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different-sized areas, the mean and confidence intervals of species accumulation curves
allow more meaningful comparisons among sites.

Keywords Sampling · Spatial autocorrelation · Species accumulation curves ·
Species diversity · Species richness

1 Introduction

Species diversity is a central theme in ecology (see Preston 1962; MacArthur and
Wilson 1967; Magurran 1988; Ricklefs and Schluter 1993; Rosenzweig 1995), but
species diversity indices are semantically, conceptually, and statistically problem-
atic (Hurlbert 1971). The fundamental problem in quantifying community structure
is that one variable does not adequately capture a complex phenomenon. Several
factors determine community structure: the number of species, their relative abun-
dances, the number of individuals, and the size of the area sampled (James and
Rathbun 1981). To combine these variables into one statistic obscures their rela-
tive importance and discards much information (James and Rathbun 1981; Magurran
1988).

Unlike species diversity indices, species richness does not confound the number of
species with their abundance distribution, and some have argued that species richness
better indicates community structure (Magurran 1988; Brewer and Williamson 1994).
However, because the number of species increases with sample size, a direct compar-
ison of species richness between two samples may not be ecologically meaningful;
differences in community structure may be confounded with differences in sampling
intensity. One solution to this problem is rarefaction (Appendix A), a technique that
attempts to remove the effect of sampling differences among collections of different
sizes (Simberloff 1979; James and Rathbun 1981; Magurran 1988). Rarefaction uses
a community’s species abundance distribution to calculate a curve of the expected
number of species vs. subsample size. Instead of comparing the number of species in
a small collection of ns individuals to the number in a larger collection of nl individ-
uals, one compares the number of species from the smaller collection to the number
expected in a sample of ns individuals from the larger one. After rarefaction, differ-
ences in species richness or species diversity can be ascribed to real differences in
community structure, not sample size differences.

1.1 Assumption of spatial randomness

As do all commonly used measures of community structure, the rarefaction procedure
(Appendix A) makes three assumptions: 1) The collection is a statistically adequate,
representative sample of the community (Tipper 1979), 2) Conspecifics are uniform-
randomly dispersed, and 3) Species are dispersed independently. That is, the intra- and
interspecific spatial dispersion patterns are both completely random. In a community
with such a dispersion pattern (no spatial autocorrelation), rarefaction accurately esti-
mates species richness at various sample sizes.
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However, nonrandom spatial dispersion patterns typify ecology (Carpenter and
Chaney 1983; Palmer 1988; Legendre and Fortin 1989; Meentemeyer 1989; Dutilleul
and Legendre 1993; Legendre 1993). Two common nonrandom patterns, clumping
within a species and segregation among species, can cause the rarefied estimate to
exceed the actual values one would obtain in a sample from a smaller continuous area
(Fager 1972; Heck et al. 1975; Simberloff 1979; Kobayashi 1981, 1982, 1983). The
reasoning is simple: a sample from one location might well include many individuals
from a few species (e.g., a grove of trees). In contrast, rarefaction selects individuals
randomly from the whole sample so selecting entire clumps of conspecifics is unlikely.
Thus, these common dispersion patterns cause rarefaction to overestimate the species
richness of a smaller collection.

Here, we examine how robust rarefaction is to violation of the assumptions that con-
specifics are uniform-randomly and independently dispersed and species are dispersed
independently. For ten field studies, we measure the bias in rarefaction estimates for
different size samples. We then simulate communities with different degrees and types
of spatial autocorrelation. Using multiple linear regression, on both the field studies
and the simulated communities, we determine whether simple spatial autocorrelation
measures that can be estimated in the field (e.g., nearest neighbor distances among the
more common species) can predict bias in rarefaction estimates.

2 Methods

2.1 Empirical analyses

The 10 data sets differed markedly in number of individuals collected, number of
species present, and survey area (Appendix B; appendices B-E are located online at
http://invasions.bio.utk.edu/rarefaction/). Each data set identified the species and spa-
tial location of each individual in a continuous area. For each collection, we compared
the rarefaction curve to corresponding species accumulation curves, which plot the
cumulative number of species discovered as a function of the number of individuals
collected (Colwell and Coddington 1994). An accumulation curve differs from a rar-
efaction curve because the latter is formed by random subsampling of a collection
whereas a species accumulation curve is created by adding individuals and species in
the order in which they are observed. Thus, a species accumulation curve is sensitive
to a community’s spatial dispersion pattern, and a rarefaction curve is not.

Because species accumulation curves are likely to vary depending on where the
collecting begins, we compared each rarefaction curve to the mean of 1,000 spe-
cies accumulation curves. If a community’s spatial dispersion pattern is random, the
average species accumulation curve should match a rarefaction curve. With clumping

http://invasions.bio.utk.edu/rarefaction/
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empirical data set: as one species becomes more clumped, the other two become
more clumped and segregation between species increases. In the third data set, the
eight most abundant species have random dispersion patterns in each community, and
less abundant species vary in intensity of clumping among communities. In the fourth
simulated data set, each of these eight species maintains one random point pattern
in all communities, and less abundant species vary in intensity of clumping among
communities.

2.4 Measuring spatial autocorrelation

To apply simulation results to collections for which little is known about dispersion,
we used mean nearest neighbor distances to measure within-species clumping, and
we analyzed spatial autocorrelation only for the three most common species. We stan-
dardized all spatial autocorrelation measures by the distance expected for a uniform
random spatial dispersion pattern (Appendix C). That nearest neighbor distances do
not characterize spatial dispersion patterns completely accurately need not mean they
cannot predict rarefaction bias: this is an empirical matter.

2.5 Statistical analyses

For the empirical data set with 10 communities and four simulated data sets with 60
communities each, we used multiple linear regression to determine how well several
simple measures of spatial autocorrelation predict rarefaction bias. For each commu-
nity, we calculated percent rarefaction bias and 12 measures of spatial autocorrelation:
mean nearest neighbor distance for each of the three most abundant species (nnAA,
nnBB, nnCC), segregation among these three species (nnAB, nnAC, nnBA, nnBC,
nnCA, and nnCB), and average (not nearest) neighbor distance for conspecifics of the
three most common species (avgA, avgB, avgC). When necessary, we transformed
variables to meet assumptions of linear regression.

3 Results

3.1 Difference between square and circular species accumulation curves

For the ten field data sets, there are negligible differences between circular and square
species accumulation curves. When a difference does exist, square plots contain
slightly more species on average. For the rest of the analyses, we compare rarefaction
curves to species accumulation curves that add individuals in an increasing square,
a conservative choice for examining rarefaction bias caused by nonrandom spatial
patterns.

3.2 Rarefaction bias in empirical communities

Rarefaction overestimates actual species richness for eight of ten collections
(mean bias = 14.1%, range 4.4–34.2%; Appendix D). Figure 1a shows that the
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pattern; the three most abundant species exhibiting overdispersed intraspecific patterns
and positive interspecific associations (aggregation).

The 12 measures of spatial autocorrelation are highly correlated. To reduce multicol-
linearity, we collapsed the 12 measures of spatial autocorrelation into three variables.
We combined the three nearest neighbor distances into one measure, mean clumping.
We also combined the six segregation measures into one statistic, average segregation
distance. We combined the three average neighbor distances into one statistic, mean
average neighbor distance. These three measures are still strongly correlated: mean
clumping and mean average neighbor distance are positively correlated (0.92), and
average segregation is negatively correlated with mean clumping (−0.68) and with
mean average neighbor distance (−0.77). When one of these three measures changes to
increase rarefaction bias, correlated changes in the other variables should also increase
rarefaction bias. For example, when the nearest neighbor distances fall, average neigh-
bor distances also fall, and segregation between species increases. These correlations
should increase the ability of one measure to predict the amount of rarefaction bias.
A regression of rarefaction bias on mean clumping explains 37% of the variation but
is only marginally significant (R2 = 0.373; F1,8 = 4.75; p = 0.061). A regres-
sion of rarefaction bias on nearest neighbor distance for the most abundant species
(nnAA) explains only 17% of the variation in rarefaction bias and is not significant
(R2 = 0.174; p = 0.23).

3.4 Rarefaction bias and nonrandom spatial patterns: simulated data sets

The intra- and inter-specific spatial dispersion patterns of the three most abundant
species are uncorrelated across communities in the first data set (Appendix E). These
communities exhibit a wide range of rarefaction bias (3.1–27.6%, mean 13.3%). We
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4.2 Predicting rarefaction bias: empirical data set

We used multiple linear regression to explore how well several measures of spatial
autocorrelation of three abundant species can predict bias in rarefaction estimates.
To find a practical solution that could be used by field researchers, we chose a small
number of simple measures and focused on patterns of the more abundant species.
Because few researchers collect many spatial data, field biologists cannot apply more
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sity in tropical forests (Hubbell et al. 1999; Chazdon et al. 1999; Vandermeer et al.
2000).

4.5 Sampling from spatially heterogeneous communities

The presence of spatial heterogeneity complicates decisions about sampling methods.
Researchers should sample communities from equal-sized areas when possible to
allow a direct comparison of species density; species richness can be compared using
rarefaction. The size of the area sampled must be adjusted for the taxon and the
question.

When communities are sampled from different-sized areas, we recommend using
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subplots (if coordinates are not known) until the entire collection is sampled. One
should obtain a sample of ca. 1,000 curves, then compare the mean number of species
and the confidence interval for the number of species obtained from the smaller col-
lection. Although using species accumulation curves is time-consuming and requires
spatial data, estimates of expected species richness are lower than those generated
from rarefaction, often much lower. Whether one standardizes collections based on
area or on numbers of individuals depends on the question, and some studies would
benefit by examining how patterns change with each metric.

We have not determined circumstances under which rarefaction is likely to be reli-
able, nor have we provided a “correction” for spatially autocorrelated data. Simple
measures of spatial autocorrelation, such as nearest neighbor distances of the more
abundant species in a community, cannot predict the amount of rarefaction bias. Even
with more sophisticated measures of spatial autocorrelation, the ability of data on the
most common species to predict rarefaction bias is limited.

Conclusions of some studies that have used rarefaction should be viewed with
caution. Studies that have shown a smaller collection containing fewer species than
expected for a sample from a larger collection are in greatest jeopardy. Studies in
which a large collection is rarefied to a very small sample size are also likely to exhibit
high rarefaction bias and are suspect.
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Appendix A: Description of rarefaction

Rarefaction estimates the number of species expected in a sample of individuals
selected at random from a larger collection (Sanders 1968; Hurlbert 1971; Simberloff
1972). Gotelli and Graves (1996) discuss questions addressed using rarefaction. Rar-
efaction produces a hyperbolic curve of the expected number of species for a given
sample size. Confidence limits can be calculated for each sample size (Fig. A.1).
Hurlbert (1971) and Simberloff (1972) independently developed identical equations
directly calculating the rarefaction curve using probability theory. Heck et al. (1975)
provided an explicit means of calculating variance in estimates of the expected number
of species.

If an unrarefied collection consists of N individuals and S species, and the abun-
dance of each species is given by the rank-abundance array N = {N1, N2, N3, . . . , NS},
the expected mean number of species, E(Sn), in a random sample of n individuals is

E(Sn) = S −
(

N
n

)
exp−1

S∑

i=1

(
N − Ni

n

)
(A1)
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