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Abstract

Recently, interest in species abundance (SAD) distributions has been revived by introduction of a new model, the zero-sum
multinomial (ZSM). Yet detailed statistical analyses show that the model does not differ from the lognormal distribution proposed
in the 1940s. These analyses were based on data from tropical trees where all individuals in a defined area were identified to
species. For many ecological data sets it is not possible to identify and count all individuals in a given area. Here we compare data
on marine benthos and fish assemblages with data on terrestrial microfauna and ants. We show that these assemblages show similar
SAD patterns and that the SADs are best described by a two-group lognormal model. Whereas the 2-group model fitted all data sets
the single group model fitted all except the tropical rainforest ants. However, tests comparing the fits to the 2-group versus the
single lognormal model showed that the 2-group model was a significantly better fit to the fish and insect data. The two groups are
of rare and common species and the rare group dominates in all four data sets. We suggest that the reason for this is that rare species
are continuously immigrating from outside the sampled area. Data on tropical tree assemblages where complete accounts were
made do not show such high dominance of rare species where the sampled area is large. We conclude that SAD patterns are similar
in marine and terrestrial systems that are open to immigration and that the lognormal distribution is still a valid model for SADs.
© 2006 Published by Elsevier B.V.
Keywords: Ants from tropical forests; Insects of heathland; Marine benthos and fish assemblages; Rare species; Species abundance distributions
1. Introduction

Hubbell's (2001) book “The unified theory of biodi-
versity and biogeography” has revived interest in studies
of species abundance distributions, (SADs). Hubbell
developed a newmodel for SADs based on zero-sum dy-
namics of species and on ecological equivalence among
individuals of species within assemblages, called the
zero-sum multinomial distribution (ZSM). This model
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has created much interest since it is based on accepted
biological principles rather than being merely a sta-
tistical description of SADs. However, the model has
also generated controversy since it is difficult to apply,
(Alonso and McKane, 2004) and it has not yet been
shown to be a convincingly better fit than other models
to ecological data. For example analyses of the same data
set used as one of the cornerstones in the generation of
the ZSM, data on tropical trees from Barro Colorado
Island, Panama (BCI), (Condit et al., 2002) led McGill
(2002) and Volkov et al. (2003) to the conclusion that a
lognormal distribution fitted the data as well as the ZSM,
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(although Volkov et al. argued that small differences in
the chi-square goodness-of-fit test were in favour of the
ZSM).The lognormal distribution is an old pattern first
suggested by Preston (1948) and since then has been
shown to fit very many data sets (see May, 1981 and
Magurran, 2004 for reviews). Although it can be derived
from biological arguments (Sugihara, 1980; Tokeshi,
1990) there are powerful arguments that the lognormal
SAD pattern is merely a statistical descriptor (May,
1981; Pielou, 1975). These arguments are based on the
Central Limit Theorem which states that the product of a
variety of interacting factors is a lognormal distribution.
May (1981) cites the GDP of countries as a good
example.

In the recent spate of testing models and statistical
fits to SADs most attention has been given to re-
markably few data sets such as the comprehensive data
available on tropical tree species richness, at BCI and
Pasoh, Malaysia (McGill, 2002; Condit et al., 2002; He
and Legendre, 2002) and data on breeding birds in UK
(Nee et al., 1991; Gregory, 1994, 2000) and North
America (Robbins et al., 1986; McGill, 2002). One of
the characteristics of such data is that they are actual
counts and not samples from an assemblage of un-
known species richness. Recently we, (Gray et al.,
2005) have shown that there are differences in SAD
structure between terrestrial, (data on tropical trees at
BCI) and marine species (benthos from the continental
shelf of Norway) as shown by the relative importance
of rare compared with common species. We suggested
that a possible cause of such differences is that in
marine benthos one is sampling a portion of the total
species pool and thus rare species dominate at all spa-
tial scales studied.

It is difficult to obtain raw data sets of complete
assemblages since they are only rarely published in full.
We have analyzed many data sets from undisturbed
marine benthos assemblages and the SAD patterns are
remarkably consistent. The benthic assemblages cover a
wide variety of taxa. Here we compare the SAD pattern
for a new data set from a benthic assemblage with that of
a single taxon, marine fish (both elasmobranchs and
teleosts). The tropical tree data from BCI and Pasoh
have been extensively analysed so we wished to obtain
data from different terrestrial assemblages. The terres-
trial data sets examined here are from all microfauna of a
Calluna heath habitat, (Delany, 1956) and are thus
approximately similar to the marine benthic assemblage
and from a single taxon, ants sampled on forest floors in
the tropics (Longino et al., 2002), broadly comparable to
the marine fish. In both the marine and terrestrial en-
vironments the samples analyzed were taken from a
large regional species pool with large spatial extent.
Thus these data sets are expected to show similar SADs.

We appreciate that this is a small number of data sets
with which to compare marine and terrestrial data and
many more are needed before conclusive statements can
be reached. Yet the results are similar to our analyses of
the BCI data (Gray et al., 2005) and convince us that the
observed patterns may be general.

2. Materials and methods

The data sets analyzed in this paper are:

2.1. Benthos from the Hanz region of the Norwegian
continental shelf

The data were sampled as part of routine monitoring
of the effects of the oil industry on the marine
environment. It was a baseline survey and the sites are
unaffected by oil activities. The data are from a survey
done in 1996. The depth ranged from 115–120m and the
sediment was fine sand with a silt-clay content varying
from 5–11%; thus the habitat is rather uniform. Five
0.1 m2 samples were taken at each of 18 sites within an
8×8 km area. The fauna retained on a sieve with 1 mm
pores was identified to species where possible.

2.2. Fish from the Scotian Shelf, (Shackell and Frank,
2003)

A fishery-independent ground-fish trawl survey of
the Scotian Shelf and Bay of Fundy has been con-
ducted annually during July since 1970 by the
Canadian Department of Fisheries and Oceans (coin-
cides with Northwest Atlantic Fisheries Organization
statistical divisions 4VWX). The survey follows a
standardized sampling protocol using a Western IIA
otter trawl with a 19-mm cod-end mesh lining towed
for 30 min over a distance of approximately 3.25 km.
The area swept by the trawl during this sampling in-
terval was 0.0404 km2. Tow locations are assigned
according to a random sampling design with areas strat-
ified by depth zones. Sampling was conducted around
the clock. Because there was no fixed schedule, the
allocation of day and night samples varied randomly
among strata and years. In general, four weeks were
required to complete a single survey.

Catch rates are standardized by tow distance and
expressed as average number per tow per stratum or strata
groupings. The complete survey comprises 5526 tows,
with an average of 173 tows per year (range 110–213).
Here the data analyzed are the 2002 survey comprising



Table 1
Overview of the data analyzed

Marine
benthos

Fish
Scotian
shelf

Heathland
invertebrates

Tropical
rainforest
ants

No. of species 291 79 76 197
No. of individuals 24,993 149,680 717 1,415
No. of samples 18 208 7 41
Study area (km2) 25 170,000 ? ?
Area sampled 9 m2 104 h 85 m2 246 l
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208 tows since this was the newest data available and we
wished to analyze data for a single year.

2.3. Invertebrates from pioneer heath in UK (Delany,
1956)

The data are collected from pioneer heath (Calluna
vulgaris Salisb.) at three localities in southern England in
Devonshire, Hampshire and on the Island of Lundy, a
Fig. 1. Frequency distribution of species among sites occupied for a) bentho
Scotian Shelf c) insects from heathland plants and d) ants from a tropical ra
distance of ca. 200 km. The samples were taken by ran-
domly casting quadrats 0.5 m2 with a total area covered
of 12.5 m2 at each sites (save site 7 which only covered
10m2). Thus the total area sampledwas 85m2. The fauna
bca. 5 mm in size was collected carefully by hand.

2.4. Ants from tropical rain forest (Longino et al., 2002)

Ants (Hymenoptera: Formicidae) were sampled in a
tropical rain forest in the La Selva biological Station,
Heredia Province, Costa Rica as part of the Arthropods
of La Selva (ALAS) project (http://viceroy.eeb.uconn.
edu/ALAS/ALAS.html), (Longino et al., 2002). Details
of the sample area can be found on the website. The data
on soil and litter fauna were collected using eight
different methods. Here we use data from samples taken
over a 14 year period from 41 sites covering the 1500 ha
of the La Selva reserve but from only one of the
sampling methods, the Winkler method, since this
method obtained the highest number of species. In this
s from the Hanz oilfield, Norwegian continental shelf, b) fish from the
in forest (Longino et al., 2002).

http://viceroy.eeb.uconn.edu/ALAS/ALAS.html
http://viceroy.eeb.uconn.edu/ALAS/ALAS.html
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method 6l samples of sifted litter were placed in Winkler
bags, which are large cotton bags with a jar of alcohol
attached underneath. As the litter dries and decays over
3 days animals are trapped in the alcohol.

2.5. Plotting of SADs and determining the breakpoint

We plotted the species occurrences at sites for the data
sets to illustrate the proportion of rare species present.
Then we plotted species abundance distributions as the
number of species against numbers of individuals per
species in geometric classes (x2 classes called octaves).
We used Williams (1964) modification of Preston's
original method (Preston, 1948, 1962), which was also
used by McGill (2002) and Volkov et al. (2003). In this
method octave 1=half the number of species occurring
with 1 individual per species. Octave 2=half the number
of species with 1 individual per species plus half the
number of species with 2 individuals per species. Octave
3=half the number of species with 2 individuals per
Fig. 2. SADs fitted to the same data as in Fig. 1 using Williams (1964) modi
(see Materials and methods for a detailed explanation). Curves show a singl
species all those with 3 individuals per species and half
those with 4 individuals per species. Octave 4=half the
number of species with 4 individuals per species, all those
with 5, 6 and 7 individuals per species and half of those
with exactly 8 individuals per species, etc.

Plotting the data in this manner suggested that there
were two (or more) lognormally distributed groups of
species present rather than one single group.We developed
a method to determine break-points which could separate
the data into two or more groups. In order to partition the
species groups objectively we first plot the number of
species observed in 1, 2,…, n samples where n=total
number of samples. Then we fit two regression lines to this
plot startingwith 2 samples Let us assume that there are 100
samples. For k=2, 3, 4, 5,…, 99we then fit a straight line by
linear regression to both the data set from 1 to k samples,
and from k+1 to 100 samples. The total squared deviance is
the sum of the residuals of the two regression lines and
denoted as SS(k). The breakpoint k⁎ is determined as that
number of samples that minimizes the squared deviance
fication of Preston's (1948) method for calculating the SAD groupings
e lognormal distribution fitted to these data.



Table 2

a) Test of significance of single lognormal and two-group lognormal models using χ2 test for different data sets. Significant differences are shown
in bold

Model tested Benthic fauna Fish Scotian shelf Heathland invertebrates Tropical rainforest ants

Single 2-group Single 2-group Single 2-group Single 2-group

df 12 10 14 12 6 4 4 2
P 0.36 0.12 0.68 0.93 0.37 0.81 0.00 0.23
Critical-value (p=0.05) 21 18 24 21 13 9 9 6

b) Comparison of two-group versus single lognormal model using F ratio test. Significant differences where the two-group model is superior are
shown in bold

Benthic fauna Fish Scotian shelf Heathland invertebrates Tropical rainforest ants

Ratio F 0.47 4.33 8.12 a

P 0.64 0.04 0.04 a

a Test not valid since the single group model does not fit.

1 The invertebrate fauna collected from heathland covered too few
classes (Fig. 1) to use the species-site occurrences as a basis for
determining the break-point. Instead the break-point was fitted by eye,
based on the SAD-pattern (or by the method described above on the
SAD-pattern, but in this case excluding the first octave).
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(minimum deviance); i.e. SS(k⁎)bSS(k) for all k. The
Piecewise Regression Procedure in S-Plus (Crawley, 2004)
was used to derive the minimum de-viance to define the
breakpoint between two linear re-gression lines fitted to the
data. It is important to note that the break-point is based on
the species-site patterns and not on the SAD patterns. This
provides an additional level of objectivity in deciding
where the break-points occur.

2.6. Fitting of lognormal models

Lognormal models were fitted to the SADs using the
function NORMDIST in Excel. The “solver” procedure
in Excel was then used to find the best fit. Solver
minimizes the sum of the squares (SSE) by changing the
mean and standard deviation of the normal curve. The
settings used were 10,000 iterations, precision
0.00000001, tolerance 5% and convergence 0.0001.

For testing goodness-of-fit we used the Kolmo-
gorov–Smirnov test and the chi2 test. The Kolmo-
gorov–Smirnov test showed that none of the models
were significantly different from the observed data using
this test, (the results are not shown). Thus the K–S test is
insensitive. When using the chi2 however, data for
octaves with low expected abundances may give large
values of chi2 which lead to conclusions of lack of fit to
the model. Thus we did not include values for octaves
with expected values less than 1.

3. Results

Table 1 shows a summary of the data analyzed. For
the marine data the samples were taken within pre-
scribed areas and so there is an estimate of the total area
that has been covered. This is not so for the terrestrial
data which for the heathland invertebrates covers three
sites separated by ca 200 km. The data are however,
similar in a key aspect that they are not counts of all
species but samples from given areas. We are interested
in whether terrestrial data collected in a similar manner
to the marine data showed similar SAD patterns.

Fig. 1 shows the species among samples distribu-
tions. All the assemblages are dominated by rare
species, although the heath invertebrate fauna covers
relatively few sites. The Hanz data is unusual for marine
benthos since there are a high number of species (38)
occurring at 18 samples. We have no explanation for this
and so many species occurring at a high number of
samples is not a typical pattern for marine benthic data
(see Ellingsen and Gray, 2002; Gray et al., 2005 for
more typical data). Yet the pattern for occurrence for the
rare and moderately common species is typical for
benthic assemblages. Species Abundance Distributions
(SADs) were then calculated for these data and a single
lognormal was fitted (Fig. 2).

Fig. 2 shows that for all the assemblages although a
curve can be fitted there are clear divergences from a
single lognormal model as the data are “bumpy” sug-
gesting that more than one lognormal underlies the
patterns. The lack of fit of the single group model is
shown in Table 2.

Two-group lognormal models were then fitted to
these data and are shown in Fig. 3.1 Table 2a) shows the



Fig. 3. The fits of the two-group model compared to observed species abundance distributions for groups of rare and common species, data sets as in
Fig. 1.
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goodness-of-fit tests. The 2-group lognormal model
fits all data, whereas the single lognormal fits all the
data save tropical rainforest ants. We then tested the
hypothesis that the 2-group model was a better fit then
the single lognormal. For two data sets, fish from the
Scotian shelf and heathland invertebrates, the 2-group
model was a significantly better fit. Both models fitted
the benthic data equally well whereas for tropical forest
ants it had already been shown (Table 2a) that the
single lognormal model did not fit and thus the 2-group
model is the best fit. For three of the four data sets the
2-group model was a significantly better fit whereas
with the benthic data both the single and 2-group models
fitted.

Fig. 3 shows the 2-group model fitted to the data.
Both the marine and terrestrial data sets are remarkably
similar, with a dominance of the rare group of species in
the first few octaves. Clearly the same structuring forces
dominate in all of the assemblages studied.
4. Discussion

Much effort has been concentrated on analyzing
SAD patterns for a few data sets where all the species
have been counted, notably the BCI and Pasoh forest
tropical tree species data. There is dispute as to whether
these data sets fit a simple single lognormal distribution
or the ZSM (Hubbell, 2001; McGill, 2002; Volkov et al.,
2003). In a recent paper (Gray et al., 2005) we analyzed
data from samples rather than on exact counts of all
species and found that the BCI data and data on marine
benthos from the Oseberg oil field Norway fitted a 2- or
3-group lognormal model where the groups were rare
and common species or rare, intermediate and common
in the 3-group model.

The analyses done here show that for the studied
assemblages, the data clearly do not fit a single log-
normal distribution (Figs. 2 and 3, Table 2). Williamson
and Gaston (2005) have argued that a single lognormal
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distribution is not an appropriate fit to data from most
natural assemblages. Yet they did not test the two-group
lognormal model. Earlier Ugland and Gray (1982)
argued for a 3-group model and Magurran and
Henderson (2003) showed that fish assemblages taken
over time in the Severn estuary showed a clear two-
group pattern, although they argued for a log-series
distribution for the rare species and a lognormal for the
common species. The occurrence of mixtures of log-
normal groups has been well-studied in other fields such
as meteorology (Kayano and Shimizu, 1994) and medi-
cine (distribution of red-blood cell sizes) McLaren et al.,
1991) and the statistical methods to detect underlying
groups were developed some time ago (Fowlkes, 1977).

The occurrence of a 2-group model is not confined to
data where only samples were taken and not complete
counts. Gray et al. (2005) reanalyzed the BCI data at
different spatial scales and showed that in addition to a
single lognormal a 2-group model fitted the data at
scales from 5, 10, 25 and 50 ha, with the dominance of
the rare group of species being greater at the smallest
scales. We believe that this is due to immigration of rare
species from the species pool outside the area sampled.
In assemblages that are only sampled (as opposed to
counts where all individuals are identified and counted)
the rare group of species dominates since there is
constant immigration of species from the species pool
outside the area sampled.

The lognormal distribution fits an extremely wide
range of natural phenomena (Limpert et al., 2001) rang-
ing from concentrations of heavy metals in the en-
vironment, to latency periods for diseases, rainfall pat-
terns and fungicide sensitivity. Limpert et al. (2001)
show that the lognormal results from the multiplicative
version of the central limit theorem which proves that
“the product of many independent, identically distribut-
ed, positive random variables has approximately a
lognormal distribution.” In addition they note that the
relevant operation for combining data to obtain a
lognormal is multiplication and “the product of
independent lognormal quantities also follows a lognor-
mal.” For these reasons we believe that Williamson and
Gaston's (2005) pronouncement of the “death” of the
lognormal is premature!

Our arguments for the expectation of lognormal
SADs are based on the assumption that the population of
a species and its dispersal are affected by a wide variety
of physical, chemical and biological factors which act in
a multiplicative manner giving a lognormal distribution.
In an assemblage of many species however, the under-
lying pattern may be determined by two or more groups
of species, which are more or less “fused” into a single
lognormal distribution. To what extent the groups are
independent remains to be studied in detail. Our initial
analyses (Gray et al., 2005) suggest that for the BCI data
the groups are independent whereas for the marine
benthos data as larger samples are taken the formerly
rare species are found among all the octave classes. This
suggests that in tropical tree assemblages rare immigrant
species have difficulty in establishing large population
sizes whereas in assemblages more open to immigrant
species, rare immigrants are more easily able to establish
large population sizes.

Finally, it must be acknowledged that analyses based
on only a few data sets may not be representative.
However, we have shown (Gray et al., 2005) that the
BCI tropical tree data and a marine benthic assemblage
fit the two-group lognormal model. The analyses done
here on specific taxa (fish and ants) and on assemblages
(benthos and heathland microfauna) also show fits to the
two-group lognormal model. Whilst our analyses cover
only a small number of assemblages and taxa we hope
that this study may stimulate others to investigate other
data sets and taxa to test the generality of the findings.
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