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ABSTRACT: This paper evaluates the accura-
cy any estimator of species numbers may achieve if
only a limited fraction (up to 3/4) of the species nu-
mber in the community has been sampled. From the
impossibility to infer the relative abundance distri-
bution (RAD) the rare and not sampled species fol-
low it is shown that it is only possible to give a lo-
wer and an upper boundary of the species number.
The lower boundary may be inferred either from a
fit of a log-normal type RAD or by a graphical met-
hod. In the latter case, the lower boundary is S, =
(In (d,,;,) — 2 icpt) / slope with d,,;,, being the mini-
mal possible relative density in the community and
icpt and slope being the intercept and the slope of
the geometric series fitted through the linear part of
the log-normal distribution. The upper boundary is
found through an extrapolation of this geometric se-
ries up to dpin [Spmax = (In (dy,;) — icpt) / slope]. For
any estimator to work d,,;, has to be known.
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The estimation of the number of species
in a habitat from a series of samples is an im-
portant problem in community ecology and
conservation. It takes therefore no wonder
that a lot of different estimation methods
have been developed and that they find a
wide range of applications in studies of com-
munity ecology and in biodiversity assess-
ment and conservation. These methods are
based on four different kinds of reasoning.

The most often used approach is to ex-
trapolate from species accumulation curves
and to fit asymptotic or non-asymptotic
curves to them. A variety of such curves has
been used (Stout and Vandermeer 1975,
de Caprariis ef al. 1976, Lauga and
Joachim 1987, Soberon and Llorente
1993, Edwards 1997, Winklehner et al.
1997,Keating 1998, Ulrich 1999a) but the
reviews of Palmer (1990), Colwell and
Coddington (1994) and Ulrich (1999a)
showed that most of them have large and un-
known error terms. If less than two thirds of
the species had been sampled none of them
gives reliable results. Ulrich (1999a) found
the asymptotic linear model to be the best of
these estimators.

A second approach uses plots of the
number of new species found versus sample
size. Examples may be found Hilpert
(1989) and Ulrich (1999b). Ulrich (1999a)
showed that this technique requires even
larger sample sizes than the previous one to
give fairly reliable results.

A third kind of methods is based on
capture-recapture models and uses numbers
of species found only once or several times in
the samples (Bunge and Fitzpatrick
1993). Most often used are the estimators de-
veloped by Chao and coworkers (Chao
1984, 1987, Chao and Lee 1992, Chao et
al. 1992, Lee and Chao 1994) and the jack-
knife estimators of Burnham and Overton
(1978, 1979). Again, reliable estimates are
only obtained with large sample sizes.
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At least, the relative abundance distribu-
tion (RAD) of species has been used to infer
species numbers. This is the least reliable
technique because beside density estimates
the underlying relative abundance distribu-
tion has to be known which only is very sel-
dom the case (Miller and Wiegert 1989).
For instance, in the case of the log-normal
distribution Slocomb et al. (1977) and Slo-
comb and Dickson (1978) reported that
such an estimator requires at least 1000 indi-
viduals in the sample and more than 80% of
the true species number has to be represented.
Palmer (1990) found it not to be better than
the simple measure of the number of species
detected.

All of the above methods are best appli-
cable in small communities where most of the
species can be sampled with moderate sam-
pling effort. However, in biodiversity studies
it is very often necessary to estimate species
numbers of whole habitats or even regions. In
this cases we have to deal with hundreds or
even several thousands of species. Sampling
two thirds of them would require extraordi-
nary sampling efforts and will most often be
impossible. Therefore, the question arises
whether it is possible to estimate species
numbers even from a more limited sample
size and if the available estimators may be
used for such a task.

The present paper is intended as a cau-
tionary note. It directs attention to the fact
that even from fairly complete samples we
may not infer the type of underlying relative
abundance distribution and whether this dis-
tribution is homogeneous. All available esti-
mators, even the non-parametric ones, but
rely on the quiet assumption of homogeneity
and all published tests of them used such dis-
tributions (Palmer 1990, 1991, Colwell
and Coddington 1994, Mingoti and
Meeden 1992, Tackaberry et al. 1997,
Keating 1998, Walther and Morand
1998, Ulrich 1999a). These tests may there-
fore underestimate the true estimation error.

Whether natural communities follow ho-
mogeneous distributions (that is whether they
may be described by a single model) or
whether they have to be called composite
(Tokeshi 1993) is even after 40 years of re-
search in relative abundance distributions
and the publication of more than 20 different
models still unknown. The large compilation
of Hughes (1986), even if it contains mostly
incomplete samplings, does not point to this
direction. Hughes probably correctly inferred

that most natural communities follow in their
upper part a log-normal type but in their
lower part a geometric (or log-series) type
distribution. If this is true existing estimators
may give a wrong impression about the spe-
cies number to be estimated. However, it will
be shown that it is possible to infer upper and
lower boundaries of species numbers even
from incomplete samplings. Because species
numbers in real habitats are not fixed but
change in time (sometimes considerably)
such boundaries may often be more useful
than simple estimates of species numbers.

If we sample a natural community we
will in general find the more abundant spe-
cies. To estimate species numbers we have to
extrapolate into the realm of the more rare
species. This is frequently done by species
accumulation curves. More instructive is to
use a plot of the relative densities versus the
species rank order, the relative abundance
distribution (RAD). This is shown in Fig. 1.
This figure shows a hypothetical community
of which 50 species have been sampled. In
theory, there are now three types of extrapo-
lation possible until we reach a minimum
possible relative density (d,,). This mini-
mum relative density depends on two values,
the maximum density one of the species can
achieve and, more important, the minimum
possible density. The latter is determined ei-
ther by the type of habitat, the area under con-
sideration, or by the ecology of the species
that does not allow for lower densities be-
cause at lower densities the species will go
extinct. The concept of d,,, is important be-
cause even for communities following a sig-
moid log-normal type distribution d,,,, has to
be known. This because we do not know the
exact shape of the distribution of the very rare
species and (more important) the distribution
may be truncated (in Fig. 1 indicated by the
broken line). The latter case will occur in
communities in which the lowest densities
predicted by the RAD are impossible because
below a certain threshold species go locally
extinct.

If we do not know d,,,,, or the RAD the
rare species follow any parametric estimator
that relies on species accumulation curves
does not work. But even non-parametric esti-
mators that do not rely on a certain type of
relative abundance distribution assume a
homogeneous RAD (Bunge and Fitz-
patrick 1993). If this prerequisite is violated
an overproportional number of very rare
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species or species not as rare as predicted will
introduce a systematic error into the estimates.

In principle, species rank order plots
may follow three different kinds of relative
abundance distributions (or combinations of
them) (Ulrich 2001): a Zipf-Mandelbrot
type, a geometric type, or a log-normal type
distribution (Fig. 1). If the community fol-
lows a Zipf-Mandelbrot distribution (D in
Fig. 1) it may have a very large number of
species and extraordinary high sample sizes
would be necessary to estimate the number
within a reasonable error range. Because a
Zipf-Mandelbrot distribution has the general
form (with 7" and & being the shape parame-
ters and ds the relative density of S° 1o species):

ds = (S+T)* (D
the species number S, at dy,y, 1S:
Srmu‘ V7 dmmk i it T (2)

Fortunately, such distributions seem to
be very rare in nature. Frontier (1985) fitted
them to marine species assemblages. But this
was only possible when leaving out the rare
species, a method of questionable value.
Moulliot et al. (2000) fitted the model (un-
der the name fractal model) to some species
poor and incomplete samples of forest Dip-
tera where again the very rare species were
missing. In a previous study (Ulrich 2000) I
could show that the community of parasitoids
of necrophagous parasitoids of a beech forest
on limestone follows a Zipf-Mandelbrot dis-
tribution. But this community consists of
only 30 species. Existing compilations and
reviews of relative abundance distributions
(Hughes 1986, Tokeshi 1993) do not
point to this type especially for species rich
communities.

Very often the community follows in
their lower part a geometric series (or log-
series). In this case the species number is
given by the solution of the geometric series
ds = &' "7 (the straight line in Fig. 1):
e In(d,,,) ~icpt

max

(3)

Here, icpt is the intercept of the regres-
sion line fitted to the geometric series and
slope their slope. Of course, both, the inter-
cept and the slope have error terms that have
to be measured from the sample. This may be
done by a bootstrap technique. Fortunately,
for large communities well above 100 species
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Fig. 1. Estimation of upper and lower limits of

species numbers from a sample (A) of 50 species. B:
species number if the community follows a Sugihara
fraction relative abundance distribution, C: for a
geometric series, and D: for a Zipf-Mandelbrot
distribution. 4, denotes the point of inflection of the
Sugihara fraction distribution. d,,, is the minimum
possible relative abundance

these error terms will be small which will be
shown below.

If the relative abundance distribution of
the community has a lower curvature and fol-
lows a log-normal or Sugihara type distribu-
tion (Sugihara 1980, Ulrich 2001) it is
more difficult to estimate S,,,. because we do
not know the exact type of distribution. We
may try to fit existing models to the sample.
Such a procedure however would require the
testing a whole range of species numbers
(necessary for computing a distribution) and
several models until a best fit is reached.
A more simple graphical method is shown in
Fig. 2. If we assume that the curve is symmet-
rical (the case of a log-normal distribution)
the difference d between icpt and the relative
abundance of the most abundant species d, is
equal to the difference between a value X and
dyin. Therefore

X = In(dniy) — d = icpt + slope Spax (4)
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Fig. 2. Graphical estimation of species numbers of a
community following a log-normal type relative
abundance distribution. Further explanations in the text
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and
_In(d,

min

) —2icpt —In(d,)
slope &)

But the distributions of real large com-
munities are not symmetrical, they have more
rare than abundant species (Nee et al. 1991,
Gregory 1994). Therefore, the estimate of
equation 5 will be too high (Fig. 2). We may
introduce a correction factor butter an easier
method is not to use the difference d for esti-
mating X but the intercept. The estimate sim-
plifies then to:

_In(d,,, 6)
slope

In Fig. 3 I tested this estimate using four
different relative abundance distributions, a
random fraction, a Sugihara fraction, a power
fraction, and a broken stick (see Tokeshi
1993, 1996 and Ulrich 2001 for definitions
of these distributions and computing algo-
rithms). Plotted are the products of estimated
and real species numbers against the real spe-
cies number. Figure 3 shows that at this sam-
ple size (50% of the true species number) for
sigmoid log-normal type RADs except for
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Fig. 3. Test of the goodness of estimate of equation
6. The test uses 10 communities each (with 100 to
1000 species) of each a broken stick (bro), a power
fraction (with shaping parameter k = 0.2), a Sugihara
fraction (sug), and a random fraction (ranf) relative
abundance distribution. Plotted is the quotient of
estimated (S.,) and real (S,..) species number against
Sreal

the broken stick distribution equation 6 esti-
mates S in the range of = 20%, a precision
much better than that of all of the existing es-
timators (cf. Ulrich 1999).

In Figures 1 and 3 we sampled around
half or less than half of the total species
number. In this case the equations 3 and 6
mark the upper and lower range of possible
estimates (except in some rare cases of very

unusual or highly truncated relative abun-
dance distributions). For the lower boundary
we safely may take the estimate of equation 6
—20%. For the upper limit the estimate has to
include the error term (estimate + two stan-
dard deviations). These error terms have to be
estimated from the sample.

In principle no estimator can do better
than giving estimates inside these limits and
for every estimate we have to know d,;,. This
result even holds if we enlarge the sample
size up to point 4, in Fig. 1, the point of in-
flection (if the rare species follow a log-
normal type distribution), where around 3/4
of the species are sampled.

For large communities sampling up to
point A4, requires extraordinary high sample
sizes and will often be impossible. For in-
stance, for a community of 100 species fol-
lowing a log-normal distribution sampling up
to 4, requires a sample size of at least 3 000 in-
dividuals. However, in the more interesting
case of a community of 500 species even more
than 500 000 individuals have to be sampled.
Atall lower sample sizes no better estimates of
species numbers will be possible than that de-
fined above through equations 3 and 6.

From equations 3 and 6 we see that the
quotient of upper and lower limit is exactly

o In(d_, )—2icpt

7i
S min ( )

min

The quotient is therefore independent of
the slope. How large is this range defined by
equation 7. To answer this question I computed
10 assemblage of 100 to 1000 species each fol-
lowing a broken stick, a power fraction, a Sugi-
hara fraction, and a random fraction relative
abundance distribution. Figure 4 shows the es-
timation ranges computed from random sam-
ples containing in every case 2/3 of the total
species number. We see that except for the bro-
ken stick distribution the upper boundary not
reaches above 2.5 times the lower one.

Figure 5 shows the sampling of parasitic
Hymenoptera of a dry meadow on limestone
(Ulrich 1999b). In 1986 254 species were
collected with emergence traps and the plot
of species densities against species rank gives
the relative abundance distribution. An esti-
mation of species numbers using a log-linear
model (Ulrich 1999a) resulted in 629 spe-
cies, the extrapolation from a plot of new spe-
cies versus sample even gives more than
1100 species (Ulrich 1999b). The second
order jackknife predicts 338.
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Fig. 4. Boundaries of species numbers computed with equations 3 and 6 for the communities of Fig. 3. For the
computation of slope and icpt of the equations the middle ranking 50% of species were used. A: Random
fraction, B: Sugihara fraction, C: Power fraction, D: Broken stick
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Fig. 5. Relative abundance distribution of the
Hymenoptera of a dry meadow on limestone
sampled in 1986 (data from Ulrich 1999b). Given
are the equation of the geometric series fitted, the
variance explanation and the estimates of upper and
lower species numbers. The vertical line marks the
species number from which on the geometric series
was fitted. The black curve shows a fit of a
Zipf-Mandelbrot model

The first two estimates mean that less
than half of the species had been sampled
with the traps and the variance in estimation
is very high. The species-rank order distribu-
tion is not fitted by a Zipf-Mandelbrot model,
which is shown by the upper regression line.
Computing the upper and lower boundaries
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Fig. 6. Relative abundance distribution of the
Hymenoptera of a beech forest on limestone
sampled in 1986 (data from Ulrich 1998). Given
are the equation of the geometric series fitted (the
regression lines mark their 95% confidence limits),
the variance explanation and the estimates of upper
and lower species numbers. The vertical line marks
the species number from which on the geometric
series was fitted. The black curve shows a fit of a
Zipf-Mandelbrot model

with equations 3 and 6 results in a species
number between 317 and 650 species, a range
far more reliable than the three estimates.
From the regression module of the
STATISTICA software we also get an esti-
mator of the error terms of slope and intercept
(slope: —0.0155 + 0.00015; intercept: —5.127
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+ 0.019). This results in a standard error of
3 species for the lower and 7 species for the
upper limit. Both error terms are very small.
In total, including other sample techniques,
343 species had been found, more than ex-
pected from a log-normal model and from the
jackknife estimator. This indicates that this
large community is probably not distributed
according to a log-normal type relative abun-
dance distribution but follows in their lower
part a geometric series. This makes the higher
estimate more probable.

The second example shows an emer-
gence trap sample of parasitic Hymenoptera
in a beech forest from the same year (Ulrich
1998). Again a Zipf-Mandelbrot distribution
does not fit. But the curvature makes it also
difficult to fit a geometric series. The fitting
process results in: slope: —0.018 + 0.00053;
intercept: —4.8 + 0.058. From this we infer
that the species number ranges between 231
and 480 species. The standard errors are 12
species for the lower and 17 species for the
upper limit. Again, the precision of the esti-
mates is very good. In reality, with all sam-
pling methods combined 313 species had
been found (Ulrich 1998) and estimates us-
ing the second order jackknife and a log-
linear estimator (Ulrich 1999c) resulting in
374 and 509 species, respectively. This again
indicates a geometric series distribution of
the least abundant species making the higher
estimate more probable. In both cases non-
parametric estimators give much too low esti-
mates and are not applicable, mainly because
less than half of the total species number had
been sampled. We also see that the log-linear
estimator of Ulrich (1999a) gives in both
cases estimates near the upper limits. This es-
timator may therefore be applicable espe-
cially in cases were relative abundance
distributions of large communities follow in
their lower part a geometric series.
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