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To empirically determine the effects of sample size on commonly used measures of average genetic diversity, we
genotyped 200 song sparrows Melospiza melodia from two populations, one genetically depauperate (n�100) and the
other genetically diverse (n�100), using eight microsatellite loci. These genotypes were used to randomly create 10,000
datasets of differing sizes (5 to 50) for each population to determine what the effects of sample size might be on several
estimates of genetic diversity (number of alleles per locus, average observed heterozygosity, and unbiased average expected
heterozygosity) in natural populations of conservation concern. We found that at small sample sizes of 5 to 10
individuals, estimates of unbiased heterozygosity outperformed those based on observed heterozygosity or allelic diversity
for both low- and high-diversity populations. We also found that when comparing across populations in which different
numbers of individuals were sampled, rarefaction provided a useful way to compare estimates of allelic diversity. We
recommend that standard errors should be reported for all diversity estimators, especially when sample sizes are small. We
also recommend that at least 20 to 30 individuals be sampled in microsatellite studies that assess genetic diversity when
working in a population that has an unknown level of diversity. However, research on critically endangered populations
(where large sample sizes are impossible or extremely difficult to obtain) should include measures of genetic diversity even
if sample sizes are less than ideal. These estimates can be useful in assessing the genetic diversity of the population.

Conservation geneticists often use microsatellite loci as
genetic tools to estimate population statistics such as
heterozygosity and allelic diversity and to determine
whether a population was bottlenecked (Beaumont and
Bruford 2000, Frankham et al. 2002). Large sample sizes or
large numbers of loci (Nei 1978, Gregorius 1980, Carvalho
and Hauser 1994, Baverstock and Moritz 1996, Ruzzante
1998, Toro et al. 2002, Kalinowski 2005) are recom-
mended for the estimation of genetic statistics using diploid
markers such as microsatellites. However, in threatened and
endangered vertebrate populations it can be difficult to
obtain large sample sizes to accurately estimate genetic
diversity, because individuals are often dispersed and
difficult to locate (e.g., large home ranges, limited habitat
availability) or are found in remote areas that are expensive
to reach and difficult to access (e.g., island populations). In
addition, in non-model systems large numbers of micro-
satellite loci are often not available. Although modeling is a
useful approach to determine the efficacy of sampling
methods, empirical studies are necessary to confirm
theoretical predictions.

Theory predicts that some diversity estimators perform
better than others at small sample sizes. Unbiased estimates
of expected heterozygosity (He) are expected to have less

bias, more precision, and greater accuracy than estimates
based on observed heterozygosities (Ho; Nei 1978, 1987).
Also, estimates of alleles per locus at small sample sizes can
be greatly biased, especially when compared to populations
from which a larger sample size is obtained (Petit et al.
1998). One way to alleviate this problem is through
rarefaction to the smallest sample size (Petit et al. 1998,
Leberg 2002, Kalinowski 2004). Based on the genotypes of
100 song sparrows Melospiza melodia from Attu and
adjacent islands, we sought to empirically test these theories
and to determine how much confidence researchers should
have when estimates are derived from limited numbers of
samples in a genetically depauperate population. In addi-
tion, we sought to provide guidance to researchers on
whether or not it is necessary to sample more extensively in
an area when sampling goals are not met. We also examined
the effect of small sample size on genetic estimates in a
genetically diverse dataset. We then compared these
estimates with those from the low-diversity population to
see whether or not estimates differed between the datasets.
We tested to see whether these datasets fit theoretical
predictions of higher variances in more diverse populations
(Nei 1978). Our goal was to glean some general sampling
guidelines from these comparisons.
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Materials and methods

Whole genomic DNA from the tissues of 200 song sparrows
from Attu Island (n�84) and nearby Shemya and Nizki
islands (n�16), Hyder (n�18), Alexander Archipelago
(n�30), and Copper River Delta (n�28) in Alaska, and
Queen Charlotte Islands, British Columbia (n�24), were
extracted following Glenn (1997). Samples from Attu,
Shemya, and Nizki Islands were grouped into the low genetic
diversity population, and samples from Hyder, Alexander
Archipelago, Copper River Delta, and Queen Charlotte
Islands were grouped into the high genetic diversity popula-
tion. We recognize that the high-diversity group does not
represent a single population (Pruett and Winker 2005), but
it was necessary to group several locations to obtain a sample
size equivalent to that of the low-diversity population.
Samples were obtained between April and November over
several years. Known or suspected parent-offspring or sibling
relatives were excluded. Eight microsatellite loci were
amplified for all individuals using fluorescent dye-labeled
primers developed for song sparrows (Mme1, 2, 3, 7, 8, 12;
Jeffery et al. 2001) and for two other bird species (Escu1;
Hanotte et al. 1994, GF05; Petren 1998), and were then
genotyped using an ABI 373A or 3100 automated sequencer.
These loci are all highly polymorphic in other song sparrow
populations (Keller et al. 2001, Chan and Arcese 2002,
Pruett and Winker 2005). Five to ten loci are often used in
the estimation of conservation genetic parameters of natural
populations that have not been studied extensively as model
systems (e.g., Edwards et al. 2004, Mock et al. 2004,
Schwartz et al. 2005).

For both populations, we calculated commonly used
diversity statistics in conservation genetics, including the
number of alleles per locus, average observed heterozygosity
(Ho), and unbiased average expected heterozygosity (He).
Methods for calculating the number of alleles per locus and
average Ho are provided in Frankham et al. (2002). Average
unbiased He was calculated using equation 8.4 in Nei
(1987). These values calculated from the full sample of 100
individuals for each population were treated as the actual or
known value for that group. We then created datasets of
different sample sizes (5, 10, 20, 30, 40, and 50) by
randomly sampling (without replacement) individuals from
each population dataset (low and high diversity) of 100
song sparrows using Microsoft Excel 2002 (Microsoft Co.,
Seattle). 10,000 random datasets were created for each
sample size.

To determine the relative bias and precision for each
sample size, we calculated the mean of the 10,000
simulations for each dataset. We calculated standard errors
for each simulated dataset and then averaged these values
across all simulations. This error measurement is commonly
reported in conservation genetics literature (Ciofi et al.
1999, Akst et al. 2002, Oyler-McCance et al. 2005).
Unbiased standard errors were determined by calculating
the variance of the mean heterozygosity (Nei 1987,
equations 8.1�8.8).

We also examined the accuracy (how close the estimator
is to the true value) of estimates by calculating the scaled
root mean square error (SRMSE) for each sample size for
both populations (Walther and Moore 2005). We tested
how well rarefaction of alleles from the empirical 100-

individual datasets to each sample size (5, 10, 20, 30, 40,
50) corresponded to the mean of the 10,000 random
datasets (Petit et al. 1998). Rarefaction is commonly used to
compare allelic diversity across unequal sample sizes (Petit
et al. 1998, Leberg 2002).

Results

For the low-diversity population, actual values of genetic
diversity estimates based on 100 individuals were substan-
tially lower than those in the high-diversity population
(Table 1). The average number of alleles per locus for the
low-diversity population was 3.50 and for the high-diversity
population 15.38. Heterozygosity values for the high-
diversity population (He�0.792, Ho�0.793) were much
higher than for the low diversity population (He�0.223,
Ho�0.189).

For all of the sample sizes, the standard error range
encompassed the actual value for high- and low-diversity
populations for unbiased heterozygosity estimates and for
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Fig. 1. Mean and standard error (SE) for estimates of average
unbiased expected heterozygosity (He), average observed hetero-
zygosity (Ho), and alleles per locus for low- (dark circles) and high-
diversity (dark squares) populations of song sparrows. Values are
based on 10,000 random datasets for various sample sizes.
Estimates of allelic richness (white triangles), based on rarefaction
from a sample of 100 for each sample size, are also provided in
comparison with the alleles per locus means.
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the Ho estimates of the low-diversity population (Fig. 1). At
n�5 for the high-diversity population, the standard error
did not overlap the actual value (Fig. 1), but it did overlap
for the larger sample sizes. Standard error values for the
alleles per locus did not include the actual value until
sample sizes reached 40 to 50 individuals (Fig. 1). However,
rarefied estimates of alleles overlapped the simulated values
for all sample sizes (Fig. 1).

As expected from theory (Nei and Roychoudhury 1974,
Nei 1978), deviations from the actual value for all genetic
diversity parameters were largest at small sample sizes
(n�5�10 individuals; Fig. 2). The accuracy of He and
Ho estimates at small sample sizes was better in higher than
lower diversity populations. Deviations from the true value
of alleles per locus were similar for high- and low-diversity
populations across all sample sizes, with estimates from the

low-diversity population performing slightly better (Fig. 2).
In all instances, low- and high-diversity populations had
estimates that began to approach one another at sample
sizes�20 (Fig. 2).

Discussion

The song sparrows of Attu Island and nearby Nizki and
Shemya islands provide the opportunity for a real-world
assessment of how differences in sampling schemes can
affect the performance of genetic diversity estimates in
genetically depauperate vertebrate populations. Our em-
pirical results corroborate theory. Unbiased estimators
perform better at low sample sizes, and rarefaction provides
a useful way to compare unequal sample sizes, even when

Table 1. Allele frequencies for eight microsatellite loci from low- and high-genetic diversity song sparrow populations.

Locus/Alleles Low High Locus/Alleles Low High Locus/Alleles Low High

Mme1 Mme3 Mme12
132 0.000 0.039 160 0.010 0.000 182 0.010 0.005
134 0.085 0.000 162 0.000 0.104 188 0.900 0.629
136 0.040 0.005 164 0.000 0.004 200 0.000 0.033
138 0.220 0.010 170 0.000 0.071 206 0.005 0.028
144 0.000 0.164 172 0.990 0.659 212 0.080 0.061
146 0.645 0.198 174 0.000 0.004 218 0.000 0.094
148 0.010 0.080 176 0.000 0.028 224 0.005 0.074
150 0.000 0.011 178 0.000 0.063 230 0.000 0.036
152 0.000 0.255 180 0.000 0.052 236 0.000 0.040
154 0.000 0.011 182 0.000 0.011 Escu1
156 0.000 0.005 188 0.000 0.004 128 0.000 0.004
158 0.000 0.208 Mme7 132 0.000 0.024
160 0.000 0.004 100 0.000 0.035 134 0.000 0.232
164 0.000 0.013 114 0.000 0.070 138 0.515 0.107
Mme2 116 0.000 0.007 140 0.000 0.008
120 0.000 0.004 118 0.000 0.023 142 0.000 0.000
124 0.000 0.025 120 0.000 0.065 144 0.010 0.096
126 0.000 0.004 122 1.000 0.137 146 0.000 0.132
128 0.000 0.004 124 0.000 0.033 148 0.395 0.175
136 0.000 0.026 126 0.000 0.186 150 0.080 0.032
138 0.000 0.300 128 0.000 0.093 152 0.000 0.140
140 0.000 0.040 130 0.000 0.181 154 0.000 0.043
142 0.730 0.122 132 0.000 0.064 156 0.000 0.010
144 0.030 0.015 134 0.000 0.044 GF05
146 0.000 0.033 136 0.000 0.050 184 0.000 0.004
148 0.000 0.021 138 0.000 0.011 186 0.000 0.025
150 0.010 0.101 140 0.000 0.004 192 0.000 0.004
152 0.000 0.057 Mme8 194 0.000 0.057
154 0.000 0.030 201 0.000 0.014 196 0.000 0.033
156 0.000 0.025 205 0.000 0.008 198 0.000 0.188
158 0.000 0.004 207 0.000 0.004 200 0.000 0.023
160 0.000 0.011 208 0.000 0.021 202 0.000 0.158
162 0.000 0.087 210 0.000 0.119 206 0.000 0.024
164 0.000 0.064 211 0.000 0.007 208 0.000 0.021
166 0.000 0.007 213 1.000 0.162 210 0.000 0.043
172 0.000 0.021 215 0.000 0.103 212 0.960 0.057
212 0.230 0.000 217 0.000 0.256 214 0.000 0.025

218 0.000 0.027 216 0.010 0.049
219 0.000 0.107 218 0.000 0.074
220 0.000 0.004 220 0.000 0.030
221 0.000 0.009 222 0.000 0.046
223 0.000 0.030 224 0.000 0.048
224 0.000 0.000 226 0.000 0.045
225 0.000 0.021 228 0.000 0.020
227 0.000 0.026 232 0.030 0.021
228 0.000 0.004 234 0.000 0.004
229 0.000 0.069 238 0.000 0.004
234 0.000 0.011
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one sample is substantially smaller than another. Error at
small sample sizes when unbiased average He and average
Ho are estimated is primarily caused by a lack of accuracy in
both low- and high-diversity populations. The mean and
standard error encompass the true value for average He and
Ho estimates in most instances (except for n�5 for Ho in
the high-diversity population). We suggest that researchers
should report standard errors along with average hetero-
zygosities. It is likely that the error range will overlap the
true value even at smaller sample sizes (5 to 10), especially
when unbiased estimates of He are used. Thus, unbiased
average He and the standard error of these values should be
useful in conservation assessments, even when sampling
goals are not achieved.

Allelic diversity is thought to reflect the long-term
evolutionary potential of a population better than hetero-
zygosity (Allendorf 1986, Petit et al. 1998, Leberg 2002).
However, at samples of less than 40, the number of alleles
per locus is a poor measure of diversity. These findings
correspond well with theory (Sjögren and Wynoni 1994,
Petit et al. 1998, Haavie et al. 2000). Error is caused by
sampling bias, a lack of precision, and inaccuracy. This
leads one to wonder whether or not allelic-based estimators
can provide useful measures of diversity. We recommend
the use of average unbiased He instead of number of alleles
per locus when measurements of a single population are

determined. However, when comparing across samples with
differing numbers of individuals we support using a
rarefaction method (Leberg 2002, Kalinowski 2004).
When we rarified from 100 individuals to smaller sample
sizes, we found that this method provided almost an exact
replica of the simulated values (Fig. 1). Even when sample
sizes from populations were as different as 5 and 100, they
were readily comparable. Through rarefaction it is possible
to determine whether there is a difference in diversity with
very unequal sample sizes.

Comparisons between low- and high-diversity popula-
tions showed differing patterns. When unbiased average He

and average Ho estimates were compared, the high-diversity
population deviated less from the true value at small sample
sizes than the low-diversity population. However,
the opposite pattern was found for the allelic diversity
estimates. Thus, some estimators perform better in high-
diversity populations (unbiased He) and others in low-
diversity populations (number of alleles per locus) at small
sample sizes. A general pattern found in our simulations is
that values based on high and low diversity populations
begin to converge when they approach a sample size of 20
to 30. We recommend that when the nuclear genetic
diversity of a population is unknown researchers should
strive for a sample size of at least 20 and preferably 30
individuals. Estimates based on these sample sizes should
provide a useful measure of genetic diversity in all
populations whether they are genetically depauperate or
diverse.
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