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Abstract The biodiversity crisis demands that scientists be careful in their
application of quantitative methods, because misuse of biodiversity statistics can
lead to trivial but real patterns (artifacts) or to false patterns (artifictions). While
misuses such as biases in taxonomic ratios, standardization by dividing by area or
individuals, and the rarefaction effect have been repeatedly recognized in the
literature, they continue to appear regularly in the scientific literature. Here, we
illustrate (using data from North American floras and the Tallgrass Prairie Preserve
in Oklahoma, USA) examples of how artifacts and artifictions can lead to
misinterpretation of biodiversity patterns. We urge biogeographers and ecologists
to be vigilant when using biodiversity statistics, to avoid false interpretations.

Keywords Bias . Floristics . Rarefaction effect . Species area relationship .
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Introduction

The science of biodiversity is quantitative to the core. This is as it should be.
However, it is implicit in a quantitative science that the numbers should mean
something. Here, we argue that inferences emerging from misapplication of diversity
statistics can be invalid. We distinguish between two classes of such misapplication:
artifacts, in which the numbers and patterns observed are real but trivial, and
artifictions, in which the patterns arise due to incorrect calculations. We present three
topics in which false inferences may arise: taxonomic ratios, species-area relation-
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ships, and the rarefaction effect, and we caution against future misuse of biodiversity
statistics.

Taxonomic Ratios

Ecologists are increasingly invoking evolutionary explanations for ecological
patterns (e.g. Hubbell 2001). In an exploration of the high diversity of calciphytes
in Europe, Ewald (2003) asks whether calciphytes have had a higher rate of
diversification than acidophytes. This is a fascinating and important question. Ewald
(2003) used indices of evolutionary ramification that have been popular since the
19th century: the ratios of species to genera, and of species to families (hereafter, we
refer to these as “taxonomic ratios”). Although these indices are simple and intuitive,
they are problematic. The first objection is that the ranking of genus and family are
arbitrary; there is no “genus concept” or “family concept” as there might be for a
species concept (Lee 2003; but see Pleijel 1999 and Fisher 2006). Hence, a genus in
one taxonomic or ecological group might not be strictly comparable to a genus in
another – and may differ dramatically in age. A possible solution would be to compare
the fractal dimensions of phylogenies (e.g. Clarke and Warwick 1999), but the
difficulty in estimating the detailed shape of phylogenetic trees may be overwhelming.

The second objection to taxonomic ratios is that they have intrinsic numerical
biases. As Gotelli and Colwell (2001) warn, “despite the periodic rediscovery of this
classic pitfall, sample-size dependence of taxonomic ratios continues to trap the
unwary”. Indeed, Järvinen (1982) pointed out that this problem was well-understood
by European biogeographers more than eighty years ago. Since the number of
categories is not a linear function of the number of subcategories, the ratio of one to
another will exhibit systematic biases (Strong 1980). Here, we use three data sets to
illustrate such biases. We will also demonstrate that correcting for these biases can
change the results of statistical inference.

Vascular Floras of North America

The first data set consists of a collection of 1495 vascular floras describing various
regions of North America (Palmer 1995, 2005, 2006, 2007a; Palmer et al. 1995;
Withers et al. 1998; Qian et al. 2007). We plotted the relationship between
taxonomic ratios and species richness for these floras in order to demonstrate their
numerical interrelationships.

Figure 1 illustrates strong relationships between the subtaxon/taxon ratio and the
number of species in floras throughout North America; these are precisely the
ascending relationships expected due to sampling species from a list (Gotelli and
Colwell 2001). Of course, we cannot conclude that the relationship is only due to
sampling. Fortunately, there is ground for optimism: even at fixed species richness, the
number of families and genera vary dramatically among floras (i.e. there is much
scatter around the relationships in Fig. 1, especially considering its logarithmic scale).
A simple solution is to examine the residuals of the regression of the following model:

log speciesð Þ ¼ b0 þ b1log generað Þ þ e
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Indeed, examining the number of species per genus reveals no clear trends with
latitude, while these residuals exhibit a clear trend (Fig. 2), implying older
evolutionary diversification at lower latitudes. Further work on these data is needed
to assess the strength of other potential biases (e.g. uneven distribution of floras of
different areas, time effects, synonymy effects). Nevertheless, this example
demonstrates that taxonomic ratios may conceal the meaning of subtaxon/taxon
relationships.

Vascular Flora of the Tallgrass Prairie Preserve

The second data set consists of the vascular flora of the Tallgrass Prairie Preserve
(TGPP) in Oklahoma (Palmer 2007b). The flora consists of 772 species in 406
genera and 109 families. To illustrate the relationship between taxonomic ratios and
the length of a species list, we selected the species in 10 random sequences (sampled
without replacement) and plotted the ratio of species to families as a function of the
number of species. Figure 3 illustrates a strong positive relationship between the
number of species per family and the number of species, for random subsamples of
the tallgrass prairie flora. The results for the number of species per genus (not
shown) are similar but have lower slopes. Although few would doubt that biases
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Fig. 1 The number of species
per family (open symbols) and
species per genus (filled sym-
bols) in vascular floras through-
out North America, as a function
of the number of species. Note
the double logarithmic scale
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exist if the number of species is low (e.g. the number of species per family can be no
greater than one if there is only one species, two for two species, etc.), it is clear
from Figs. 1 and 2 that the bias is still prominent when richness is high. Figure 3 is
an example of an artifiction, because the act of dividing the number of subtaxa by
the number of taxa is not justifiable.

Figure 3 suggests a method (allied to rarefaction, a method to be discussed later)
for correcting for richness: if one wanted to compare the number of families in a
species-poor flora with that of the tallgrass prairie, they can randomly subsample the
flora to the same number of species. This might be a useful first approximation, but
it should be stressed that “real” patterns of taxon/subtaxon relationships (such as
those that might be imposed by environmental heterogeneity or unequal areas) might
be obscured.

Species Richness of Tallgrass Prairie Plots

The third data set comes from 418 vegetation plots from the TGPP (described in
Palmer et al. 2003). Gotelli and Colwell (2001) suggest using rarefaction (or
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censoring the data set to a common number of species or individuals; this is allied to
the rarefaction effect discussed later) to correct for sampling pitfalls. We calculated
the number of species per genus and species per family for each sample, both for the
full data and for each of 10 rarified data sets, in which 40 species are randomly
chosen without replacement. The number 40 is arbitrary, but reflects a tradeoff
between data quality (ratios are more reliable when richness is high) and quantity
(the 25 samples with fewer than 40 species need to be excluded from analysis). The
“rarified species to genus ratio” is the average ratio of the 10 rarified data sets (and
similarly for families); since the number of species is constant the analysis is
equivalent to simple counts of families or genera - yet for comparative purposes, we
present the number as a ratio. We then compared how the rarified measures were
correlated with soil calcium (total content).

As in Palmer et al. (2003), species richness is negatively correlated with soil
calcium in grasslands, but is nonsignificantly positively correlated in woodlands
(Table 1). The number of species per family is not significantly related to calcium for

Table 1 Spearman rank correlation between soil calcium and various biodiversity measures, where
samples are rarified to 40 species

Woodlands (n=109) Grasslands (n=266)

Variable r P r P

Total richness 0.015 0.877 −0.378 <0.001
Species to family ratio −0.094 0.330 0.008 0.897
Rarified species to family ratio −0.197 0.040 0.155 0.011
Species to genus ratio −0.363 <0.001 −0.410 <0.001
Rarified species to genus ratio −0.340 <0.001 −0.246 <0.001

In practice, it is better to present results as “number of families per 40 species” rather than a ratio, which
would result in identical inference. However, we present it as a ratio for comparative purposes
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either vegetation type. However, the rarified species to family ratio is significantly
related for both types, though in opposite directions: negative for woodlands, and
positive for grasslands. Thus, failure to correct taxonomic ratios can mask potentially
interesting patterns.

In contrast, the species to genus ratio is significantly negatively related to calcium
for both vegetation types, whether or not it is corrected by rarefaction. The
dramatically different patterns exhibited by the two taxonomic ranks (families and
genera) are fascinating, but we are hesitant to engage in rank speculation (pun
intended) here.

Taxonomic ratios have also been used since the time of Elton (1946, 1958) to
evaluate the effects of competitive exclusion. Elton and others have reasoned that
closely related species should not coexist because their resource requirements are so
similar (Elton 1946; Williams 1947; Strong 1980; Enquist et al. 2002). Thus, the
number of species should be low relative to the number of genera, particularly at fine
spatial scales where competitive interactions are most intense. Figure 4 illustrates
that the species/genus ratio is indeed depressed at small quadrat sizes in the tallgrass
prairie preserve. However, the observed ratio is actually larger than null expectation,
as determined by random draws of species from the next larger quadrat. Thus, what
appears to be a strong increasing trend in Fig. 4 is an artifiction. We believe that
static data on taxonomic ratios, without experimental support, are insufficient for
addressing questions related to competitive exclusion.

Taxonomic ratios are biased by the number of species. This observation has been
made and forgotten repeatedly in the past, so it bears further reiteration (Gotelli and
Colwell 2001). Rarefaction is one method to correct for such biases, and it is
possible that Ewald (2003) may have found significant results with rarified, instead
of raw, taxonomic ratios. However, we suspect that a more sensitive and a more
meaningful measure of the “bushiness” of the evolutionary tree can come from a

Fig. 4 Species/genus ratio for
quadrats at the Tallgrass Prairie
Preserve, as a function of quad-
rat size (in log10 m

2), in a series
of 20 nested plots sampled in
2005. Solid dots indicate the
observed values. Boxplots
indicate the median, quartiles,
and range for 499 random draws
of R species from the next
largest quadrat size, where R is
the observed richness of the
quadrat
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more detailed cladistic analysis, perhaps supplemented with molecular data. It would
be naïve to assume that such data are free of biases and other problems, but they are
more likely to be free of presuppositions imposed by the arbitrary ranking of groups
into higher taxa.

Species-Area Relationships

The number of species as an increasing function of area is one of the most consistent
and powerful relationships in ecology (Arrhenius 1921; Gleason 1922; Fisher et al.
1943; Preston 1960; Williams 1964; Connor and McCoy 1979; Rosenzweig 1995;
Hubbell 2001), yet we are often interested in correcting the effects of area so we can
examine the effects of other factors. When we are interested in comparing biomass
or density in samples with different area, the solution is obvious: to divide the
quantity by area. Thus, it seems logical to do the same for species – and indeed,
many have. For example, Goldblatt and Manning (2002) determined that the
Alguhas Plain and Cape Peninsula, the smallest (and among the most species-poor)
regions in their study, actually had the highest biodiversity when “standardized” by
dividing by area. The Cape Peninsula had an impressive 478.7 species per 103 km2.
Following these calculations, MWP’s lawn in Oklahoma (with an estimated 18 species
per 10 m2) has an even more impressive diversity of 1800000000 species per 103 km2.
Clearly, the intrinsic nonlinearity of the species-area relationship means the act of
dividing richness by area is an artifiction. Rosenzweig (1995: 30) lamented the abuse
of dividing by area, and gave a prominent ecologist as an example. An anonymous
reviewer of this manuscript exclaimed, “the incorrectness of dividing by area seems to
be so obvious that I almost could not believe that somebody could make it!”, and we
must agree with this sentiment. Nevertheless, the problem remains rampant (Fridley et
al. 2006b). To avoid embarrassing too many people, we will avoid listing the
numerous 21st century examples of this artifiction. Demonstrating that a linear
relationship can describe the species-area relationship in some cases (Flather et al.
2006) does not justify dividing by area. This argument is only consistent if the
relationship is not only linear in arithmetic space, but that the intercept equals zero.

Fortunately, the “cure” for correcting an area is simple: fit a good relationship
(with the Arrhenius equation S = cAz being arguably the best for biogeographic
scales on theoretical and empirical grounds (Rosenzweig 1995; Fridley et al. 2005),
but by no means the only possibility) and then to examine the residuals of the
relationship. Similarly, one could enter the logarithm of area into a multiple
regression (with the logarithm of richness as a response variable). If so, the
coefficients for the other variables would reflect their independent effect on richness.
This method should work reasonably even if the Arrhenius equation is not exact, as
long as it is not used to extrapolate beyond the data. Other functions could be
substituted if there are marked deviations from the Arrhenius model.

An interesting special case of “dividing by area” is “dividing by stems”. As
pointed out by Gotelli and Colwell (2001), Hubbell et al. (1999) divided the number
of tree species in treefall gaps by the number of stems. Except in the case where
every tree individual is a unique species (in which case there is no purpose in
independently reporting richness), the species accumulation function will bend
downwards, and thus the number of species per stem will be an inevitable decreasing

Artifacts and artifictions 251



function of the number of stems sampled. A simple correction for this effect would
be to examine deviation from a regression equation (analogous to that described in
the previous paragraph), although this will be problematic when the number of stems
(and therefore species) is extremely low. The link between density and richness can
lead to other errors of inference, as described in the next section.

Rarefaction Effect

Species do not exist in vacuums: they are constrained to be represented by
individuals. Thus, there is a necessary relationship between the number of
individuals and the number of species; this relationship is known as the rarefaction
effect (Palmer et al. 2000). This phenomenon has often been referred to as a
“sampling effect” (Palmer 1991; Adler and Lauenroth 2003; White 2004; Fridley et
al. 2006a), but since it is a real phenomenon and not merely a bias created by the
observer, we prefer a term without connoting the act of sampling. The term
“rarefaction effect” is a generalization of an older term “rarefaction”, which is a
method for correcting for differences in numbers of individuals (Sanders 1968). The
“more individuals hypothesis” (e.g. Yee and Juliano 2007) is synonymous with the
rarefaction effect, but is a bit more awkward to use.

When numbers of individuals are low, there is often a tight correlation between
species richness and the number of individuals. However, the rarefaction effect can
extend to thousands of individuals (Palmer and van der Maarel 1995). Fridley et al.
(2006a) have suggested that the relative contribution of rarefaction and non-
statistical influences on species richness (“ecological effects”) depends upon the
relative strength of ecological effects at particular spatial grain sizes in relation to
local density (see also Fridley et al. 2005). The rarefaction effect can cause incorrect
inference about diversity differences between habitats (Palmer et al. 2000). Some
authors (e.g. Zobel and Liira 1997; Goldberg and Estabrook 1998; Jones et al. 2007)
correct for the rarefaction effect in their work. The simplest way to correct for the
rarefaction effect is rarefaction as traditionally defined: i.e. to compare the number
of species per fixed numbers of individuals (see Tipper 1979 for a critique of
rarefaction, in a paper coincidentally titled similarly to this one). Since the
rarefaction effect is real, and is not caused by inappropriate mathematical operations,
it is considered an artifact rather than an artifiction.

Stems are not often counted in ecological studies, limiting the utility of
rarefaction and similar methods. Nevertheless, it is still important to address
rarefaction effects (at least as a possible explanation for observed patterns). For
example, there is a large body of literature offering explanations for the unimodal
richness-biomass relationship (see Grace 1999; Gillman and Wright 2006), but
perhaps the simplest explanation is that this pattern is driven by a rarefaction effect.
Oksanen (1996) suggested that richness peaks at intermediate biomass because this
is when the number of individuals is maximal. Despite the controversy generated by
this concept (Grime 1997; Marañón and García 1997; Rapson et al. 1997), it is
largely appreciated that rarefaction and ecological interactions simultaneously
influence the shape of the biomass-richness relationship (Chiarucci et al. 2004;
Luo et al. 2006). For example, stress or disturbance can reduce the number of
individuals and hence the number of species.
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The link between the number of native species and the number of exotic species
has been considered an important tool for testing the invasibility of systems (Elton
1958; Fridley et al. 2007). The correlation has been shown to be scale-dependent
(Stohlgren et al. 1999; Brown and Peet 2003; Stohlgren et al. 2003; Herben et al.
2004; Fridley et al. 2007), with a negative relationship at fine scales and a positive
relationship at broad scales. Indeed, we find such a strong scale dependence in the
Tallgrass Prairie Preserve (Fig. 5). This implies, at first glance, that there is some sort
of negative interaction between exotics and native species that is only manifest at
fine scales.

On further evaluation, the relationship seems even more complex: the species
whose Latin name begins with an “A” seem to have a negative interaction with all
other species (Fig. 6). Note how Figs. 5 and 6 are similar, both qualitatively and
quantitatively. We find it highly unlikely that alphabetical order of species names has
a bearing on the ability to exclude other species. In reality, there is likely to be a limit
to the number of individuals in a quadrat: due to the rarefaction effect, this may
cause a negative relationship among any two groups of species. Both Fridley et al.
(2004) and Herben et al. (2004) have shown that the reported negative relationship
between native and exotic species richness at fine spatial scales is a necessary
outcome of the rarefaction effect. This strongly suggests that researchers first
account for such artifacts before interpreting such data as evidence of Eltonian biotic
resistance (see Fridley et al. 2007).

The rarefaction effect is real, and this is why we prefer the term to “sampling effect”
which implies the effect is merely a consequence of measurement. But the rarefaction
effect is a trivial expectation based on species occurring within individuals.
Unfortunately, the problem gets worse when we deal with clonal plants: not only is it
more difficult to identify individuals, but there may be fewer independent organisms.
This further constrains the sample size. In the absence of strong environmental variation,
the variance test (Palmer 1987; Palmer and van der Maarel 1995) might be a useful

Fig. 5 The relationship between exotic species richness and native species richness at the Tallgrass Prairie
Preserve, illustrating a shift from a negative to a strongly positive relationship as a function of increasing
plot size
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technique for assessing the magnitude of the rarefaction effect. We acknowledge that
there is much more work needed to be done on this subject.

Pointing out the fact that the rarefaction effect exists, and may be strong, does not
mean that there are no interesting interactions among species at fine spatial scales. It
merely stresses that rarefaction effects must be considered when making inferences
about richness at such scales. Nevertheless, the majority of papers (too numerous to
cite) dealing with fine-scale richness patterns in the modern ecological literature fail
to even mention the potential role of rarefaction. Plant ecologists are not alone in
this: it is routine to see papers in vertebrate and insect community ecology in which
there are strong, simultaneous effects on both density and species richness, yet the
two are discussed separately. In such cases, rarefaction effects are usually the most
parsimonious explanation for the observations.

Conclusions

The cautions listed here are not novel (Järvinen 1982; Gotelli and Colwell 2001) but
are often unheeded. To these artifacts and artifictions, we can add other hazards to
biodiversity analysis such as cryptic species (Caputi et al. 2007), collector effects
(Moerman and Estabrook 2006), non-normal error distributions (Palmer 1995),
nomenclatural issues (Gaston and Mound 1993), spatial dependence (Miller et al.
2007), difficulties accounting for the effects of environmental heterogeneity (Palmer
1991, 2007a) and more. Concerns about the Linnean rank of species (e.g. Pleijel
1999; Fisher 2006) do not make things easier. However, the looming extinction
crisis (van Vuuren et al. 2006) makes it mandatory that we find correct, robust, and
nontrivial solutions to the problem of documenting, monitoring, and understanding
the diversity of life on earth. We urge ecologists to be vigilant so that artifacts and

Fig. 6 The relationship between species richness of species beginning with “A” and richness of all other
species at the Tallgrass Prairie Preserve, illustrating a shift from a negative to a strongly positive
relationship as a function of increasing plot size
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artifictions will not lead to future misinterpretations of biodiversity patterns. In
particular, we recommend:

& Teach about these pitfalls as part of an ecological education.
& Reviewers and editors need to be especially aware that not all ecologists are

aware of these artifacts and artifictions. Results related to biodiversity should be
scrutinized in light of possible misinterpretations. Artifictions should not be able
to pass peer review. Artifacts, on the other hand, can be introduced as possible
explanations for observed patterns.

& More sophisticated measures of evolutionary ramification (ideally, free of
Linnean ranks) can and should be developed.

& New methods for correcting for rarefaction effects should be considered,
particularly in problematic cases such as clonal species.

& The rarefaction effect should be considered a real phenomenon, with potential
implications for community ecology.

& We must be prepared to accept that some ecological problems might be
fundamentally uncorrectable. Other disciplines embrace the fundamental limits to
investigation (e.g. Heisenberg’s Uncertainty Principle for physicists, Gödel’s
Theorem for logicians) and there is no reason to suspect limits cannot apply to
us. Nevertheless, we can rest assured that there are indeed fascinating questions
in biodiversity science that can be addressed using current methods and a little
ingenuity.
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