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Abstract
& Context No efficient method is available to compare
multi-locus estimates of diversity while taking into account
inter-locus and inter-population stochastic variance. The
advent of genome scan approaches makes the development
of such tests absolutely necessary.
& Aims We developed a method to compare genome-wide
diversity estimates while taking into account—and factoring
out—variation in census size and making use of inter-locus
variance to assess significance of differences in diversity
levels.
& Methods An approach based on rarefaction with bootstrap
re-sampling (RaBoT) was implemented into a test of multi-

locus comparison of diversity coded in R. The properties of
the test were studied by applying it to simulated populations
with varying diversity levels and varying differences in
diversity levels. The test was then applied to empirical data
from disturbed and undisturbed populations of Virola
michelii (Myristicaceae) genotyped at 693 amplified frag-
ment length polymorphism (AFLP) markers.
& Results RaBoT was found to be rather conservative, with
large numbers of false negatives when the diversity in the
compared populations was similar, and false positives mostly
associated to comparisons of populations with extremely high
levels of diversity. When applied to empirical data, RaBoT
detected higher genetic diversity in a post-disturbance than in
an undisturbed population and lower genetic diversity in a
seedling than in the corresponding adult population, but it also
revealed differences in diversity between subgroups within
the disturbed and undisturbed plots.
& Conclusion RaBoT is a sensitive method to compare multi-
locus levels of diversity that can be applied both at the geno-
type level for dominant markers (e.g. AFLP) and at the allele
level for biallelic codominant markers (e.g. single-nucleotide
polymorphisms).

Keywords Population genetics . Statistical testing .

Genome-level diversity . Genome scan . Diversity
comparison

1 Introduction

The comparison of levels of (genetic) diversity in samples
with different sizes is generally performed using rarefaction
methods (Hurlbert 1971; Petit et al. 1998; Kalinowski 2004),
which apply only to (allelic) richness. On the other hand,
statistical tests of differences in diversity levels for single loci
have been based on the computation of confidence intervals
on diversity estimates (Grundmann et al. 2001) and non-
parametric tests have been used to compare multi-locus
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diversity levels for Nei’s (1978) genetic diversity (Tessier and
Bernatchez 1999; Jin et al. 2000) or for allelic richness with
rarefaction (Kalinowski 2004). Glaubitz et al. (2003a, b) used
a permutation approach to compare average multi-locus di-
versity estimates in pairs of forest tree populations before and
after the application of sylvicultural practices. Their method,
however, did not exploit stochastic variation among loci be-
cause it was based on average effects.

Recent genome scan methods generally rely on biallelic
markers such as amplified fragment length polymorphisms
(AFLPs) or single-nucleotide polymorphisms (SNPs). These
markers are ideal for genome-wide comparisons of genetic
diversity with or without rarefaction, but the only measure of
diversity to which rarefaction is currently applied is allelic
richness, which has limited scope for biallelic markers. Here,
we present a method that permits to statistically test genome-
wide differences in diversity by a combination of comparisons
of estimates obtained from large numbers of loci and
bootstrap-based rarefaction, called “Rarefaction-by-Bootstrap
Test” (RaBoT). This new tool makes use of multi-marker,
biallelic genetic data, obtained from high-throughput genome
scan techniques (such as SNP or AFLP markers), to statisti-
cally test genome-wide differences in diversity between pop-
ulations of different census sizes or between samples of dif-
ferent sample sizes (that may or may not be derived from
populations of different census size). RaBoT is an improve-
ment relative to currently available methods for the compari-
son of diversity levels because (a) it takes advantage of rare-
faction to compare diversity in populations and samples of
different sizes, (b) it applies a bootstrap method to empirically
test differences in diversity at the single-locus level and (c) it
combines information on diversity differences from large
numbers of loci in a composite statistical test, rather than
using averages to summarise differences between populations.
RaBoT’s rationale, robustness and power are first described
here, and then the method is applied to compare diversity
levels between tree populations growing in disturbed and
undisturbed plots.

2 Materials and methods

2.1 Development of the RaBoT algorithm

The test is inspired by rarefaction-based comparisons of spe-
cies and allele richness (Hurlbert 1971; Petit et al. 1998) but it
takes full advantage of data sets containing large numbers of
biallelic markers (such as those produced in AFLP- and SNP-
based genome scans) and provides a P value associated with
the observed data under the null hypothesis of no genome-
wide difference in diversity. It can apply to any transformation
of the true diversity of order 2 (Jost 2006), such as the Gini–
Simpson index (Jost 2006; Simpson 1949) or Nei’s genetic

diversity (Nei 1978), which are mathematically equivalent. To
construct the test, we proceeded as follows. Census (sample)
sizes were recorded as Nsmall and Nlarge for the smaller and
larger population being compared, respectively. The observed
diversity in the smaller population (Hsmall) was computed for
each genetic marker. In the larger population, S subsamples
were randomly drawn with replacement with sample sizes
equal to Nsmall. H was computed for each subsample and for
each marker, and the median mH,large was computed from the
set of S values obtained for each marker. Finally, for each
marker, ΔH=Hsmall−mH,large was computed. The genome-
wide distribution of ΔH (i.e. the distribution of ΔH values
drawn from all markers) was inspected. If there was no real
difference in diversity between the small and the large popu-
lation, beyond the effect of population sampling stochasticity,
then Hsmall values should be drawn, for each locus, from the
same distribution as the random subsamples from the large
population and the same locus. Under this hypothesis, the
observed Hsmall value for each marker is a random outcome
from the same distribution as the corresponding H values for
the random subsamples. As a consequence, individual marker
ΔH values should have the same probability of being positive
or negative, and at the genome level, there should be equal
numbers of positive and negativeΔH values. Departures from
this expectation were tested by a Chi-square test and were
taken as suggestive of real, genome-wide differences in diver-
sity. An R (R Development Core Team 2008) script was used
to run RaBoT (see Supplementary Methods 1).

Sensitivity and robustness of the RaBoT method were
tested by a simulation approach. Twenty-five populations
with varying effective size (N from 10 to 200) and varying
diversity (θ=Nμ from 0.1 to 2, where μ=mutation rate)
were generated using EASYPOP (Balloux 2001). Popula-
tions were forward-simulated over 10,000 generations to
reach mutation–drift equilibrium, starting with a monomor-
phic population. One hundred unlinked loci were simulated
in each population. Pairwise diversity comparisons were
then performed using RaBoT, with 100 replicates per locus
for all comparisons.

2.2 Application to a real case

RaBoT was subsequently applied to empirical AFLP data
from disturbed and undisturbed forest tree populations of
Virola michelii (see Supplementary Materials 1 for details
on the species). Because AFLPs are dominant, it is not
possible to identify all alleles and therefore a bootstrap
sampling at the allele level was not feasible. RaBoT was
applied instead to the presence/absence of AFLP fragments,
that is, to AFLP “phenotypes”.

The dynamics of V. michelii regeneration was studied at the
Paracou experimental site (French Guiana; 5°18′N, 52°55′W;
http://www.ecofog.gf/spip.php?article174) (see Supplementary
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Materials 1 for details). The study was carried out in two contig-
uous 6.25 ha plots (plot 9 (P9) and plot 11 (P11), Supplementary
Fig. 1), separated by a 50-m-wide buffer zone. Plot 11 was a
control plot without any logging, while plot 9 underwent exper-
imental logging between 1986 and 1988 (see Supplementary
Materials 1 for details). To test whether RaBoTwould also detect
local variations in diversity that are independent of the
hypothesised effect of perturbation, each of the two plots was
subdivided into two subplots (named P9E and PW9 for the
disturbed plot, and P11E and P11W for the control plot) whose
juvenile V. michelii populations were compared to each other, to
the adult population and to the other plot’s subplots. Details of
population sampling, AFLP analyses and data scoring are pro-
vided in Supplementary methods 2.

RaBoT requires independent markers. Therefore, as a min-
imal requirement, markers from natural samples should be in
genotypic equilibrium. Genotypic disequilibrium was
checked for all marker pairs in the sapling dataset by testing
significance of two-way contingency tables (with Bonferroni
correction) as in Raymond and Rousset (1995). To define a
marker set with minimum genotypic disequilibrium for sub-
sequent analyses, we proceeded as follows. After testing all
marker pairs for linkage disequilibrium, markers were sorted
based on the number of pairs showing genotypic disequilibri-
um in which they appeared (from highest to lowest). Markers
were iteratively removed from the data set one by one and the
number of pairs with genotypic disequilibrium was re-
computed as above. The largest marker set with fewer than
5 % of pairs in genotypic disequilibrium was retained for
further diversity analyses. These iterations were performed
through an R (R Development Core Team 2008) script, which
is presented as Supplementary Methods 3.

3 Results

The results of simulations used to evaluate the proper-
ties of the RaBoT method are visually summarised in
Fig. 1. RaBoT had intermediate type I error rates for
diversity levels up to θ=1 (two false positives out of 40
comparisons (5 %) at the 5 % significance level) and
high type I error rates for populations with high diver-
sity (θ=2, four false positives out of ten comparisons
(40 %) at the 5 % significance level). Power was quite
high for populations with large differences in diversity
(21 false negatives out of 150 comparisons (14 %) at
the 5 % significance level for pairs including one pop-
ulation with θ=0.1–0.2 and one population with θ=0.5–
2.0) but was low for comparisons of populations with
smaller (non-zero) differences in diversity (74 false neg-
atives out of 100 comparisons (74 %) at the 5 %
significance level). Population size did not influence
these results (Fig. 1).

Diversity was significantly lower in saplings in the con-
trol than in the post-disturbance plot: in all comparisons
between P11 (control) and P9 (disturbed) subplots, diversity
was significantly lower in the control than in the disturbed
subplots. On the other hand, diversity in the adult population
was always significantly higher than in all seedling sub-
populations, no matter whether they grew in the control or
in the disturbed subplots. Significant differences in diversity
were also found between same-plot subplots (Supplementary
Table 1 and Supplementary Fig. 2). Visual inspection of the
distribution of the size of differences in diversity (Supplementary
Figure 2) showed that, for comparisons between seedling popu-
lations, the values were roughly centred around zero, whereas for
comparisons between the adult population and all seedling pop-
ulations, the values were skewed toward strongly positive differ-
ences (i.e. the adults were largely more diverse than the
seedlings).

4 Discussion

To take advantage of high-throughput, multi-locus genetic
data, we have developed the RaBoT method, which takes
into account diversity differences at large numbers of
biallelic loci simultaneously. The RaBoT method showed
average conservativeness (low type I error rate) and high
power (low type II error rates) for comparisons of popula-
tions with large differences in diversity. Power was con-
versely low in comparisons of populations with similar
levels of diversity, as one would expect, and false positive
results were quite frequent for comparisons between popu-
lations with extremely high diversity levels (θ=2). Never-
theless, such levels of diversity seem quite extreme for
AFLP or SNP variation: mutation rates underlying them
are likely to be the same as point mutation rates, which are
close to μ=10−8 in eukaryotes (Drake et al. 1998), and
therefore θ=Neμ=2 requires very large and unlikely effec-
tive population sizes. Overall, a significant RaBoT result
should therefore be considered as suggestive of large differ-
ences in diversity. The method proved globally robust to
differences in population size, as false positives and false
negatives were not particularly associated to the comparisons
involving the smallest or the largest populations (Fig. 1).

The application of RaBoT to the study of V. michelii
populations illustrates how the method can be used to ana-
lyse differences in diversity levels and how comparisons
between different subsets can be used to gauge the validity
and significance of the results. The RaBoT analyses showed
that genome-wide levels of diversity were higher in the
disturbed plot than in the control plot, after controlling for
population size. This suggests at first sight that regeneration
processes occurring after disturbance, and in particular after
the opening of canopy gaps, may influence the genetic
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diversity of populations of a light-responsive tree species at
early life stages. Nevertheless, differences in diversity levels
were found also between subplots within the disturbed and
the undisturbed plot, thus preventing any firm conclusion on
the effect of disturbance on diversity levels, which may
stochastically vary at small spatial scales. At the same time,
the corresponding extant adult population had a higher
diversity than juveniles, either from the control or the
post-disturbance plot. This implies that, if the next adult
generation is a random representation of the current juvenile
cohorts, but with the same population size as the extant
adults, it may be less diverse than the current adult popula-
tion. The reason why our results allow us to draw such a
conclusion rests on the way the method is constructed:

RaBoT compares diversity in the adult population and in
random subsamples of the current juveniles, having the
same sample size as the adult population size; if the current
adult population were to be replaced, at constant size, by a
random sample of the current juveniles, then the future adult
population would be equivalent to one of the random draws
obtained by RaBoT in the juvenile population. Therefore,
the distribution of diversity values in juvenile subsamples
represents the expected distribution of the possible diversity
values in the future adult population. The most likely expla-
nation for the observed differences in diversity between
adults and juveniles is that the cohort of seedlings, growing
at any given time in a given (small) portion of the forest,
represents only a subset of the population of seeds that

Fig. 1 Graphical representation of the results of the RaBoT compari-
sons of diversity for simulated populations with varying population
sizes and diversity levels. Dark gray cells, correct positive results
(significant tests for populations with different diversity levels); light

gray cells, correct negative results (non-significant tests for popula-
tions with same diversity levels); white cells, false negatives; circled
cells, false positives. Significance level=5 %
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makes up the adult population. Rare long-distance dispersal
events, occurring over long time spans, may have contributed
disproportionately to the genetic diversity of the adult popu-
lation. Moreover, only a subset of the extant adult population
may have so far contributed to regeneration, which would
therefore contain only a small subset of the adults’ diversity.
In other words, the adult population may be the outcome of
the establishment of multiple cohorts of seedlings, which may
have cumulatively provided higher levels of diversity than the
currently observed seedling cohort.

It has to be noted that we have applied RaBoT to AFLP
“phenotypes” (presence vs absence of fragments) but that a
finer analysis could be performed on alleles, and therefore on
Nei’s (1978) genetic diversity; RaBoT is actually suitable as-is
without modification for the comparison of genetic diversity in
any data set comprising multi-locus, biallelic markers (e.g.
SNPs) because it is a general method to test differences in true
diversity of order 2 (Jost 2006) of which Simpson’s diversity
(applied here) (Simpson 1949) and Nei’s genetic diversity (Nei
1978) are mathematically identical particular cases. Moreover,
the method can easily be extended to any other measure of
diversity, as the rarefaction-by-bootstrap strategy and the chi-
square test of diversity differences are general methods to
obtain population subsamples and to compare whole genomes,
respectively, and they are not linked to a particular kind of
diversity estimator (although for different diversity statistics,
power, false discovery rate and robustness may be different and
must be checked again). As large SNP data sets, obtained
through genotyping-by-(next-generation)-sequencing, become
available, RaBoT may become a convenient tool to compare
genome-wide diversity levels across populations, life stages
and even species.
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