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Introduction

Identifying recently bottlenecked populations (popula-
tions severely reduced in size) is important because bot-
tlenecks can increase demographic stochasticity, rate of
inbreeding, loss of genetic variation, and fixation of dele-
terious alleles and, thereby, reduce adaptive potential
and increase the probability of population extinction
(Frankel & Soulé 1981; Lande 1988, 1994; Leberg 1990;
Hedrick & Miller 1992; Mills & Smouse 1994; Frankham
1995a, 1995b; but see Bryant et al. 1986; Goodnight
1987). Unfortunately, it is usually difficult to determine
if a population has recently experienced a bottleneck
because historical population sizes and levels of genetic
variation are seldom known.

We developed a statistical test (a sign test for het-
erozygosity excess) for detecting recent historical bot-
tlenecks using allele frequency data (Cornuet & Luikart
1996). The test requires no data on historical population
sizes or levels of genetic variation; it requires only mea-
surements of allele frequencies from 5 to 20 polymor-
phic loci in a sample of approximately 20-30 individuals.
The test has reasonable statistical power when applied
to allele frequency data sets generated by computer sim-
ulations (Cornuet & Luikart 1996). The performance of
the test, however, must be evaluated by means of empir-
ical data from natural populations before it can be used
with confidence.

Our objectives were to (1) explain to conservation bi-
ologists the principle of the sign test for detecting het-
erozygosity excess and (2) evaluate the reliability of the
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test by analyzing 56 allozyme and 37 microsatellite data
sets from bottlenecked and nonbottlenecked natural
populations.

Principle of the Test

In natural populations allele number and heterozygosity
at selectively neutral loci result from an equilibrium be-
tween mutation and genetic drift. The heterozygosity
expected at a locus in an equilibrium population (#,,)
can be calculated from the number of alleles observed
and the sample size of individuals, assuming neutrality
and mutation-drift equilibrium. In nonbottlenecked pop-
ulations that are near mutation-drift equilibrium, the ex-
pected heterozygosity (H,,) will equal the measured
Hardy-Weinberg equilibrium heterozygosity (H,). But if
a population has suffered a recent bottleneck, the muta-
tion-drift equilibrium is transiently disrupted and the
heterozygosity measured at a locus (H,) will exceed the
heterozygosity (H,,,) computed from the number of alle-
les sampled (Watterson 1984; Maruyama & Fuerst 1985;
Cornuet & Luikart 1996).

Bottlenecks generate a “heterozygosity excess” because
alleles are generally lost faster than heterozygosity during
a bottleneck (Fig. 1). Alleles are lost faster than heterozy-
gosity because rare alleles are lost rapidly during a bottle-
neck and because they have little effect on heterozygosity
(Hedrick et al. 1986). Thus, many alleles can be lost with-
out much reduction in heterozygosity. The proportion of
allelic diversity retained was calculated as [(n' — 1)/ (n —
1] (Fig. 1), where n' is the total number of alleles remain-
ing and 7 is the original number of alleles in the prebottle-
neck population (Allendorf 1986). The curves for mean
H, and allelic diversity were generated from 500 Monte
Carlo simulations in which the first bottleneck generation
was generated by randomly sampling from microsatellite
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Figure 1. Loss of mean beterozygosity (H.) and alleles
(allelic diversity) at eight microsatellite loci during a
bottleneck of two individuals. Allelic diversity is lost
Jfaster than beterozygosity, causing a beterozygosity ex-
cess (H. > H.q ). The H. is the beterozygosity expected
in a population at mutation drift equilibrium, given
the number of alleles observed in the bottlenecked pop-
ulation. The H ., was computed assuming that loci
evolve under the stepwise model of mutation. The dis-
tance between the curves for H. and H.  represents the
expected magnitude of the beterozygosity excess.

allele frequencies from the large nonbottlenecked popula-
tion of Western Brooks Range brown bears (Ursus arctos;
Craighead 1994).

The bottleneck-induced heterozygosity excess is tran-
sient and is likely to be detectable only for a short time,
approximately 0.2-4.0 N, generations, until a new equi-
librium between mutation and drift is reached at the
new N, (N, is the bottleneck effective size; Cornuet &
Luikart 1996). Thus, only bottlenecks that have oc-
curred in the recent past (less than 4 NV, generations ago)
are likely to be detectable by the sign test for heterozy-
gosity excess. This window of time is approximate and
depends not only on N, but also on factors such as the
mutation rate and mutation model of the loci sampled
(Cornuet & Luikart 1996). It also assumes an immediate
and permanent bottleneck in population size.

In a nonbottlenecked, equilibrium population, approxi-
mately 50% of the loci sampled are expected to have a
slight excess of heterozygosity (H, > Heq), and 50% will
have a slight deficiency of heterozygosity (H, < H,,), re-
sulting from genetic drift and sampling error (Fig. 2a). Re-
cently bottlenecked populations are expected to have a
majority of loci with a substantial excess of heterozygos-
ity (Fig. 2b). The sign test (Cornuet & Luikart 1996) deter-
mines if a significant majority of loci in a population have
a heterozygosity excess, and thus if a population appears
to have been recently bottlenecked.

Tests for heterozygosity excess should not be con-
fused with tests for Hardy-Weinberg proportions. Tests
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Figure 2. Magnitude of beterozygosity excess observed
at each of eight polymorphic microsatellite loci in the
nonbottlenecked population of brown bears (Western
Brooks Range; Craighead 1994) (a) and nine poly-
morphic microsatellite loci from the bottlenecked pop-
ulation of wombats (Epping Forest population; Taylor
et al. 1994) (b). The borizontal dashed line represents
the heterozygosity excess expected in an equilibrium
population with loci evolving under the stepwise
model of mutation. Points above the dasbed line rep-
resent loci with a beterozygosity excess; points below
are loci with a beterozygosity deficiency.

for Hardy-Weinberg proportions compare the observed
proportion of heterozygotes (H,) to the heterozygosity
expected (H,) when a population is in Hardy-Weinberg
proportions. The test for heterozygosity excess com-
pares H, to the heterozygosity (#,,) expected at muta-
tion-drift equilibrium in a sample that has the same size
and the same number of alleles as the sample used to
measure H,,.

It is important to note that the calculation of H,, de-
pends on the model of mutation used to analyze the loci
being studied (Cornuet & Luikart 1996). We used two
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models of mutation to calculate H,,: the strict one-step
stepwise mutation model (SMM, Ohta & Kimura 1973),
and the infinite allele model (JAM, Kimura & Crow,
1964). The SMM and IAM represent two extreme models
of mutation (Chakraborty & Jin 1992). Under the strict
SMM, mutations change the state of an allele by one step
forward or backward with equal probability. Thus, the
SMM allows mutation to existing states, whereas under
the IAM mutations always result in new, nonexisting
states. Most loci probably evolve according to a model
intermediate between the IAM and SMM (Di Rienzo et
al. 1994). Consequently, the actual expected equilib-
rium heterozygosity (H,,) for a given locus probably lies
between the H,, values calculated by these two models.
A copy of the computer program “Bottleneck,” which
conducts the sign test using both the IAM and SMM, is
available from the authors.

Results

We conducted the sign test on 21 data sets (11 microsatel-
lite and 10 allozyme data sets) from bottlenecked natural
populations and on 72 data sets (26 microsatellite and 46
allozyme data sets) from nonbottlenecked natural popula-
tions (Appendices 1-3). The data set from the bottle-
necked Epping Forest wombat population had eight loci
with a heterozygosity excess and one with a heterozygos-
ity deficiency, when either the IJAM or the SMM was as-
sumed (Fig. 2b, Appendix 1). This ratio (8:1) is signifi-
cantly different from the expected ratio (1:1) for a
nonbottlenecked, equilibrium population. In total, 5 of 11
microsatellite data sets and 5 of 10 allozyme data sets
from bottlenecked populations revealed a significant het-
erozygosity excess under the SMM (Table 1). Under the
1AM, 10 of 11 microsatellite data sets and 6 of 10 allozyme
data sets revealed a significant heterozygosity excess. The
data sets from bottlenecked populations that did not have
a significant heterozygosity excess generally deviated to-
ward an excess of heterozygosity (H, > H,,), as expected
for bottlenecked populations (Appendix 1).

Only one of the 26 microsatellite data sets from nonbot-
tlenecked populations revealed a significant heterozygos-
ity excess (p < 0.05) under the SMM, suggesting that this
population has been recently bottlenecked (Table 1).
When the IAM was assumed, 7 of the 26 microsatellite
data sets had a significant heterozygosity excess.

Interestingly, three of the microsatellite data sets from
nonbottlenecked populations showed a significant defi-
ciency of heterozygosity under the SMM, and two popu-
lations showed a significant heterozygosity deficiency
under the IAM (Table 1). This suggests that these popu-
lations are not at mutation-drift equilibrium but instead
have experienced a recent expansion in population size
or perhaps a recent influx of rare alleles from genetically
distinct immigrants.
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Table 1. Number of data sets with a significant heterozygosity
excess, with non-significant deviation from mutation-drift
equilibrium expectations and with a significant heterozygosity
deficiency (excess/equilibrium/deficiency) for recently bottlenecked
and nonbottlenecked populations, under two models of mutation
(SMM and IAM).

Heterozygosity excess/

Bottl k bist
orienecie DISIOTy equilibrium/deficiency

and type of genetic
markers analyzed SMM* IAMP
Bottlenecked
Microsatellites 5/6/0 10/1/0
Allozymes 5/5/0 6/4/0
Nonbottlenecked
Microsatellites 1/22/3 7/17/2
Allozymes 0/28/18 0/41/5

“Stepwise mutaiton model.
I’Infinite allele model (see text).

None of the 46 allozyme data sets from nonbottle-
necked populations had a significant heterozygosity ex-
cess (Table 1). But 18 populations under the SMM and 5
under the IAM revealed a significant heterozygosity defi-
ciency. Finding a substantial number of allozyme data sets
with a heterozygosity deficiency (an excess of alleles)
agrees with the findings of Chakraborty et al. (1980).

Discussion

The assumptions of the sign test, and the consequences
of violating the assumptions, have been discussed by
Cornuet and Luikart (1996). It is worth reiterating here
that, in tests for bottlenecks, loci that are not in Hardy-
Weinberg proportions should be used only with caution
because they could bias the test results. For example, a
locus could deviate from Hardy-Weinberg proportions
by having an excess of heterozygotes due to strong over-
dominance selection. Such a locus might also have a se-
lection-induced heterozygosity excess and, therefore,
should be used with caution in the sign test for heterozy-
gosity excess. For the data sets studied here, excluding
loci that were not in Hardy-Weinberg, proportions did
not change the results of the sign test. Several data sets
could not be tested for Hardy-Weinberg proportions,
however, because only allele frequencies—not geno-
type frequencies—were published.

The sign test identified only approximately 50-75% of
the recently bottlenecked natural populations. But sev-
eral of the undetected bottlenecks were either not very
severe (e.g., Yellowstone brown bears, Nepal rhinoc-
eros, and perhaps Australian land snails) or not very re-
cent (e.g., Common Mynas, European Tree Sparrows,
and perhaps Kodiak brown bears; Appendix 1). The
populations with a significant heterozygosity excess
were generally those in which bottlenecks have been
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the most severe and the best documented and for which
the most polymorphic loci were analyzed (see the Bison
Range and Epping Forest populations; Appendix 1).
Consequently, we conclude that the sign test can help
detect a recent bottleneck in natural populations, espe-
cially if the bottleneck was severe.

One reason some bottlenecked populations were not
identified by the sign test may be that it often requires
10-20 polymorphic loci to have a reasonably high prob-
ability (power > 0.80) of detecting a recent bottleneck.
For example, when loci evolve under the IAM, 30 indi-
viduals and at least 10 polymorphic loci are required to
achieve power > 0.80 for detecting a 100-fold reduction
in N, (Cornuet & Luikart 1996). Of the data sets tested
here, the one with the most polymorphic loci was from
the Epping Forest wombiats; it had only 9 polymorphic
loci. Also, some bottlenecks were perhaps not detect-
able for the following reasons: not enough individuals
were sampled to have sufficient statistical power for de-
tecting the bottleneck, the individuals sampled were not
representative of the bottlenecked population, or the
bottlenecked population was not completely isolated
and contained genes from immigrants (e.g., rare alleles)
that have obscured the genetic effects of the bottleneck.

We conducted the sign test on data sets from nonbot-
tlenecked populations because natural populations
could develop an excess of heterozygosity even though
a recent bottleneck has not occurred. Gene loci in natu-
ral populations may seldom be at mutation-drift equilib-
rium because of occasional fluctuations in population
size and/or natural selection. Thus, it is important to de-
termine if the sign test often detects a significant het-
erozygosity excess in empirical data sets from wild, non-
bottlenecked populations.

Few data sets from “nonbottlenecked” populations
had a significant heterozygosity excess (except for the
microsatellite data sets tested under the IAM; Table 1).
Some of the “non-bottlenecked” populations that did
have a heterozygosity excess may actually have been re-
cently bottlenecked. It is difficult to know a popula-
tion’s history because reliable information seldom exists
on historical population size or N,. Furthermore, be-
cause we conducted multiple tests, we expect some sig-
nificant test results by chance alone. We tested 46 alloz-
yme data sets and 26 microsatellite data sets and
expected significant test results from 2.3 and 1.3 of the
tests, respectively, assuming a Type I error rate of 0.05.
Thus, we conclude that the sign test is not likely to sug-
gest that nonbottlenecked populations have been re-
cently bottlenecked.

Nonetheless, the sign test under the IAM may be
prone to (wrongly) detecting heterozygosity excess in
nonbottlenecked populations when microsatellite data
are used, because microsatellites may tend to evolve un-
der a model more similar to the SMM than the IAM (Ta-
ble 1, nonbottlenecked populations; Shriver et al. 1993;
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Valdes et al. 1993). For any given data set, the IAM pre-
dicts a lower equilibrium heterozygosity (#,,) than the
SMM. Thus, the IAM is more likely to indicate that a sig-
nificant heterozygosity excess exists (H, >> H,,). Con-
sequently, to be statistically conservative one should use
only the SMM when analyzing microsatellite data to test
for recent bottlenecks.

But because the true model of mutation for most loci
is probably intermediate between the IAM and SMM (Di
Rienzo et al. 1994), we recommend using both models
of mutation. For example, if the sign test under the IAM
detects a significant heterozygosity excess, but the test
under the SMM is only very close to being significant (as
in the koalas from Kangaroo Island, Py, = 0.065, and
the foxes from Phillip Island, Pg, = 0.079; Appendix
1), then it seems reasonable and conservative from a
conservation biology perspective to conclude that the
population may have been recently bottlenecked.

Both models of mutation should also be used when
the sign test is conducted on allozyme data. But allozyme
data tend to fit the IAM better (Table 1, nonbottlenecked
populations; Chakraborty et al., 1980). Consequently,
the SMM may be unreasonably conservative from a con-
servation biology perspective in that the SMM may be
unlikely to detect a bottleneck when a bottleneck has
actually occurred.

In conclusion, the sign test for heterozygosity excess
appears to reliably detect small bottlenecks in natural
populations when at least 5 polymorphic loci and 20-30
individuals are analyzed. At least 10 polymorphic loci
should be used to achieve high statistical power.
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Appendix 1
Sign tests for heterozygosity excess in 11 microsatellte data sets (first 11 listed) and 10 alloyzme data sets form populations thought to have been recently
bottlenecked, based on data from demographic, biogeographic, or independent molecular studies.

Mean no. of Sign test”
individuals
Species & sampled SMM am
Dpopulation” per locus H./Hy P H./Hy ) Historical population census size/date
Mountain sheep (Ovis canadensis)
Wildhorse Is. 25 6/0 0.04¢ 6/0 0.03¢ 8 founders/1947; 90/1954; 309/1979;
200/1994
Bison Range 23 7/0 0.009¢ 7/0  0.003° 12 founders/1921; 90/1929; 8/1939; 12/
1949; 50/1984
Tarryall 24 5/1 0.18 6/0 0.029°  900/pre-1952; 44/1953; 100/1970; 200/
1988

Soay sheep (Ovis aries)
Herta Island >900 6/0 0.026° 6/0 0.011¢ 107 founders/1932; size fluctuates
between 600 and 1500 every 3-5 years
Wombats (Lasiorbinus latifrons)

Epping Forest 43 8/1 0.026° 8/1 0.011°  20-30/1981; 70/1994
Brown bears (Ursus arctos)
Kodiak 32 4/1 0.27 4/1 0.18 Isolated for approx. 10,000 years; low
allozyme and mtDNA variation
Yellowstone 53 6/2 0.22 7/1 0.045¢  Isolated since late 1800s; <150/1960s;
>200/1990s

Koalas (Phascolarctos cinereus)

Kangaroo Island 12 4/0 0.065 4/0 0.042° 18 founders/1924 (from the French
Island population, founded with as
few as 2-3 individuals in the 1880s)

Red foxes (Vulpes vuipes)

San Remo 22 7/0 0.016°¢ 7/0 0.014° 5 founders/1870, but other
undocumented introductions may
have occurred

Phillip Island 23 6/1 0.079 6/1  0.043° Unknown number of founders from the
Australian mainland

Wolves (Canis lupus)

Mexican-certified 21 7/3 0.186 7/3 0.131 3 founders/1984 (from a remnant

population in Mexico)

Soay sheep
Herta Island >900 5/0 0.015¢ 5/0 0.009¢ listed above
Brown bears
Western Carpathians 57 5/0 0045¢ 5/0 0.027°  40/1932; 700/1995; isolated since the
late 1800s
Eurasian Tree Sparrow (Passer montanus)
Illinois-WOOD 24 6/2 0.15 6/2 0.097 20 founders/1870
Ilinois-NAPL 17 6/2 0.21 7/0 0.002¢ 20 founders/1870
Common Myna (Acridotheres Tristis)
Oahu, Hawaii 38 7/0 0.006¢ 7/0 0.001¢  About 100 founders/1882
Sidney 42 5/4 0.417 6/3 0.125  About 100 founders/1862
Galaxid fish (Galaxias truttaceus)
Isabella Lagoon 40 5/0 0.03¢ 5/0 0.02¢ Bottleneck inferred from mtDNA;

population became isolated 3000-
7000 years ago
Land snail (Thebia pisana)

Mainland-city 27 5/0 0.022¢ 5/0  0.013° Unknown number of founders/1890s

Mainland-cott 27 3/3 0.64 4/2 0.23 Unknown number of founders/1890s
One-horned rhinoceros (Rhinoceros unicornis)

Nepal 22 6/4 0.367 6/4 0.279 >1000/1950; 60-80/1962; >250/1988

“Wildborse Island, Tarryall, Sun River, and Vaseux Lake: Luikart (1997); Bison Range and Sheep River: S. Forbes and J. Hog (unpublished data);
Herta Island: Ban Croft et al. (1995); Epping Forest and Brookfield: Taylor et al. (1994); Kodiak, Yellowstone, Kluane, East Slope N. Continental Di-
vide Ecosystem: Waits (1996); Kangaroo Island: Houblen et al (1996); San Remo and Phillip Island: Lade et al. (1996); Mexican certified: Garcia-
Moreno et al (1996) Western Carpathians and Brooks Range: K. Knudsen, et al. (unpublished data); lllinois-Wood and NAPL, Germany, and Swe-
den: St. Louis and Barlow (1988); Oabu, Sidney, Bophal, and Bbhubaneswar: Baker and Moeed (1987); Isabella Lagoon, Allens Creek and Fortegue
Lagoon: Ovenden and White (1989); Mainland-City and -Cott, Vale, and Centre National de la Research Scientific (CNRS): Jobnson (1988); Nepal:
Dinerstein and McCracken (1990).

b All data sets bave at least five polymorpbic loci (except the data from the severely bottlenecked koalas from Kangaroo Island). Data sets with
Sew individuals or with individuals poled from more than one population were not tested (e.g., cheetabs; Menotti-Raymond & O’Brien 1995).
Some data sets are representatives of numerous published data sets from populations of a given species (e.g., Common Myna). H. /H, represents
the ratio of the number of loci with a beterozygosity excess to the number with a beterozygosity deficiency. The H. /H, ratio is expected to be ap-
proximately 1:1 for nonbottlenecked populations. H, is expected to be larger than H, for recently bottlenecked populations.

Significant deviation (p < 0.05) from equilibrium (nonbottleneck) expectations.
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Appendix 2
Sign tests for heterozygosity excess in 26 microsatellite data sets from populations thought not to have been recently bottlenecked.
Sign test”
Mean number of
individuals sampled SMm am

Species & population® per locus H./Hy p H./Hy P
Mountain Sheep

Sun River 32 3/3 0.55 5/1 0.12

Sheep River 50 5/3 0.57 6/2 0.06

Vaseux Lake 25 2/4 0.19 2/4 0.22
Wolves

Hinton 32 4/6 0.57 9/1 0.026°¢

Northwest Territory 21 7/3 0.34 9/1 0.033¢
Coyotes (Canis latrans)

California 22 5/5 0.40 8/2 0.115
Brown bears

W. Brooks Range 152 4/4 0.56 7/1 0.022¢

Kluane 51 3/5 0.18 7/1 0.06

East Slope 33 4/4 0.43 6/2 0.29

Northern Continental Divide Ecosystem 49 1/7 0.0097 8/0 0.014¢
Polar bears (Ursus meritimus)

W. Hudson Bay 30 3/5 0.18 5/3 0.57

Davis Strait 26 3/5 0.18 5/3 0.57

N. Beaufort 30 3/5 0.17 5/5 0.57

S. Beaufort 22 4/4 0.40 6/2 0.29
Wombats (lasiorbinus krefftii)

Brookfield 16 10/4 0.23 13/1 0.00°
Field mice (Mus musculus and M. domesticus)

M. domesticus-3 24 6/0 0.04¢ 6/0 0.02¢

M. musculus-7.92 24 3/2 0.68 3/2 0.64
Humans (Homo sapiens)

Sardinia 46 0/10 0.0007 0/10 0.000¢

Egypt 46 2/8 0.052 1/9 0.0134

Kachari 40 5/1 0.216 5/1 0.043

New Guinea 39 3/3 0.475 4/2 0.465
Grey Seals (Halichoerus grypus)

Isle of May (adults) 35 2/6 0.17 7/1 0.10

North Rona (adults) 176 3/5 0.19 7/1 0.10
Fruit flies (Drosopbila melanogaster)

Tyrell 68 1/7 0.014 5/3 0.49
Bumble bees (Bombus terrestris)

Corsica 21 3/4 0.39 5/2 0.32

Sardinia 22 2/5 0.12 3/4 0.38

“Hinton: Forbes and Boyd (1996); Northwest Territory and California: Roy et al. (1994); W. Brooks Range: Craighead (1994); W. Hudson Bay,
Davis Strait, N. and S. Beaufort: Paetkau et al. (1995); M. domesticus and musculus: Dallas et al. (1995); Sardinia and Egypt: DiRienzo et al.

(1995); Kachari and New Guinea: Deka et al. (1991); Isle of May and North Rona: Allen et al. 1996; Tyrell: England et al. (1996); Corsica and
Sardinia; Estoup et al. (1996). If location lacks a reference see Appendix 1, footnote a.

®These data sets include at least 20 individuals (except for the Brookfield wombat population) and five polymorphic loci. We attempted to use
populations from relatively undisturbed babitats, such as bears (Ursus sp.), mountain sheep (Ovis canadensis), and wolves (Canis lupus) from
northern Alaska and Canada. H./H, represents the ratio of the number of loci with a beterozygosity excess to the number with a beterozygosity
deficiency, as in Appendix 1. Nonbofitlenecked populations should have a H./H, ratio of approximately 1:1.
Significant deviation (p < 0.05) from equilibrium/nonbottleneck expectations.

Significant deficiency of beterozygosity, possibly caused by recent population expansion or introduction of unique or rare alleles by immi-

grants.
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Appendix 3
Sign tests for heterozygosity excess in 46 allozyme data sets from populations thought not to have been recently bottlenecked.
Sign test”
Mean number of
individuals SMM amM

Species & population® sampled per locus H./Hy P H./Hy P
Mountain sheep

Sun River 29 3/2 0.44 4/1 0.10
Wolves

Tuktoyaktuk 93 3/2 0.46 3/2 0.31
Brown bear

Western Brooks Range 42 2/3 0.57 2/3 0.62
Common Myna

Bophal 40 3/12 0.02¢ 3/12 0.04¢

Loknow 40 3/13 0.02¢ 4/12 0.10

Bhubaneswar 36 3/12 0.01°¢ 4/11 0.11
Eurasian Tree Sparrows

Germany 30 7/5 0.35 8/4 0.11

Sweden 25 5/5 0.61 6/4 0.29
Minke whales (Balenoptera acutorostrata)

MKC 45 4/5 0.60 4/5 0.55

MBC 190 2/10 0.017¢ 3/9 0.12
Bryd whales (Balenoptera edeni)

BMA 100 2/4 0.40 3/3 0.46

BJA 118 1/5 0.12 2/4 0.54
Galaxid fish

Allens Creek 40 3/9 0.047¢ 3/9 0.10

Fortesue Lagoon 42 3/7 0.14 3/8 0.15
Pink salmon (Oncorbynchus gorbuscha)

Ivashka 75 2/19 0.000¢ 3/18 0.00°¢

Kik-chik 78 3/13 0.009¢ 4/12 0.08

Pymta 79 4/19 0.004¢ 6/17 0.09

Arman 79 3/18 0.001¢ 5/16 0.05
Chum salmon (Oncorbynchus keta)

Anadyr 100 9/17 0.14 11/15 0.46

Ola 80 11/18 0.28 12/17 0.53

Kamchatka-b 39 7/14 0.13 8/13 0.29
Sockeye salmon (Oncorbynchus nerka)

Skilak 50 3/10 0.07 3/10 0.14

Yenta 50 3/4 0.52 4/3 0.34

Dalnee 89-90 250 1/6 0.12 3/4 0.54
Atlantic cod (Gadus morbua)

Cod-E 95 3/5 0.37 3/5 0.53

Cod-F 96 1/6 0.06 3/4 0.64

Cod-1 98 2/3 0.49 3/2 0.36

Cod-G 96 1/6 0.06 3/4 0.64
Crabs (Halice tridans and Chiromantes debaani)

H. tridans-2 39 0/6 0.02¢ 0/6 0.03¢

H. tridans-3 40 0/7 0.01°¢ 0/7 0.02¢

C. dehaani-2 39 1/7 0.04¢ 1/7 0.08

C. dehaani-1 23 1/4 0.16 1/4 0.22
Land snails

Vale, Fance 28 4/7 0.18 6/5 0.51

CNRS, France 28 4/7 0.35 4/7 0.45
American oysters (Crassostrea virginica)

Cape Cod, MA 90 0/5 0.010°¢ 1/4 0.10

Charleston, SC 100 1/4 0.10 3/2 0.60

Bay Grabe, LA 88 0/5 0.011¢ 4/1 0.28

Brownsville, TX 97 1/4 0.10 5/0 0.053
Milk fish (Chanos chanos)

Oahu 60 4/3 0.45 4/3 0.38

Tarawa 38 3/7 0.18 4/6 0.50

Christmas Island 47 3/3 0.62 1/5 0.09
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Appendix 3

Continued
Sign test”
Mean number of
individuals SMM am

Species & population® sampled per locus H./Hy P H./Hy P
New Zealand conifers (Halocarpus bidwillii)

Pop-14 38 0/7 0.01¢ 0/7 0.03¢

Pop-16 76 0/5 0.046°¢ 1/4 0.36

Pop-2 40 0/5 0.042¢ 0/5 0.07

Pop-6 40 0/5 0.044° 0/5 0.07
Scots pine (Pinus Sylvestris)

Yllastunturi 44 7/5 0.31 8/4 0.08

“Sun River: K. Knudsen and F.W. Allendorf (unpublished data); Tuktoyaktuk: Kennedy et al. (1991); BMA and BJA: Wada and Numachi
(1991); Ivasbka, Kik-chik, Pymta, and Arman: Shaklee and Varnavaskya (1994); Anadyr, Ola, and Kamchatka-b: Winans et al. (1994); Skilak
and Yenta: FW. Allendorf et al. (unpublished data); Dalnee: Varnavaskaya et al. (1994); Cod-E, -F, -I, and -G: Mork et al. (1985), H. tridans and
C. dehaani: Irawan et al. (1993); Cape Cod, Charleston, Bay Grabe, and Brownsville: Buroke (1983) (we used only the five loci used by Karl and
Avise [1992] and suspected by them to be under balancing selection); Oahu, Tarawa and Christmas Island: Winans (1980); pop-14, -10, -2, and
-6: Billington (1991); Yllastuntur: Savolainen and Hedrick (1995). If location lacks a reference, see Appendix 1, footnote a.

Y These data sets include at least 20 individuals and five polymorpbic loci. We attempted to use populations for relatively undisturbed habitats

(e.g., Pacific salmon [Oncorhynchus sp.]) from remote areas without batchery influences. H./H represents the ratio of the number of loci with

a beterozygosity excess over the number with a beterozygosity deficiency, as in Appendices 1 and 2.

Significant (p < 0.05) deficiency of beterozygosity, possibly caused by a recent population expansion or introduction of unique or rare alleles

by immigrants.
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