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ABSTRACT

The present study demonstrates the possibility of estimating species numbers of
animal or plant communities from samples using relative abundance distributions.
We use log-abundance–species-rank order plots and derive two new estimators that
are based on log-series and lognormal distributions. At small to moderate sample
sizes these estimators appear to be more precise than previous parametric and nonparametric estimators. We test our estimators using samples from 171 published
medium-sized to large animal and plant communities taken from the literature. By
this we show that our new estimators define also limits of precision.
Keywords
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INTRODUCTION

and florae. In these cases we have to deal with hundreds or even
several thousands of species and the necessary sample sizes for
achieving the required coverage (the proportion of species
present in the sample) would become extraordinarily large.
It seems therefore worthwhile to seek methods that allow at
least a rough estimate of species richness at low sample sizes,
where the sample coverage is far below 50% (Ulrich, 2001a).
There have been several attempts to use extrapolations from
species-number–log2-abundance (octave) plots for estimating
species richness (Pielou, 1977; Magurran, 1988; Miller & Wiegert,
1989; May, 1990; Curtis et al., 2002). Under the assumption that
these can be fitted by a truncated symmetrical lognormal distribution, it is possible to extrapolate beyond the famous veil line
(Preston, 1962). However the loss of information due to the clustering of species into octaves resulted in very imprecise estimates
with high standard errors. Further, it appeared that most distributions are not symmetrical in having more rare species (Nee
et al., 1991; Tokeshi, 1999). Such skewed distributions make any
reasonable extrapolation beyond the veil line impossible. Here
we use log-abundance–species-rank order plots (rank abundance distributions, RADs) (Fig. 1) and show that they provide
estimates of species richness at small sample sizes that are more
precise and less biased than previous methods.

The estimation of the number of species from a series of samples
is an important problem in community ecology and conservation. It is no wonder that many different estimation methods were
developed that find wide application in community ecology,
biodiversity assessment and conservation. Most estimation
techniques are either based on parametric extrapolation models
using species accumulation curves (Stout & Vandermeer, 1975;
De Caprariis et al., 1976; Lauga & Joachim, 1987; Soberon &
Llorente, 1993; Edwards, 1997; Winklehner et al., 1997; Keating,
1998; Ulrich, 1999; Turner et al., 2003) or on nonparametric
capture–recapture models (Burnham & Overton, 1978, 1979;
Chao, 1984, 1987; Chao & Lee, 1992; Chao et al., 1992; Bunge &
Fitzpatrick, 1993; Lee & Chao, 1994; Brose et al., 2003; Shen et al.,
2003).
These methods give best results when applied to small communities where most of the species can be sampled with moderate sampling effort (Burnham & Overton, 1978; Ulrich, 1999). A
series of tests showed that they are strongly negatively biased at
small to moderate sample sizes (Palmer, 1990, 1991; Colwell &
Coddington, 1994; Walther & Morand, 1998; Hellmann &
Fowler, 1999; Ulrich, 1999; Gotelli & Colwell, 2001; Longino et al.,
2002; Brose et al., 2003; Brose & Martinez, 2004). Further,
capture–recapture models like the popular jackknife estimators
(Burnham & Overton, 1978, 1979) that use single or double
occurrences in the samples are strictly defined only when the
sample contains already more than half of the total species
number. However, in biodiversity studies it is often necessary to
estimate species numbers of regional or even continental faunae

1 SS, NS: Numbers of species and individuals obtained by sampling a certain area AS;
2 SA, NA: Numbers of species and individuals of a community in
the area AA;
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In t S + (log (N A1 ) − log(N S1 ))

E Power function ≈ e

slope

(3)

If the RAD follows an S-shaped lognormal type distribution
an estimator of species numbers can be obtained from Fig. 1(b).
Applying eq. 1 leads to
Elognormal ≈
=

In tA − d In tS + (log( NA1) − log( NS1)) − ( NS1 − In t S )
=
slope
slope
2 In t S + log( NA1 ) − 2 log( NS1)
slope

(4)

Figure 1 Inferring species numbers from log-abundance–
species-rank order plots. a: log-series type distribution, b: lognormal
type distribution. Abbreviations as in the text.

3 NA1, NAn, NS1, NSk: Numbers of individuals of the most (S1) and
the least (Sk) abundant species of the community and the sample;
4 a, In tS: Slope and intercept of the linear regression in Fig. 1;
SE: Estimated species number regardless of model type.
RAD shapes and estimators
Many studies have shown that RADs have three basic shapes: Linear
(log-series type RADs (Fig. 1a), S-shaped (lognormal type) (Fig. 1b),
or linear in a double log plot (power function) (e.g. Sugihara,
1980; Magurran, 1988; Tokeshi, 1993, 1999; Ulrich, 2001b,c).
Assume first a RAD of a community in a certain area AA
follows at least in their lower part a log-series (Fig. 1a). The starting point is a sample of an area AS containing SS species and NS
individuals. From this sample we obtain four basic parameters of
the RAD: NS1, NSk a, and In tS (Fig. 1a). To compute NA1 from NS1
we have to refer to the total area AA. NA1 = NS1(AA/AS). Hence
log(NA1) = log(NS1) + log(AA) − log(AS)

(1)

In the same way we get In tA and NAk. We define AA in such a
way that NAn = 1. Hence
Elog-series ≈

In tA
In tS + (log(A A ) − log(AS ))
=
slope
slope

In tS + log(N A1) − log(N S1)
=
slope

(2)

If the RAD follows a power function the use of log transformed
species numbers gives
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It should be noted that in this case a symmetrical lognormal
shape is assumed. In fact unsymmetrical shapes with a higher
number of rare species seem to be much more common (Tokeshi,
1999; Hubbell, 2001). However, the main aim of the present
study is to define upper and lower boundaries of species richness.
Eqs. 2 and 4 merely intend to define them. They tell that it is
possible to estimate ranges of species numbers even from small
samples if we can estimate (a) the total abundance (number of
individuals) of the most abundant species of the focal community
and (b) the slope and intercept of the log-abundance–speciesrank order plot of the sample.
MATERIALS AND METHODS
To test whether eqs. 2–4 are able to predict species numbers we
used random samples from real medium-sized to large animal
and plant communities and compared the estimates of species
richness with true species numbers. For this we searched the
internet data base of relative abundance distributions (Ollik &
Ulrich, 2003) that contains species abundance data obtained in
quantitative studies about animal and plant communities from
all sorts of organisms and habitats. From a total of 1345 data sets
we extracted 171 data sets from 46 studies (Table 1) that met
three basic criteria. First, the survey had to contain all species
occurring in the given study area. Hence, samples that contained
only a part of the species (the dominant ones) were left out. Second,
the data set had to contain quantitative abundance data (not only
abundance classes) of all species of the focal community. Third,
communities had to contain more than 20 species. The largest
community had 242 species (Condit et al., 1996) (Table 1).
Abundances are frequently given as relative abundances.
Because equations 2– 4 operate with absolute values we adjusted
all data by dividing through the abundance of the least abundant
species. Hence, the least abundant species of each community
was set to one individual. This procedure provided the abundance NA1 of the most abundant species in each community.
By optical inspection we determined whether each RAD had significant upper ascending and lower descending curvatures. We
classified communities with upper ascending and lower descending curvatures as being of the lognormal type. Communities
without clear lower curvature were instead classified as following
a log-series distribution. We used optical inspection instead of
formal statistical tests because the latter tend to be conservative
Diversity and Distributions, 11, 265–273, © 2005 Blackwell Publishing Ltd
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Table 1 Data used in the present study to test the performance of species richness estimators. Data base codes refer to the respective entries in
the internet data base of relative abundance distributions (Ollik & Ulrich, 2003)

Reference
Anonymous (2002)
Arango (1990)
Biesiadka & Cichocka (1997)
Bluzma (1995)
Chapman et al. (1997)
Chapman et al. (1999)
Cichocka (1996)
Clutton-Brock &
Gillett (1979)
Collado & Schmelz (2001)
Condit et al. (1996)
Corbert (1964)
Crichton (1964)
Davis (1996)
Dewalt et al. (2000)
Dulçic et al. (1997)
Falcon et al. (1996)
Fawzi et al. (2002)
Felfili et al. (2000)
Fox & Fox (1986)
Gaston & Blackburn (2000)
Henderson &
Crampton (1997)
Horeau et al. (1998)
Hydnes et al. (1999)
Kartanas (1995)
Klimczuk (1974)
Klitgaard-Kristensen and
Buhl-Mortensen (1999)
Lenzi-Grillini et al. (1996)
MacNally (1996)
Morozov (1992)
Mugohalu & Isichei (1991)
Nadkarni et al. (1995)
Pieczynski (1967)
Pinto & Punchihewa (1996)
Poulsen (1996)
Smith (1989)
Szczonowicz (1978)
Szkudlarek (1983)
Thiollay (1978)
Toriola et al. (1998)
Valesini et al. (1997)
van der Merwe et al. (1996)
Williams et al. (1999)
Wilson (2001)
Witkowski (1979)
Young et al. (1996)
Zych (1977)

Data
base code

Species
numbers

S
S
S
S
S
S
S
S

00443
00363
00456
00253
00225
00221
00469
00309

81
39
40
32
88
80
80
50

S
S
S
S
S
S
S
S
S
S
S
S
S

00360
00260
00245
00246
00207
00218
00163
00162
00341
00250
00187
00486
00283

36
228–242
22–26
42
68 – 81
75
23–32
75
31–75
37
27–38
25–217
23–25

S
S
S
S
S

00216
00155
00070
00105
00365

39
38–55
50
22–69
129

S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S

00345
00147
00320
00301
00258
00289
00180
00273
00170
00097
00138
00310
00228
00177
00211
00139
00192
00321
00179
00096

32
50
46
34
46
30
54
92
34–56
20–21
52
25–32
92
42
33
30
93–96
90–199
107
49

Adjusted
community sizes

Continent

Taxon

Habitat

Europe
South America
Europe
Europe
Africa
Africa
Europe
Africa

Pisces
Chiroptera
Hydracarina
Mammalia
Magnoliophyta
Magnoliophyta
Hydracarina
Magnoliophyta

Estuary
Mountains
Lake
Agricultural landscape
Rain forest
Rain forest
River
Forest

2233
20,613–62,480
2024 –9836
24,508
29,182–34,752
1725
1183–2702
150,000
761–890
1806
177–489
103–125,000,000
77–85

Europe
North America
Africa
Europe
Africa
North America
Europe
Atlantic
Africa
South America
Australia
Europe
South America

Oligochaeta
Magnoliophyta
Culicidae
Trichoptera
Scarabeidae
Magnoliophyta
Pisces
Pisces
Diatomidae
Magnoliophyta
Telomophyta
Aves
Pisces

683
1969–8220
300
70 – 651
206,953

South America
Australia
Europe
Europe
Europe

Pisces
Pisces
Aves
Nematoda
Foraminifera

Lake
Rain forest
Forest
Agricultural landscape
Savannah
Rain forest
Littoral
Littoral
Stream
Woodland
Woodland
Large island
River Halley
Ponds
River
Shelf
Forest
Waste land
Fjord

Africa
Australia
Europe
Africa
North America
Europe
Asia
Asia
Australia
Europe
Europe
Africa
South America
Australia
Africa
Australia
North America
Europe
Australia
Europe

Magnoliophyta
Aves
Aves
Magnoliophyta
Magnoliphyta
Hydracarina
Pisces
Magnoliophyta
Aves
Nematoda
Apoidea
Falconiformes
Magnoliophyta
Pisces
Aranea
Magnoliophyta
Pisces
Nematoda
Pisces
Nematoda

Savannah
Forest
Forest
Savannah
Rain forest
lake
Mangroves
Rain forest
Forest
Field
Forest
Mixed landscape
Forest
Estuary
Forest
Savannah
Coral reef
Fields
Littoral
Field

3574–95,561
630
1304
0
2576
2609
10,338
2917

1084
94,000
48,497
1680
2030
1456
8153
6214
312–8153
231–706
1014
758–940
214
43,339
9360
813
5631–14,802
9905–14,291
23,999
2746

while favouring even at low significance values the null hypothesis
(a log-series distribution).
We sampled individuals at random from these communities
until (if possible) 5%, 10%, 15%, 20%, 25%, 30%, 35%, 40%,
Diversity and Distributions, 11, 265–273, © 2005 Blackwell Publishing Ltd

45%, 50%, 55% and 60% of SA were found. The necessary sample
sizes, NS, varied between 0.00001% NA and 77% NA. Because estimates from low sample sizes are prone to Poisson errors we used
only those samples for further analysis that contained more than
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Figure 2 Proportion of data sets having
certain SE /SA ratios in the case of log series
(a) and lognormal type (b) data sets. In A,
estimates were obtained using eq. 2; in B, using
eq. 4.

20 individuals. Of course, real samples from medium-sized to
large communities will nearly always be larger. However, because
we were in particular interested in the behaviour of the above
estimators at small sample sizes we used samples as small as only
20 individuals. The final data matrix used for analysis contained
469 independent samples from 171 data sets. For each sample we
computed the slope, a, and the intercept, IntS, of the linear regression through the lower 50%ile of species of the sample (Fig. 1).
For comparison we estimated species numbers using four estimators that have recently been critically tested and advocated as
being the least biased at low sample sizes: The nonparametric
second (J2) and fifth (J5) order jackknife estimators (Burnham &
Overton, 1978; Brose et al., 2003) and the parametric P5 (Turner
et al., 2003) and asymptotic linear estimators (AL) (Ulrich, 1999).
The latter are based on species accumulation curves.
AL is defined by

αn + β 
Sn = (αn + β)1 +
S A 


(5)

and P5 by
(1−n

S A = Sn

α
− αn

)

(6)

n denotes the sample size and α and β are the parameters of
the models. We fitted both parametric models with the nonlinear
estimation module (Rosenbrocks pattern seeking) of Statistica
5 (Statsoft, 1997). Of course, many other estimators of species
richness are advocated in the literature, for instance CHAO 1 and
2 (Chao & Lee, 1992), or rarefaction curves (Magurran, 2003).
However, they appeared to be more strongly biased at low sample
sizes than the estimators used here (Colwell & Coddington, 1994;
Ulrich, 1999).
Following Brose et al. (2003) we calculated bias and precision
of these estimators for single samples from
bias =

SE − S A
SA

(7)

and

S 
precision = 1 − E 
SA 


2

(8)

For each coverage class we computed mean bias and mean
precision and compared class values by t-tests using the standard
deviations of these measures.
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RESULTS
Performance of the new estimators when the type of
RAD is known
None of the 171 RADs followed a power function. Eq. 3 was
therefore excluded as a possible estimator of species richness.
A lognormal type RAD described 79 data sets best, a log-series
92. Hence, if the type of RAD is unknown the log-series estimate
should mark an upper limit of species number. The estimate
from the lognormal model should give the lower limit.
Eqs 2 and 4 were both able to estimate species numbers
even from small samples if applied to their type of RAD (Fig. 2).
Elognormal (eq. 4) had a mean SE /SA ratio of 0.90 ± 0.69 (mean ±
standard deviation) (Fig. 2a). Sixty-nine percent of all estimates
ranged between 0.6SA and 1.4SA, 95% between 0.2SA and 2SA. The
estimates were not negatively biased with respect to sample
coverage (Fig. 3a). The estimator tended to overestimate species
numbers at very low sample sizes (Fig. 3c).
Elog-series had a mean SE/SA ratio of 1.10 ± 0.37; 87% of all estimates ranged between 0.6SA and 1.4SA; and 98% of all estimates
ranged between 0.2SA and 2SA. The estimator was negatively
biased at low coverage (Fig. 3b).
Performance without a priori knowledge of the type
of RAD
Forty-six percent of all data sets had species numbers inside
the range given by eqs 2 and 4 (Fig. 4). 63% of all data sets
ranged between 0.9Elognormal and 1.1Elog-series. 96% of all data sets
ranged between 0.67Elognormal and 1.5Elog-series. Hence, eqs 2 and 4
are indeed able to define upper and lower limits of species
numbers.
We used the quotient Elog-series/Elognormal to infer how precisely we
can estimate species numbers if neither the relative abundance
distribution nor the sample coverage are known. Figure 5 shows
that the ratio Elog-series/Elognormal was in 49.9% of all cases between 1
and 1.6. Sixty-seven percent of the ratios were between 1 and 2.
Hence in 2/3 of the samples SA was between Elognormal and two times
Elognormal. In 93.5% of all cases SA was between 0.8 times Elognormal and
six times Elognormal. These ranges define the maximum precision
any estimator of species numbers can achieve if the sample contains less than half of the total number of species.
In about 6.5% of samples the Elog-series/Elognormal ratio was above
six. Ratios were independent of the type of RAD (2 × 2 χ2:
P = 0.61). A multiple regression with log-transformed Elog-series/
Diversity and Distributions, 11, 265–273, © 2005 Blackwell Publishing Ltd
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Figure 3 SE/SA ratios in relation to sample
coverage (a and b) and sample sizes (c and d) a
and c: log-series type distributions (estimates
obtained from . 2), b and d: lognormal type
distributions (estimates obtained from eq. 4).
In C SE/SA ratios were significantly correlated
with sample size (R2 = 0.31, P(t) < 0.01).

p(t) = 0.001; corrected multiple R2 = 0.68, P = 0.0001). High
Elog-series/Elognormal ratios above six occurred only when the sample
contained already more than 35% of the total number of species
to be estimated.
Comparison with existing estimators

Figure 4 Proportions of data sets outside the range defined by the
lognormal (lower limit) and log-series (upper limit) estimates.
Hence 46% of the data set had species numbers inside this range,
63% of data sets ranged between 0.9Elognormal and 1.1Elog-series, and 96%
between 0.67Elognormal and 1.5Elog-series. All data sets had species
numbers above 0.5 times Elognormal and below two times Elog-series.

Elognormal ratios as dependent and log-transformed sample size and
coverage as independent variables instead showed that coverage
and sample size correlated positively with the Elog-series/Elognormal
ratios (βspecies coverage = 0.15, p(t) = 0.003; βindividual coverage = 0.17,

All of the four standard estimators for species richness tested
were negatively biased at small sample coverage (Fig. 6a). Their
mean precision was also very similar (Fig. 6b). This contrasts
with the much smaller bias and the higher precision of Elog-series
and Elognormal when applied to ‘their’ RAD.
At a sample coverage of 30% J5 underestimated SA in the mean
by a factor of f = 2.02 ± 0.90, J2 by a factor of 2.23 ± 0.26, AL by a
factor of 2.3 ± 0.57, and P5 by a factor of 2.68 ± 0.46. At 20%
coverage these factors were 3.18 ± 2.21, 3.22 ± 0.36, 3.53 ± 0.40,
and 3.82 ± 0.86, respectively. At 10% coverage J5 underestimated
SA by a factor of 5.82 ± 5.78 and J2 by a factor of 3.92 ± 0.66,
respectively. Hence if the sample coverage is unknown but
above 10% the least biased estimator J5 cannot do better than
predicting that at α = 95% SA will range between SS and
SS( f + 2σ) = SS and 17.4SS. In this respect J2 performed best
while giving a range of SS and 5.24SS.

Figure 5 The quotient Elog-series/Elognormal is a
measure of precision. In 65% of all cases the
quotient was below two. Hence the true species
number ranged between Elognormal and two
times Elognormal. In 83% of all data sets this
quotient was below three. However, in 6% of
the data sets the method gave highly imprecise
estimates with quotient values above 10. The
vertical line indicates the change of scale of the
X-axis.
Diversity and Distributions, 11, 265–273, © 2005 Blackwell Publishing Ltd
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Figure 6 The four standard estimators tested
had very similar negative bias (a) and precision
(b) at low sample coverage. The estimators
developed here for log-series (open circles) and
for lognormal distributions (full circles) were
much less biased. J5 (full triangles), J2 (open
triangles), AL (full squares), P5 (open squares).

DISCUSSION
The present study shows that it is possible to estimate species
richness from the study of RADs. A different graphical presentation of lognormal distributions (species number– octave plots)
has already been used before to estimate species numbers (e.g.
Miller & Wiegert, 1989; May, 1990; Curtis et al., 2002; Longino
et al., 2002). However, this method proved to be highly imprecise
if the mode of this distribution is unknown. Hence, the method
needs a coverage of more than 50%, a magnitude at which
nonparametric methods give much better results (Colwell &
Coddington, 1994; Ulrich, 1999). The log-series distribution has
only seldom been applied for estimating species numbers. This
stems surely from the fact that the common way to present
the log-series is in terms of sample parameters (Pielou, 1977;
Magurran, 1988; Tokeshi, 1999). This does not allow SA to be
estimated (Pielou, 1977). However, when introducing a lower
limit for the least abundant species (the inverse of the area
required to find this species) it is of course easy to estimate the
number of species from the model parameters (Coleman, 1981;
Green & Ostling, 2003).
The main goal of our study was to define upper and lower limits of species richness even from small samples. Hence, our
approach differs somewhat from what other estimators intend to
do, to provide an estimate of species richness. Our estimators
instead define limits of precision for any estimate of species richness. Both approaches should therefore be applied together to
give an impression about the real species richness.
Naturally, the range defined by Elognormal and Elog-series is quite
large. But it gives an impression about the magnitude of species
richness. Estimates of such ranges are particularly welcome in
studies of tropical diversity where the sample coverage is frequently well below 20%. Current parametric and nonparametric
estimators of species richness are all strongly biased at low species representivity or sample size and give only lower limits of
species numbers. Of the four estimators tested here only J2 was
able to give similar ranges of species numbers.
However, there is strong evidence that regional large animal or
plant communities follow in the majority of cases lognormal
type distributions with a lower downward curvature (Sugihara,
1980; Tokeshi, 1993, 1999; Gregory, 1994; Gaston & Blackburn,
2000; Sugihara et al., 2003). It seems therefore justified to use
Elognormal for getting an impression about the probable species
numbers. Elog-series would then provide an estimate of the upper
boundary of species richness. On the other hand, Magurran &
270

Henderson (2003) showed that local communities with high
rates of species turnover will be straight at least in the lower part
of the RAD. Figures 2(b) and 3 showed that in these cases Elog-series
will give precise estimates even at small sample sizes. Hence estimates of species numbers might be improved from knowledge
about dispersion patterns.
However, Fig. 5 showed that in about 6% of all cases our
method failed while resulting in highly imprecise estimates. Such
failures were independent of the type of RAD but occurred when
the sample contained already more than 35% of the total number
of species to be estimated. Hence, sample coverage influenced the
precision of the estimators but in a different way than for previous estimators. Our estimators did best at lower coverage. They
should therefore rather be seen as a complementation than as an
alternative.
Figure 6 showed that bias and precision of the conventional
parametric and nonparametric estimators were very similar. The
least biased estimator J5 performed only slightly better than the
others. Recently, Brose et al. (2003) advocated J5 in the case of
small sample sizes as being less biased than J2. However, in their
model simulations with predefined relative abundance distributions J5 did only slightly better than J2. It might be that differences between estimators revealed in model situations vanish
when applying them to real world communities as in the present
study. Brose et al. (2003) also showed that community evenness
influences bias and precision of most estimators. They tend to be
less biased but more imprecise at higher evenness. Although the
present study does not address this problem directly a preliminary analysis (Ulrich, in prep.) showed a similar behaviour of
Elognormal and Elog-series. As found by Brose et al. (2003), bias and
precision of Elognormal and Elog-series are negatively correlated
(Ulrich, in prep.). Further studies have to show whether it is
possible to correct both estimators for their dependence on evenness as had been done by Ulrich (1999) for estimators based on
species accumulation curves.
There is one possible pitfall in our method. It assumes that the
type of distribution is scale independent. While this assumption
seems justified when assessing species richness of local patches
recent theoretical and observational studies (Tokeshi, 1999;
Plotkin et al., 2000; Hubbell, 2001; Longino et al., 2002) pointed
to changes in abundance distributions at regional scales.
However, our method merely intends to set upper and lower
limits of species richness. Hence a switch from a lognormal to a
log-series distribution at regional scales (Hubbell, 2001) would
not influence the estimate as long as the slope a in Fig. 1 remains
Diversity and Distributions, 11, 265–273, © 2005 Blackwell Publishing Ltd
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unchanged. We are not aware of any studies reporting parameter
values of RADs at different scales. Such studies would be very
interesting and would surely serve to improve available estimators of species richness.
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