
Frydman & Whittaker 1968, Prusinkiewicz I970). Maarel & Leertouwer 
(I967), however, observed maximum diversity of dune vegetation at inter- 
mediate pH values (see also Thalen I97I). Diversity is in some cases higher 
on serpentine soils with their peculiar chemical characteristics, than on near- 
by non-serpentine soils (Whittaker 1954, 1960, McNaughton 1968). Diversi- 
ty is generally reduced by chronic environmental stress on the community 
-overgrazing (Itow 1963), air pollution (Gordon & Gorham 1963, Skye 
1968, Gilbert 1968, Hadjuk 1970), and gamma irradiation (Woodwell 1967, 
1970, Woodwell & Whittaker 1968) -, but, as observed above, light or mod- 
erate grazing may increase diversity (Harper 1969). 

Extreme conditions, however, act as a filter, demanding adaptations for 
which not all genetic lines have the potentiality, limiting the number of 
species that are able to cope with a harsh environment and survive there. 
As we should expect, diversities of vascular plants are low in extreme de- 
serts, the high Arctic and Alpine, and on the salt soils of playas, salt-marshes, 
and mangrove swamps. Apart from extreme desert, the effect of drought 
on diversity is less marked than that of cold. Some warm and dry environ- 
ments are rich in species; and it seems likely that cold, through physiological 
stress that must be complex but should include tissue freezing and more pro- 
found alterations of enzymatic and other function than those required for 
a warm dry season, exerts a major filtering effect on vascular plant diversi- 
ty. The nature of the cold period differs between the seasonal cold of the 
Arctic and temperate Alpine and the nocturnal cold of the tropical Alpine, 
but the correlation of diversity with temperature is strong. In relation to 
temperature and other factors, however, it is difficult to distinguish the 
effects on diversity of three aspects of environmental rigor: (a) average con- 
ditions and chronic environmental hardship or rigor or shortage, (b) the 
relative amplitudes of regular environmental fluctuation, and (c) irregu- 
larity of fluctuation, environmental unpredictableness. 

Instability 
A number of observations suggest the strong effects of environmental 

instability, grouping together in this (b) and (c). The master gradient of 
diversity from the lowland Tropics to high latitudes and altitudes on land 
may be more a matter of extreme temperatures and their duration than of 
mean temperatures. The response of diversity to stability 'seems clearer in 
the increase in benthic diversity with increasing depth in the oceans (Sanders 
1968, 1969, Hessler & Sanders 1967, Slobodkin & Sanders 1969). 

Stability may act in large part through its effect on dependableness of 
resources. If fluctuation in resource levels is imposed on a resource gradient 
such as illustrated in Fig. I, two effects will be expected. First, species occu- 
pying extremes of resource gradients, corners of the niche hyperspace, can 
no longer survive. Fluctuation has thus the effect of reducing the "size" of 
the niche hyperspace (Fig. 8). Second, species that have found positions along 
a resource gradient between other species may be subject to a periodically 
intensified competitive squeeze, against which the more vulnerable are not 
able to maintain their populations. Fluctuation thus limits the species pack- 
ing, the number of species able to differentiate themselves in use of the gra- 
dient; the relation is given more formal discussion by MacArthur (I970, 
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MacArthur & Levins I967). Fluctuation reduces both the lengths of niche 
axes that may be feasibly occupied, and the feasible extent of division of 
these axes among species. 

Periodic resource shortage has further effects involving relations between 
trophic levels. Reliability throughout the year of prey species as resources 
permits increased survival and differentiation of predator species; and, as 
indicated above, the increased intensity and variety of control effects ex- 
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FIG. 8. Effect of environmental instability on the populations of species along a resource 
gradient. Contraction of resource availability by environmental fluctuation is indicated 
by the arrow and dashed line of the upper part of the figure. In the unstable environ) 
ment species 7 and 8 are unable to maintain themselves, the latter because of resource failure 
and the former because of intensified competition with species 3 and 4 during the adverse 
period. 

erted by the predators permits increased diversification of prey species. The 
more fluctuant the environment, the more this positive feed-back in diver- 
sity evolution between trophic levels may be limited by periodic failure of 
prey resources for the predators. The formulation should apply to other in- 
teracting groups: to plants and their consumers, to both plants and animals 
in relation to parasites and pathogens, and to plants in relation to pollinators 
and fungal symbionts. If, for example, the equable conditions of a tropical 
rainforest make possible survival of a larger number of species of mycor- 
rhizal fungi, then these offer an increasing range of collaborative possibili- 
ties to vascular plants and their seedlings and an increasing differentiation 
of the forest-floor pattern in terms of fungal species present, while increasing 
diversity of vascular plant species and chemistry of their roots and decaying 
foliage offers an increasing range of possibilities to the fungal species. It 
thus appears that environmental instability, as it acts upon the feasibility of 
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marginal niches, competitive effects on niche packing, and implications of 
interactions for niche differentiation, is a major factor limiting species di- 
versity. Instability acts to limit what is, by the formulation of this paper, 
the essential mode of evolutionary increase in alpha diversity - reciprocally 
influenced, self-augmenting increase in the range, complexity, and density 
of occupation by species of the niche hyperspace. 

We may pursue the relation further in relation to two rich communities, 
the tropical rainforest and the Sonoran desert. It is in the tropical rainforest 
in its warm, humid, and equable climate that we find diversity to be highest 
on land (Dobzhansky 195o, Cain & Castro 1959, Richards 1952, Fischer 
1960, Pianka I966, Ashton I969, Baker I970). Among plants the diversity 
appears not only in the wealth of tree species, but in the occupation of special 
niches (such as those of the many vascular epiphytes and micro-epiphytes 
of leaves), representation of groups largely intolerant of more rigorous en- 
vironments (rosette trees, lianas, and the vascular epiphytes), difference in 
mode of flowering and fruiting between the seasonal pulse of major species 
and more continuous staggering through the year of others (Janzen I967b, 
Smythe I970), and narrow specificities of biotic relations. Appropriateness 
of the niche concept for tropical rainforest trees has been doubted (Poore 
1964, Fedorov 1966, Richards I969), for it is difficult to conceive of differ- 
entiation in primarily non-biotic niche dimensions, such as vertical height, 
seasonal time, and soil depth and nutrient selection, that could account for 
the extent to which numbers of species in tropical forests exceed those in 
temperate forests. The dimensions of niche differentiation responsible for 
the contrast must be biotic, involving the relations of plants to other or- 
ganisms (Ashton 1969). The species are of narrow morphological variability 
(Ashton 1969) and environmental tolerance (Janzen I967a, Ashton I969) 
including, probably, sensitivity to the complex internal pattern of niche loci 
available for plant seedlings (Whittaker 1969). Janzen (1970) has stressed 
as an aspect of this patterning the effect of the consumer species of a given 
tree species in preventing seedling growth beneath trees of that species. The 
effect may well be important in its context among the full range of interac- 
tions of the trees with other species, including effects through litter, soil 
chemistry, and mycorrhizal species on the environments of one anothers' 
seedlings. The enigma of the diversity of the tropical rainforest should be 
expected to open itself to no single key, and may be enigmatic to the extent 
we have yet to comprehend the full implications of biotic differentiation 
and interaction, the complexity of niche hyperspace that is feasible and has 
evolved in these forests. 

In relation to this, the Sonoran desert is a paradox, as much so as the 
plankton (Hutchinson I96I). The environment is (a) chronically arid or 
semiarid, as expressed in its low mean annual precipitation, (b) widely fluc- 
tuant, with winter and summer rainy seasons and intervening periods of 
2-4 months with little or no rain, and (c), unstable, with the precipitation 
during the rainy seasons varying widely from year to year, as expressed in 
a much higher coefficient of variation of annual precipitation than in the 
eastern forests (McDonald I956, Whittaker & Niering I965). Yet the pe- 
rennial vascular plant diversity of the Sonoran desert of mountain slopes is 
higher than that of all but a few of the eastern forests, and on this diversity 
of perennials is superimposed a number of annual species several times larger 
in a given sample than in the eastern forests (Whittaker I965, Whittaker & 
Niering I965). One notes two kinds of adaptive calculus in relation to the 
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unstable climate. The perennials include a wide range of different growth- 
forms adapted to different timings and degrees of leaf persistence, supple- 
mentation or replacement of leaf by stem photosynthesis, means of water 
storage and reduction of aboveground surface - a diversity of ways of in- 
tegrating year-around the unreliable precipitation resources. The annuals, 
in contrast, appear irregularly; a given o.I ha quadrat may include 30-40 
species one spring, and 20-30 species, some of them uncollected the previous 
year, the following spring. Germination responses of desert annual species 
are acutely programmed to different environmental cues (Went 1949, Juhren 
et al. 1956, Cohen I966, 1967). By specificity of germination behavior prob- 
ability of survival is enhanced, but the species' appearance becomes irregular 
in response to year-to-year and place-to-place differences in environmental 
cues offered. The Sonoran desert includes some hundreds of annual plant 
species with differential responses to either the winter or the summer rainy 
season (Shreve 1964). 

One must thus compromise the generalization that environmental instabili- 
ty inhibits the evolution of diversity. Given warm temperatures, a climate 
that is arid but not excessively arid, and time, evolution of many species with 
different responses to climatic fluctuation is possible. In a climate that is 
chronically variable from year to year, predictably unpredictable, speciali- 
zation in response to that irregularity becomes a major means of niche dif- 
ferentiation. The Sonoran desert is rich on the basis of a niche hyperspace 
that differs from that of a rich forest in design, in the kinds and relative 
lengths of niche axes most significant in the evolution of species differentia- 
tion in the community. 

Time 

Diversity increases during many successions (Odum I960, 1969, Richards 
I952, Tagawa 1964, Margalef 1963, Monk I967, Reiners et al. 1970). In 
some successions, however, diversity decreases from a late successional stage 
to the climax (Cajander I925, Margalef 1969, Loucks I970, Auclair & Goff 
1971); such decrease may be characteristic of temperate forests of favorable 
environments, in which canopy closure and strong dominance in the climax 
suppress subordinate species that had occurred during succession. Reiners 
et al. (1970) followed changes in diversity and importance-value slope in 
far-northern forests in Alaska on glacial moraines of known age. Diversity 
increased rapidly during the first century and then more slowly, to an ap- 
parently stable maximum in a final muskeg stage. Diversity increased by a 
wave-like sequence of invasions by plants of the different strata, largely in 
order of increasing height. Diversity generally declined and dominance con- 
centration increased in a particular stratum after the early period of its wave, 
while the stratum dominated the community. Diversity increases and de- 
creases in different ways in different successions, and the decrease from 
subclimax to climax in some forests with closed canopies may contrast with 
continued increase into the climax in more open communities of incomplete 
coverage in less favorable environments (Auclair & Goff I97I). Auclair & 
Goff (1971) suggest a model describing diversity relations of terrestrial 
plant communities by such difference in successional change in diversity 
combined with relations of diversity to environmental gradients. 

It is difficult, since communities include species with long histories in 
other communities, to treat evolutionary time as a variable to which diver- 
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sity can be related. Even the land exposed by retreat of continental glaciers 
recently (some thousands of years ago) is occupied by communities whose 
species migrated in from other areas, in which those species had evolved 
niche differentiations that made possible the diversity of the new communi- 
ties. Some communities north of the limits of continental glaciation are 
poorer in species than comparable communities south of the glacial border, 
but the relation is not consistent. The effect of time seems clearest where 
communities of very distinctive soils, notably serpentines, may be compared 
in glaciated and unglaciated areas. The serpentine outcrops are for many 
plants islands; for species narrowly confined to serpentine cannot easily 
cross a considerable distance of normal soils between outcrops, and species 
not adapted to serpentine may be able to colonize an outcrop only in time, 
with evolution of serpentine ecotypes, if at all. Unglaciated serpentine moun- 
tains in the Klamath Region of northern California and southern Oregon 
support distinctive plant communities of high species diversity and very 
large numbers of narrowly endemic species that have accumulated on these 
land surfaces through millions of years (Whittaker I954, 1960, I96Ib). 
Glaciated serpentine mountains north from the Klamath Region in Washing- 
ton, in contrast, bear vegetation of much less floristic distinction from sur- 
rounding communities, largely lacking in narrowly endemic species, and 
of low species diversity (Kruckeberg i969a, I969b). The floras of both ser- 
pentine areas may be in equilibrium with the surrounding floras (as regards 
short-term plant invasion and succession), but time has permitted evolution 
of a far richer equilibrium in the unglaciated mountains. 

Diversity expresses both time and effects of environmental rigor and in- 
stability on the rates at which species are added to communities. As new 
species enter and find their niches in communities, some species already in 
these will become extinct. It is the accumulated difference in the rates of 
species addition and extinction, as both are affected by environmental 
severity, that should be expressed in difference of diversity observed in the 
present. If, however, the rate of species extinction increases as diversity in- 
creases, while the rate of species addition does not increase or increases more 
slowly, then extinction and addition may come eventually into balance and 
diversity into a steady state. The effect has been shown for island biotas 
(MacArthur & Wilson 1963, 1967, Simberloff & Wilson 1970, Diamond 
1969), and alpha diversities of bird communities on continents appear to 
approach a saturation level or maximum correlated with stratal structure 
(MacArthur I965, Cody 1966, 1968, Recher I969). The saturation appears 
to be relative, for alpha diversities of bird communities are somewhat higher 
in tropical than in temperate forests because the tropical forests include 
larger numbers of rare species and food habits unrepresented in temperate 
forests (Orians I969, Karr I97I). The observation suggests, however, the 
question: Does the saturation concept apply to land communities in general, 
or is their species diversity subject to indeterminate increase? 

The time scale for this question is different from that of the steady states 
studied for island faunas (MacArthur & Wilson 1967, Wilson 1969), for 
those steady states relate to a continental source of species that is normally 
treated as constant. In the occurrence of saturation, as in their importance- 
value relations, birds may be a rather special case. There are limits to the 
extent to which passerene birds can divide their niche hyperspace, major 
axes of which are vertical position and food kind and size, while still ob- 
taining resources sufficient for survival. No such limitation is apparent for 
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vascular plants, evolution of which has featured chemical coadaptation 
(Ehrlich & Raven I965, Janzen 1968, Whittaker 1969, Whittaker & Feeny 
1971) and elaboration of niche difference through more narrowly specific 
relationships with consumers, symbionts, and pollinators. The wide con- 
trasts in diversities of plant communities in similar environments on the same 
and different continents suggests that these communities are not saturated. 
It is likely that evolutionary increase in diversity is, for the vascular plants 
and the animals and fungi with which they interact, indeterminate, or sub- 
ject at least to no saturation limit that can be recognized in present com- 
munities (Whittaker I969, cf. Simpson 1969, Stehli et al. 1969). 

Dominance Structure 

Contrasts among present communities reflect in part effects of dominance 
structure on diversity. The diversities of the different strata of plant com- 
munities are partially independent of one another (Fig. 7, Whittaker I956, 
1969, Daubenmire & Daubenmire 1968, Auclair & Goff I971); they show 
in some cases inverse correlations. The effect of stratal relationships is marked 
in the diversity contrast of closed forests and open woodlands of drier en- 
vironments or special soils in the same areas (Whittaker 1960, Whittaker & 
Niering I965). The woodlands may offer more varied ground-level mosaics 
of shade and sun and soil characteristics than forests, in which light and soil 
conditions are strongly dominated by the trees. The range of undergrowth 
niches and number of undergrowth species is generally greater in a woodland, 
though the number of tree species may be higher in a forest. In temperate 
climates undergrowth species numbers generally exceed tree species numbers, 
and the woodlands are consequently in most cases richer in total vascular 
plant species. 

Implications of dominance for diversity go beyond such relationships 
involving stratal coverage, to effects of particular dominant species. Forests 
dominated by evergreen tree species average lower in species diversity than 
deciduous forests of the same canopy coverage in summer. Mean numbers 
of vascular plant species in sets of 5 samples of o. ha each were I 5 in ever- 
green vs. 41 in deciduous forests in the Great Smoky Mountains (Whittaker 
I969). In some communities strongly dominated by a given species, alle- 
lopathic effects strongly limit the diversity of the undergrowth and thereby 
of the community as a whole (Muller 1966, Whittaker i97ob). It would be 
gratifying if the diversities of plant communities could be well predicted 
from correlations with time and the three aspects of environmental rigor. 
The correlations may be of interest but poorly predictive, for diversity is 
much affected by characteristics, especially dominance structure, of the par- 
ticular communities that have evolved through the time available in the 
environments in question (Whittaker 1965, 1969). 

Beta Diversity 
Measurements are too few for extended comment on beta diversity relation- 

ships. In temperate-zone observations both alpha and beta diversities in- 
crease from maritime into continental climates (Whittaker 1960, Whittaker 
& Niering I965, see also the boreal forest data of Kujala I945 and LeRoi 
1967). The continental climate has the wider annual fluctuation of temper- 
ature, but the maritime precipitation is at its minimum during the growing 
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season. Summer drought may be the stress responsible for lower diversity 
in the temperate maritime climate. There is contrast in this respect between 
the two great centers of forest diversity for the United States - the Southern 
Appalachians and the Klamath Region (Whittaker I956, 1960, I96Ib). The 
Southern Appalachians, in a more continental climate, have forests rich in 
alpha and topographic beta diversity; and the high gamma diversity for 
the area reflects primarily these aspects of diversity. The Klamath Region, 
in a maritime climate, has forests which from the Sequoia belt inland are low 
to intermediate in alpha and topographic beta diversity. The richness of the 
area flora results not so much from richness of individual communities and 
local topographic patterns, as from differentiation of communities in rela- 
tion to steep climatic gradients and the remarkable mosaic of different par- 
ent materials (Whittaker 1960). 

Beta diversities, like alpha diversities, in some cases show relatively inde- 
pendent variation in different strata of plant communities (Whittaker 1956, 
1960). Low-elevation forests of the Great Smoky Mountains have compar- 
ably high beta diversities of the tree and herb stata; but at high elevations 
the low beta diversity of the tree stratum (strongly dominated by two species 
along the whole of the topographic moisture gradient) contrasts with the 
higher beta diversity of the undergrowth along the same gradient. The greater 
differentiation of the undergrowth than of the tree stratum in boreal forests 
is part of the basis of the Finnish approach to forest classification based on 
site-types distinguished primarily by undergrowth (Cajander 1949, Ilvessalo 
1922, Kujala I945). It is likely that forests show a broad trend of diversity 
relations (though complicated by other factors) from boreal forests with 
very low alpha and beta diversity of the tree stratum combined with some- 
what higher alpha and beta diversity of the undergrowth, to warm temperate 
forests with intermediate or moderately high alpha and beta diversities of 
both tree stratum and undergrowth. It seems likely that the trend, extra- 
polated from the latter, implies tropical forests with very high alpha and 
beta diversity of the tree stratum but lower alpha and beta diversity in the 
undergrowth - the reverse relation to that in boreal forests. 

The reasoning on evolution of diversity suggests that beta diversity for 
many groups should be higher in the lowland Tropics than in the Temperate 
Zone. There are suggestions that such is the case. MacArthur (i965, I969) 
found local beta diversity and geographic differentiation were higher in 
tropical than in temperate bird communities. Work of Janzen & Schoener 
(1968) suggests high beta diversity in tropical insects, to which should cor- 
respond high beta diversity in the plants on which they feed. Janzen (1967) 
observes that species evolved in stable tropical climates may be narrow in 
habitat tolerances and consequently sensitive to geographic barriers that 
temperate species could more easily cross. A striking illustration of the 
principle appears in the limitations of many lowland tree species in Borneo 
by river systems (Ashton 1969). In birds, because of the occurrence of rela- 
tive saturation of alpha diversity, alpha and beta diversity may show dif- 
ferent geographic relationships (MacArthur i965, I969, Cody I970). The 
observations available do not conflict with the expectation that in other 
groups alpha diversity, topographic beta diversity, and geographic differen- 
tiation of biotas should, as related evolutionary products, show largely par- 
allel variation in relation to differences in climate and history. 
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CONCLUSION 

The development of diversity theory in the past 5 years may have dis- 
appointed those who expected the construction in ecology of an area of neat, 
tight, rigorously formulated relationships as bases of prediction. To this 
statement the study of island biogeography (MacArthur & Wilson 1963, 
1967) is a partial exception. Dealing with problems made more manageable 
by treatment of islands as bounded units whose biotas relate to a constant 
source, MacArthur & Wilson (1967) create an impressive mathematical 
analysis the complexity of which is their effort to do justice to this some- 
what simplified case. Some biotas on continents, such as those of water bodies 
(Cairns et al. 1969), special parent-material outcrops (Whittaker 1960), 
caves (Culver I970), and mountain summits (Vuilleumier I970, Brown 
1971) are partly island-like. For these as for true islands (Hamilton et al. 
1963, Johnson et al. 1968) the study of diversity through correlations may 
be rewarding. More generally for continental biotas, however, the complex 
effects of time, aspects of environmental rigor, historic differences in availa- 
bility of species from adjacent areas, and effects of community structure on 
diversity may be only partly disentangled by correlations. Correlation anal- 
ysis serves as an aid to conceptual interpretation, but not as a basis of formal 
statement and deductive prediction. 

This is to emphasize the importance of the biological and evolutionary, 
as well as of the formal and mathematical, perspective in the interpretation 
of diversity. Formal treatment has contributed much to the field, and the 
concepts of Hutchinson and MacArthur in particular have been the basis on 
which many biological and evolutionary questions were effectively asked. 
Yet there remains much of interest in this, as in other areas of biology, that 
will resist formal treatment. The biological perspective applies especially to 
problems of measurement. There is some hazard, in applying complex mea- 
surements and mathematical treatments to community data, of obscuring 
rather than clarifying relationships. Simple and more direct measurements 
are in general to be preferred; biological clarity should be valued above 
mathematical elegance when these do not coincide. If diversity is recognized 
as an evolutionary product, it may cause no surprise that no single measure- 
ment serves all purposes. The problems of measurement of such other pro- 
ducts of evolution as intelligence, organic complexity, phylogenetic relation- 
ship, and organization may be noted. 

Understanding of diversity has advanced by a tripartite exchange among 
field research, biological interpretation, and formal statement, with con- 
cepts and measurements the means of exchange among the three. More than 
any other author Robert MacArthur has maintained a range of interest and 
inquiry through the three areas, in a balance that supported his singularly 
effective development of theory. I should like in consequence to end with a 
reference of respect beyond the usual ways of citation, to one who has made 
the study of diversity so much his own and contributed so much. 
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