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ABSTRACT: A recent development of considerable importance in the study of community
structure is the publication of Sugihara’s (1980) niche hierarchy model for resource
partitioning. This model assumes minimal community structure, and leads to the pre-
diction of a canonical log-normal abundance distribution of species within any
taxocene. I here present a theoretical argument which proposes that more than minimal
community structure will develop over evolutionary time in sufficiently stable envir-
onments. It 1s argued that individual species have a tendency to move towards
"optimal abundance". This process will result in abundance distributions with a
significantly lower value for ¢ than would be predicted by the niche hierarchy model.

Data from the literature and from some recent collections from temperate and
tropical forest communities support the theoretical considerations. The evenness
values of the distributions are significantly higher (lower o values), so that the
distributions are no longer canonical. Species abundance distributions from evolu-
tionarily old communities may still fit the log-normal or some other mathematically
described distribution, but such a fit is probably merely fortuitous, and has no
biological basis.

* * *

INTRODUCTION:

Recently, the main focus in the study of community structure has been on the
trophic interactions of natural communities, or the interactive dynamics of specific
groups of species (e.g. Caswell, 1976; May, 1981; Mound and Waloff, 1978; Paine, 1980).

Where assemblages of organisms within single trophic categories (e.g. guilds or
taxocenes) have been studied, the emphasis has been on the statistical methodology of
representation rather than on the biological relevance of the taxocene structure (e.g.
Bulmer, 1974; Kempton, 1979; Kempton, 1981; May, 1981). A concensus seems to be
shaping that the distribution of relative abundances of species from any one taxocene
does closely approach the log-normal (May, 1981; Pielou, 1975; Sugihara, 1980;
Taylor, 1978; Whittaker, 1975) although agreement is far from universal (Kempton,
1975; 1981). This general finding applies to all gross taxa examined so far. There
is, however, no concensus as to whether or not this log-normal distribution or any
other mathematically defined distribution has any biological significance (e.g. May,
1981).

In this paper I examine the arguments concerning the blological meaning of the
log-normal distribution, and present some data which seem to support the contention
that the species abundance distribution is an important indication of the evolutionary
state of the community.

SPECIES ABUNDANCE DISTRIBUTION

There is, of course, no reason to assume that a set of values extracted out of
nature will always be distributed according to some mathematically describable pat-
tern, However, when such a pattern does emerge, it is important to determine which
of three reasons lead to its appearance. First, it may be a rough approximation only,
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and the pattern is merely in our mind; in the case of abundance distributions many
collections fit the log-normal, the negative binomial or the log series equally well;
at least two of these "fits" must be completely fortuitous. Second, the pattern may
be a statistical property of the natural system being studied, in which case the
biological significance may be low. Third, the pattern may reveal the presence of
important biological phenomena. Only in the latter case will the study of changes in
the observed pattern be a really worthwhile biological activity - one which may tell
us something about the nature and dominance of the biological interactions at hand.
Preston (1948; 1962) introduced a format for representing species abundance
distribution which not only summarizes the data simply and clearly, but also allows
for easy analysis and comparison (see Fig. 1). He also concluded that, for birds and
moths at least, the distribution was log-normal. Other distributions have at times

80—

—8§ = NUMBER OF SPECIES PER ABUNDANCE CATEGORY

20
/
| /
/
re
TN
TrLvioIvsEgogEs
Iy T VY2 eoeRd o gd Y
‘D‘l‘mf)xg
—»N = ABUNDANCE PER SPECIES 2 §

Figure 1. Method of representing quantitative samples (after Preston, (1948). All
species are placed in a bar graph according to their abundance (when the species
falls on the border between two abundance categories it is scored half in each
category; singletons are scored as a half in the 1-2 category, the other half is
not scored, as it would be "lost" in the 1/2-1 category). To the left of the
"veil-line" there are no observations, as the species that should be there are so
rare that on the average the sample will not include them. For each doubling of
the sample size the veil line will shift one abundance category to the left.

Only for samples where the total number of species is large enough to obtain a
fairly "smooth" bargraph (at least 100) and where the sample size is large enough
to have the veil line well to the left of the mode (for moths, at least 4000
individuals) can a log-normal curve be fitted with confidence (Bliss, 1967;
Pielou, 1975).

This particular example represents the combined Perth Road collection of
66,484 specimens, consisting of 701 species. N = abundance of modal species;
So = the number of species at the mode of the dfstribution.
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been proposed, and some actual field collections appeared to fit the negative binomial
or log-series distributions better than the log-normal (Brian, 1953; Kempton and
Taylor, 1974), but a further analysis of existing data, and the collection of larger
data sets covering more taxa, have led to the general acceptance of the log-normal
distribution as the one which fits most existing data sets best (May, 1981; Pielou,
1975; Taylor, 1978; Whittaker, 1975), although there are, at times, compelling
practical reasons for the use of the log-series, especially for small samples (Taylor,
1978) and for samples from severely disturbed sites (Patrick, 1973; Kempton,

1981). Indeed, the fit of large samples of species rich communities is so close to a
truncated log-normal distribution, that the possiblity of a mere superficial likeness
must be rejected. :

This general conclusion is not at all surprising, as the determination of the
abundances of a large number of species within a community is governed by many in-
dependent factors, a situation which should be covered by the central limit theorem.
Thus, statistically speaking, a log-normal distribution is to be expected (Whittaker,
1972). 1t is, however, still an open question as to whether any biologically import-
ant conclusions can be extracted out of what may be no more than the result of a
probability function operating in a diverse system.

The log-normal distribution can be expressed (after Preston, 1948; 1962) as
follows:

2.2

S = §,-a’R (1)

(R)
where S 1is the number of species at the mode of the distribution (see Figure 1), R is
the loggrithm to base 2 of N/N , and a is an expression of the width, or of the slope
of the gaussian curve, defined®as follows:

a=1/(22 o) (2)

It must be clear from the above that the numerical relationships among the species
of a taxocene as encountered in a natural community are defined by S and a as long as
we assume a log-normal distribution of relative abundances. May (1996) develops this
point in more detail. If we assume (not necessarily correctly) that the truncated
left tail of the distribution also follows a log~normal distribution, the total number
of species of the taxocene under study, S*, can be calculated. S* is a measure of the
species richness of the taxocene,

The measure a is mathematically, if not biologically, independent of S*, and
represents the evenness or equitability of species abundances in the taxocene, Any
set of measures of species abundances within a defined group of organisms, therefore,
will provide us with two biological measures: the species richness (S*), and the
community evenness (g). The accuracy and reliability of these measures depends on 1)
the degree to which truncation has been eliminated (i.e. 1large sample size), 2) there
being enough species to produce a smooth approximation to a gaussian curve and 3) both
the time period and/or the space over which the collection is made being homogeneous.

MacArthur (1957) first attempted to arrive at some definable abundance distribu-
tion through an actual mechanism of resource partitioning among the constituent spe-
cies of a community (e.g. the broken stick model), but the resultant distributions do
not match reality well at all, A series of subsequent workers in the area have
introduced more biological realism into the mechanism of resource partitioning (e.g.
Bulmer, 1974). Some of these later models lead to a log-normal distribution. The
latest proposed model, which I will refer to as the ''niche hierarchy'" model (Sugihara,
1980), assumes sequential random breakage of a multidimensional "stick', and leads to
not only a log-normal distribution, but the particular one parameter family of log-
normal distributions which appears to coincide with most, if not all distributions
observed in nature.
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Preston (1948; 1962) already noted that the measure of the slope (a) of the
log-normal curve, was consistent among various communities, with a value of a = 0.2.
As a is a measure of the equitability or evenness of species abundance, it became a
matter of speculation that this constancy in value was of biological significance
(Hutchinson, 1953). May (1975; 1976) has pointed out that the relative constancy of
a could be merely a mathematical property of the log-normal distribution, based on a
general mathematical insensitivity to even fairly major structural differences in
biological community composition. Whereas May’s explanation will undoubtedly con-
tribute towards low variability in values of a, Sugihara’s explanation is much more
attractive, in that it is based not only on a biologically acceptable mechanism of
resource partitioning, it also says something of biological importance: 1if the value
of a falls within a certain range, the community which was sampled has "minimal
community structure" only. That is, the resources were partitioned according to a
random pattern, similar to a random breaking of a stick within a minimal set of rules.
Figure 2 is an adaptation of Sugihara’s figure, and shows that all reported abundance
distributions have evenness values (here represented by o) that fall within one
standard deviation of the value predicted by the niche hierarchy model of resource
partitioning,
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Figure 2. The relationship between the breadth (o) of the lognormal distribution
curve and the number of species (S) (after Sugihara, 1980), as predicted by the
niche hierarchy resource partitioning model. The solid line is the mean predic-
tion, the dotted lines are one standard deviation from the mean. Real-world
collections are represented by @ birds, x diatoms, and 0 moths. Only those
taxocenes with samples greater ‘than 100 species are represented. It is clear
from the figure that the Sugihara hypothesis is supported by all real-world
collections.

* * *

EVOLUTION OF COMMUNITY STRUCTURE

It is unsettling that all reported abundance distributions that have reliably
fitted log-normal curves (i.e. those based on taxocenes with more than 100 species)
have values indicating minimal community structure only. Such a situation leads to
the conclusion that once established, a community does not respond to the evolution-
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ary changes in the qualitative parameters of its constituent species or, put differ-
ently, that the numerical relationships of communities represent a stable, interac-
tive system, which does not change over time. If this were indeed true, it begs an
explanation. However, it is not necessarily true. Certainly, in the case of all
reported moth collections, the communities that were sampled were either naturally
young and/or disturbed. Clearly, a minimally disturbed community, in a naturally
rich and old region should be sampled and analysed in order to establish if community
evolution does take place, and how it affects community structure.

In developing a theoretical argument for some form of community evolution, one
would perhaps best start from a point of view directly derived from the niche-
hierarchy model of resource allocation, and assume that rare species are rare because
they have a narrowly defined resource base, whereas common species have a broad
resource base., This 1s an important implication, since the efficiency of resource
utilization is dependent on the resource component utilized. At very narrowly de-
fined resources, the suitable resource is so rare that much efficiency is lost due to
high search time investments. At the other end of the spectrum, very common species
rely on such a common set of resources that their resource utilization efficiency
suffers from having to depend on variable foraging methods, broad enzyme spectra, and
the like. Two opposing selective forces must at all times affect the fitness of
resource specificity (or niche breadth?), in much the same way as migratory and
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Figure 3. A two dimensional representation of an hypothetical resource spectrum,
aimed at defining some terms. Resource availability refers to the density of
useable resource of any one type. Resource breadth refers to the diversity of
resource types available to a taxocene, e.g. types of foliage or types of prey,
and how different they are. "A" indicates a high volume of a more or less
homogeneous resource; "B" indicates a part of the resource spectrum where the
availability is insufficient to provide a species with an adequate volume or
quantity of homogeneous resource.

* * *

congregatory behaviours are balanced in the A-model of Taylor and Taylor (1977,
1979), but at an evolutionary level rather than a behavioural one. This line of
argument would suggest the existence of something like an "optimal abundance": very
rare species tend to be under strong selection to broaden their resource base (re-
sulting in increased abundance), very common ones are under the opposite selective
pressure, namely to narrow their resource base (resulting in decreased abundance). A
variety of complicating factors will, undoubtedly prevent the existence of one single
optimal abundance for all species of one taxocene, the main one being the unevenness,
or "lumpiness" of the resource base: some relatively homogeneous resources can have
very high "volumes", whereas in other regions of the resource spectrum the
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availability may be very small (see Figure 3). Even if optimal abundances do exist,
one would not necessarily expect species to reach such values, as during the gradual
approach to optimality, the environment will change, partly independently of the
utilizing species, but partly as a direct result of competitive and exploitative
co-evolutionary interactions with other species.

All in all, however, one would expect the variance, or breadth of the distribu-
tion curve (e.g. o) to reduce over time (or a to increase). This would be
especially true in regions of predictable climate, where stable interactions and
reliable resources will allow fine evolutionary adaptations in the absence of major,
short term ecological fluctuations. The theory sketched out above, therefore, pre-
dicts values of o significantly lower than those predicted by the niche hierarchy
model for those communities that are old, in predictable environments, and un-
disturbed. A number of quantitative collections, falling within the above specifi-
cations have recently been made, and I willl deal with their analysis.

THE DATA BASE

My analysis is restricted to nocturnal macrolepidoptera, i.e. species belonging
to the following superfamilies (as used by Common, 1970): Geometroidea, Bombycoidea,
Sphingoidea, Notodontoidea, and Noctuoidea. This is a taxonomically arbitrary, but
ecologically meaningful assemblage as most species have phytophagous larvae, one or
two generations a year, and individual energy requirements of the same order of
magnitude. The group forms a taxocene in the traditional sense of the word
(Hutchinson, 1967). The collections were made in 1) a slightly disturbed forest
locality near Perth Road, 2) a somewhat more disturbed locality near Chaffey’s Locks,
and 3) an agricultural site near Glenburnie, all within 30 km of one another in
southeastern Ontario (for detailed data sets and collecting conditions, see Ward et
al., 1974). For comparison, additional data from disturbed sites were obtained from
the literature (Dirks, 1937; La France, 1968; Preston, 1948 and pers. comm.;
Williams, 1939). Some very recent collections were made in low montane tropical
rainforest in Papua New Guinea, one such a collection (Bulolo Gorge) is sufficiently
analysed to be included here. Unfortunately, the various collections referred to in
Table 1 were not all made with exactly the same collecting method. This may add a
hidden variable to the data, however, I do not believe this to be a serious problem.

RESULTS OF DATA ANALYSIS

For each of the collections available in sufficient quantitative detail, para-
meters of the distributions were estimated using the continuous approximation method
of Bliss (Bliss, 1967; Pielou, 1975). Although strictly speaking the Poisson log-
normal is more appropriate, the error introduced with large samples (with modal
abundance at least one octave to the right of the origin) is less serious. than with
smaller samples. Using the 1934 Rothamstead data, Bulmer (1975) found little dif-
ference between the grouped log-normal fitted by Bliss and the Poisson log-normal
fitted by maximum likelihood. Kempton and Taylor (1974) provide an example in which
the two methods gave discrepant results, but this was based on a small sample with
modal abundance hovering around the veil line.

All currently available moth data are summarized in Table 1, which gives the
number of species collected, the number of individuals in the sample, and the even-
ness parameters ¢ and a, as well as a habitat characterization for each collection.
The combined Perth Road collection is graphically represented in Figure 1.

O0f the Ward et al. (1974) collections, the one from the agricultural site falls
well within the range of evennness parameters of previously published collections.
Its value (3.30) is lower than the value predicted (4.36) by the niche hierarchy
model, but not significantly so, (see Figure 4). The other collections, however, do
not conform to the previously set pattern. All the values are much lower than those
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of previously published moth collections, and fall significantly below the values
predicted by the niche hierarchy model (see Figure 4). This is especially true for
the New Guinea collection. Note, however, that the New Guinea collection is fairly
small, so that the precision of parameter estimation is low.

DISCUSSION

It seems that much of the discussion that has centered upon the apparently uni-
versal canonical nature of log-normal species abundance distributions (e.g.
Hutchinson, 1953; May, 1975; 1976; 1981; Sugihara, 1980) has been led astray by
the fact that older, undisturbed communities are not so easily sampled as
agricultural stations or road sides. It is obvious now, that the question itself,
i.e. '"Why are all species abundance distributions more or less canonical?" is in
error. The forest lepidopteran taxocenes reported here, have abundance distributions
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Figure 4. The Sugihara prediction values of o, as in Figure 2. Only the moth data
are retained, as the shaded area. The Glenburnie (disturbed) collection is added
(W), as well as all the Ontario forest collections (@), and the Bulolo Gorge
collection (0). Clearly, the niche hierarchy model does not adequately cover the
undisturbed forest community collections, More than minimal community structure
exists in the communities.

% * *

that are very different from the canonical. This illustrates two points. Firstly,
May’s (1976) argument that the apparent canonical nature of the observed abundance
distributions 1is merely the result of the mathematical properties of the log-normal
is false. Undoubtedly, the sluggish response of parameters such as a to biological
changes in community structure reduces the chance of finding communities that deviate
from the canonical, but the fact that such communities do exist proves that biolog-
ical factors can modify community structure sufficiently to obtain a values
significantly different from the originally established values.

The biological suitability of the niche hierarchy model, the extreme closeness of
its predictions to those of the canonical lognormal (Sugihara, 1980), and the
observation that most taxocenes approximate the structure predicted by the model make
the model a very appealing one. Do the currently reported data reject the model? I
don’t think so; they do, however, limit the model to one which describes only the



291
EVOLUTION OF COMMUNITY STRUCTURE

initial establishment of community structure. I suggest that a totally different
biological mechanism takes over during the long period of community evolution. The
theoretical arguments presented earlier cover the kind of mechanism that must be
responsible for the changes that occur in the species abundance distribution of a
taxocene while it constitutes a part of a stable community. If such a community
becomes disturbed (naturally, or by man), a partial or complete return to a
structural state such as the one predicted by the niche hierarchy model will take
place.

It is somewhat ironical, at this stage, to once again return to the log—-normal
distribution. Sugihara (1980) has convincingly presented the case for minimal
community structure being based upon taxocene abundance distributions that are not
only log-normal, but of a very specific type of log-normal. The apparent shift away
from the originally established community structure through complex evolutionary
processes such as the ones presented above, leaves us with communities of higher
levels of organization. The taxocenes in such communities display species abundance
distributions that have shifted considerably away from some assumed original pattern,
yet, these observed distributions appear to fit the truncated log-normal pattern
reasonably well (see Fig. 1). Such fairly close fits, however, may have no theore-
tical basis, especially since all collections still show a good deal of truncation,
hiding possible major skews. As suggested above, the evolutionary mechanisms
affecting the high abundance and low abundance tail ends of the distribution curves
are different in nature. One would predict, therefore, that as communities evolve
further and further away from their original structure, the true log-normal base will
be more and more obscured. It leaves the researcher with a dilemma: we can only
study community evolution by comparing parameters that assume a log~normal or other
mathematically defined distribution, while we are fairly certain that, in highly
structured communities, at least, such defined distributions no longer exist.
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