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Abstract: The effective population size (N,) provides information on how fast genetic variation is being lost, or relat-
edness is increasing, in a population of interest. This parameter is often considered to be related to population via-
bility. Genetic approaches offer several avenues for estimating N,; recent developments have helped relax assump-
tons of closed populations and stable population sizes that have hindered the estimation of N, in many wildlife
populations. The most promising areas of development are in the assessment of temporal changes in genetic com-
position for the estimation of contemporary N, and the application of coalescent theory for estimation of histori-
cal N,. Application of most estimators still requires making some questionable assumptions about wildlife popula-
tions. In general, these methods will be most beneficial when used in conjunction with current and historical

demographic information.
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As molecular tools have made quantification of
genetic variation easier, there have been hundreds
of studies assessing the genetic characteristics of
wildlife species. One of the most discussed, yet
least measured, genetic parameters of wildlife
populations is the effective population size (N,
Wright 1931). In cases where N, is small, a popu-
lation might rapidly lose genetic variation or ac-
cumulate relatedness (Crow and Denniston 1988;
Frankham 1995a,b; Schwartz et al. 1998).

Knowledge of N, is critical in managing threat-
ened species, as well as captive populations,
because it provides information on how fast a pop-
ulation is losing genetic variation (Fig. 1). Popu-
lation fragmentation and isolation, harvest strate-
gies, and translocations are thought to have
considerable impact on N, (Ryman et al. 1981,
Leberg 19904, Miller and Waits 2003). Reductions
in N, are related to reduced population viability
(Lande and Barrowclough 1987, Soulé 1987,
Leberg 19905, Newman and Pilson 1997). Given
the potential association between N,and the prob-
ability of extinction, estimates of N, might be used
to assess the vulnerability of taxa (Mace and Lande
1991). Additionally, comparison of historic to con-
temporary N, could be used to assess whether a
population is declining (Funk et al. 1999). Thus,
estimation of N, can provide a better understand-
ing of the implications of management activities
and environmental changes on the genetic future
of populations (Lande and Barrowclough 1987,
Simberloff 1988).

! E-mail: leberg@louisiana.edu

Traditionally, N, has been very hard to measure,
but that situation is changing (Schwartz et. al.
1998). My objective is to provide an introduction to
the use of genetic approaches for estimating N, that
might be useful for the study of wildlife popula-
tions. Since this topic was last reviewed in relation
to wildlife (Frankham 19955, Schwartz et al. 1998),
new forms of estimators have been developed. Al-
though it is possible to estimate N, with demo-
graphic models (Harris and Allendorf 1989, Nun-
ney and Elam 1994), I focus on genetic approaches,
which have seen a revolution in new developments
over the last decade. Furthermore, estimates of N,
based upon genetic approaches are often smaller
than predicted by the demographic models
(Frankham 19950). It appears that the lower esti-
mates of N, obtained from genetic estimators re-
flect population fluctuations and temporal varia-
tion in reproductive success that may be missed in
demographic models. Given the rapid develop-
ment of genetic approaches used to estimate N, it
is reasonable to assume that my review will soon be
out-of-date. However, hopefully this introduction to
the literature will provide useful guidance to
wildlife biologists with regard to what approaches
are available and the types of questions they can
help resolve. For a more detailed treatment of
many of the estimators, see Beaumont (2003 a).

WHAT IS EFFECTIVE POPULATION SIZE?

Using classical population genetics theory, it is
possible to predict how rapidly genetic diversity
should be lost from a population of a given size
(Crow and Kimura 1970). For example, average
heterozygosity decreases due to increased com-
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Fig. 1. Influence of number of generations and population size
(N) on loss of genetic diversity, as measured by heterozygosity.

o

mon ancestry at a rate of 1/2N per generation
(Fig. 1). Ideally, an estimate of the number of in-
dividuals of breeding age (hereafter the census
population size, N), could be substituted for Nin
this relationship, making it possible to determine
how rapidly the population is becoming less het-
erozygous. However, theoretical predictions of
rates of loss of variation usually assume that every
individual in the population has an equal proba-
bility of successful reproduction and that self-fer-
tilization is possible. These assumptions usually do
not hold for wildlife populations. Individuals may
have different probabilities of reproduction be-
cause of age or limitations on breeding territories.
Most wildlife species only reproduce sexually, and
breeding structure or unequal sex-ratios can cre-
ate differences among individuals in their proba-
bilities of transmitting genes to the next genera-
tion. This simple model for loss of heterozygosity
also assumes that the population size is stable; that
generations do not overlap; and that there is no
selection, mutation, or migration. When any of
these assumptions are violated, the rate of loss of
heterozgyosity could differ from the theoretical
expectations obtained by treating N, as the size of
the population.

One way of improving predictions of the loss of
genetic diversity is to estimate N,. The N, of a pop-
ulation is the number of individuals in an ideal
population that would lose genetic variation at the
same rate as the actual population (Crow and
Denniston 1988, Schwartz et al. 1998). In an ideal
population, all individuals have an equal chance
of being the parents of any progeny making up
the next generation. This ideal population is gen-
erally considered to be temporally stable and free
of mutation, natural selection, and migration. No
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wildlife population perfectly fits this description.
Thus, itis expected that N, will differ from N,. Usu-
ally N, < N, but this is not always the case (Cran-
dall et al. 1999). The many factors that can cause
N, # N, including unequal sex ratios, high vari-
ance in reproductive success among individuals,
nonrandom mating, mating systems, multiple pa-
ternity, gene flow, overlapping generations, and
temporal fluctuations in population size, have
been discussed numerous times (Crow and
Kimura 1970; Chesser 19914a,b; Sugg and Chesser
1993; Nunney 1999; Hedrick 2000; Oyler-McCance
and Leberg 2005). I focus on how to use genetic
approaches to estimate N, in wildlife populations.

One difficulty in discussing N, is that it has been
applied to many different components of genetic
diversity (Crow and Denniston 1988). There are 2
commonly estimated measures of N,. Variance ef-
fective size (NN,y) is the size of an ideal population
experiencing drift (random changes in allele fre-
quencies) at the same rate as the actual popula-
tion. Inbreeding effective size (N,)) is the size of
an ideal population losing heterozygosity, due to
increased relatedness, at the same rate as the ac-
tual population. Typically, N,;and N,;, are not dis-
cussed in detail in most reviews because for stable,
large populations N,; and N, are similar. Unfor-
tunately, the sizes of many of the populations of
conservation interest are not stable; when popu-
lations are growing or shrinking N,;and N, can
greatly differ (Crandall et al. 1999). Furthermore,
many wildlife populations exhibit social structure.
The degree of genetic exchange in socially struc-
tured populations can greatly influence the num-
ber of generations it takes for N,;and N, to ap-
proach asymptotic levels where they become
identical (Chesser et al. 1993). Thus, the type of
N, being estimated needs to be clearly stated
(Neigel 1996, Crandall et al. 1999). There are ad-
ditional forms of N, (Ewens 1982, Crow and Den-
niston 1988, Neigel 1996, Crandall et al. 1999).
However, most genetic approaches attempt to es-
timate N,;or N,;, as do most demographic studies
(Crow and Denniston 1988). I focus primarily on
these 2 most commonly discussed forms of N;
however, I will also discuss a few estimators of al-
ternate forms of N,.

Understanding the differences between N,;and
N,/is necessary to consider how management ac-
tivities or environmental changes affect genetic di-
versity. A rapid decrease in population size is likely
to cause a concurrent decrease in N,j, resulting in
more random genetic change (Kimura and Crow
1963). Associated with this increased drift is the loss
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of alleles from populations, which potentially re-
duces the ability of populations to respond to envi-
ronmental change through natural selection (Al-
lendorf and Leary 1986, Frankham 19954).
Although a rapid decrease in population size will
also decrease N, it is likely to remain large in the
generations immediately following a bottleneck. In
other words, a population that has recently de-
clined in number will accumulate inbreeding more
slowly than it experiences drift. If a population re-
mains small, N, will eventually be reduced to N,

Differences in the measures of N, in response to
changes in N, are also important in assessing the ge-
netic effects of management activities that encour-
age population growth. As a population recovers
from a small size, N,;,will increase with N; however,
it will take much longer for N,; to recover (Kimura
and Crow 1963). Relatedness that has accumulated
in a population when it was small will not be re-
duced rapidly by obtaining a large N,, but additional
drift and loss of allelic variation will be minimized.

When discussing estimates of N,;and N,; it is
also important to note that these estimates are of-
ten made over different time scales; Crandall et al.
(1999) refer to these as contemporary and histor-
ical N, Often N, is measured by taking 2 tempo-
rally spaced samples. In this case, the estimate of
N,; is for the period between these samples
(Waples 1989) and is considered to be a measure
of contemporary N, (Turner et al. 2002). On the
other hand, N, is often measured using coales-
cent-based models; such approaches reflect the av-
erage N, over many generations (Neigel 1996,
Schwartz et al. 1999).

Changing the temporal scale over which an es-
timate of N, is obtained can change the spatial
scale. Schwartz et al. (1999) caution that historical
estimates of N, are likely to be biased upward be-
cause a population that is currently isolated might
have experienced considerable gene flow during
its past. Instead of estimating the N, of the local
population from which the samples were ob-
tained, historical estimates may approach the
global N, for the species. Estimates of contempo-
rary, local N, will often be of most interest for un-
derstanding the current status of a population or
the effects of a management strategy (Schwartz et
al. 1999; Beaumont 20034,b). However, comparing
the contemporary N, to estimates of historical lev-
els provides an understanding of how recent envi-
ronmental alterations have affected N, (Crandall et
al. 1999, Funk et al. 1999). Understanding whether
a small N, was due to a past event or ongoing de-
mographic processes is helpful in making manage-
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ment decisions, so estimating N, over different time
scales should be considered with the caveat that
spatial scales being examined with contemporary
and historical estimates are likely to differ.

GENERAL CONSIDERATIONS RELATED
TO ESTIMATION

Several assumptions are common to most esti-
mation approaches (Table 1). Some of them can
be addressed through sampling strategy; others
are more problematic. I will discuss additional as-
sumptions as they relate to specific estimators, as
well as cases where the assumptions do not apply
or have been relaxed.

With the major exception of the coalescent-
based methods (which can use maternally inher-
ited mtDNA sequences), most of the methods also
assume that the genetic markers are biparentally
inherited; I focus on such markers. The 2 primary
types of biparentally inherited markers used to
study wildlife populations are allozymes (Leberg
1996) and microsatellites (Bruford et al. 1996,
Schwartz et al. 1998). The greater power resulting
from use of highly polymorphic markers, as well
as the assumption of selective neutrality (Table 1),
make microsatellite loci more appropriate than al-
lozymes; however, allozymes might be useful if
they are sufficiently polymorphic and there is no
obvious evidence of selection influencing allele
frequencies. The high mutation rates of mi-
crosatellites also means that estimates of historic
N, will more strongly reflect recent history than es-
timates based on more slowly evolving markers.
Newly developed types of biparentally inherited
markers, such as single nucleotide polymorphisms
(SNPs; Brumfield et al. 2003), should perform well
with most estimators of N,;; however, they may
produce more biased estimates of historical N,;
than would be obtained with microsatellites
(Morin et al. 2004). I will discuss applications us-
ing other types of markers in association with spe-
cific estimation approaches.

The precision of most estimators of N,improves
with the number of independent loci. Increasing
the number of alleles examined can also improve
precision. Typical recommendations are in the
range of 10-20 highly polymorphic microsatellite
loci; greater numbers of allozymes or SNPs would
be necessary to obtain similar resolution. Most rec-
ommended sample sizes are >50 individuals;
smaller sample sizes are necessary as N, decreases.
In very small populations, sample sizes might need
to approach the N; this could best be accom-
plished with noninvasive techniques for DNA col-
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Table 1. Assumptions common to most approaches using genetic markers to estimate effective size (N,).

Assumption

Comments

Population is sampled at random
Genetic markers are selectively neutral and they should
not be linked to markers under selection

No subdivision of population

No immigration

No overlapping generations

Stable population size

No mutation (for contemporary N,) or the mutation rate
and model is known (for historical N,)

Should be met by most markers used in genetic surveys.
This assumption is probably better satisfied for
microsatellites than for allozymes.

Sampling should be conducted to avoid combining
genetically differentiated subpopulations. This may be
a difficult assumption to meet.

Relaxed in temporal method of Wang and Whitlock
(2003), and several coalescent estimates of N,
identify in state, and in estimates of Neighborhood size.

Relaxed in the temporal method of Jorde and Ryman
(1995) or when several generations occur between
temporal samples.

Relaxed in recently developed estimators for the
temporal method and the coalescent method.

Assumption of no mutation is probably met for most
studies examining contemporary N,

Assumption of known rates and models of mutation is more difficult to address.

lection. In general, increasing the number of loci
sampled will increase the precision of estimates to
a greater extent than increasing the number of in-
dividuals sampled, but most studies would benefit
from increasing both quantities.

It is difficult to discuss estimators of N, without
reference to the processes used to make inference
about the parameter. Estimation procedures that
equate N, to its expected value are moment esti-
mators. Most moment estimators of N, are based
on expectations from classical population-genet-
ics theory. These estimators can often be ex-
pressed in relatively simple equations and perform
well under many situations. Until recently, most
genetic methods for estimating N, were moment
estimators. Maximum likelihood (ML) estimators
maximize the probability of the data for a given
set of parameter values. Inference is made based
on the likelihood function, and more information
about allele frequencies is utilized than with the
moment estimators (Wang 2001). Relative to some
moment estimators, ML estimators tend to be less
biased and more precise (Wang 2001, Berthier et
al. 2002). Very recently, Bayesian estimation has
become more widely used with the development
of more efficient computational approaches
(Beaumont and Rannala 2004). Bayesian estima-
tors have the advantage of allowing incorporation
of prior knowledge about the population and ge-
netic markers, such as population size and varia-
tion in mutation rates, into the estimation process.
Comparisons of the performance of the different
types of estimators on data sets from natural pop-
ulations often produce contradictory results with

regard to estimate bias and precision (see below),
suggesting the relative merits of the approaches
are not consistent across data sets. Since it is diffi-
cult to argue that 1 approach always performs
best, it might be prudent to estimate N, using >1
method.

ESTIMATING VARIANCE EFFECTIVE
SIZE, Ng,

Temporal Methods

Moment Estimators.—Most estimates of N, are
made using multiple samples from a population,
with the samples separated by several generations.
Changes in allele frequencies between samples,
which reflect drift, are used to calculate Nev. Are-
view and refinements of the approach are pro-
vided by Waples (1989).

To use this approach, samples are needed from
at least 2 points in time, #; and #. A commonly
used formulation estimates the change in allele
frequencies as:

1 (x;— )
K - (x;+9,)/ 2= x;y;
i=

F=

where Kis the number of alleles, and x;and y, are
the frequencies of allele 7at ¢, and %, respectively
(Nei and Tajima 1981). The idea is to measure ge-
netic drift by determining the differences in allele
frequencies between samples. The temporal allelic
variance is affected by actual changes in allele fre-
quencies and by sampling error. Thus, it is impor-
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Table 2. Characteristics of genetic marker-based estimators of N, available to wildlife biologists.

Number of Scale of
Type of sampling estimation Citations/computer Assumptions
Type of estimator inference events period? program® relaxed with approach
Temporal method Moment 2 Contemporary ~ Waples (1989)
Jorde and Ryman (1995) Nonoverlapping generations
Maximum 2 Contemporary ~ Anderson et al. (2000)/
likelihood MCLEEPS
(ML) Laval et al. (2003)
Wang (2001) and Wang No Gene flow
and Whitlock (2003)/ MLNE
Bayesian 2 Contemporary  Laval et al. (2003)
>2 Historical and Berither et al. (2002) and
contemporary Beaumont (2003)/TMVP Stable population size
Tallmon et al. 2004/SUMSTAT
Gametic
disequilibrium Moment 1 Contemporary  Bartley et al. (1992)
Heterozygote
excess Moment 1 Contemporary  Pudovkin et al. (1996)
Rejection algorithm  Model-based 1 Contemporary  Ramakrishnan et al. (2004)
Differences among ML 1° Contemporary- O’Ryan et al. (1998)/
populations historical DRIFTLIK

a@This distinction is relative. Although temporal methods are typically thought of as measures of contemporary N, if the sam-
ples are taken many generations apart, the estimate of N, may be influenced by events long before the present time. Bayesian

methods based on >2 temporal samples have the potential to look at changes in

N,

oy Over time.

b When several citations are available, a representative citation reviewing the approach is provided. Computer programs to

assist in analysis are listed when known.

¢ Although only 1 temporal sample is required, samples are required from 2 populations that have been isolated for a known

number of generations.

tant that sample sizes be factored into any Z{Te
based on this method. When sampling without re-
placement (Waples 1989), it is possible to estimate
N, using:

]\}’ _ t

ev

2F -

11 ]
28, =28,
where §, and S, are the sample sizes used to obtain
the allele frequencies from the first and second
samples, and ¢ is the number of generations be-
tween the samples. Waples (1989) also discusses a
variation on this approach to be used when the ge-
netic samples are obtained with replacement.
Both these sampling schemes will potentially be
used in wildlife studies since samples from game
populations are often collected through harvests
(without replacement), while samples from threat-
ened or rare species are often obtained using non-
destructive approaches (with replacement).
Maximum Likelihood and Bayesian Estimators.—
Williamson and Slatkin (1999) presented a ML ap-
proach that produced less biased and more pre-
cise of N,;, than those obtained with the moment
estimator. This method required considerable
computing time and was not suitable for highly

polymorphic markers. More computationally effi-
cient ML and Bayesian methods suitable for mi-
crosatellites are now available (Table 2). Tallmon
et al. (2004) provide a comparison of some of
these estimators.

Sampling Considerations.—Precision and accuracy
of N,V can be improved by increasing the number
of loci examined, the number of alleles examined,
the sample size, or the amount of time between
temporal samples (Waples 1989, Wang 2001,
Berthier et al. 2002). Increasing the amount of
time between temporal samples is the most diffi-
cult, and so it is rarely considered. However, for
these methods to estimate N, drift has to occur;
little drift will occur if N,;,is large unless the num-
ber of generations between samples is large. Thus,
these methods tend to be most suitable when N,;,
<100. Sampling more than twice in a temporal se-
ries also improves the precision of NeV'

The long generation times of many wildlife
species will make it difficult to obtain temporal sam-
ples >1 generation apart; in some cases, even that
amount of time will require studies lasting many
years. Obtaining samples separated by several gen-
erations is especially important when generations
overlap (Jorde and Ryman 1995). One potential so-
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lution to this problem is to compare the genetic
characteristics of contemporary populations to
those of museum specimens. This approach has
been used to obtain N v for grizzly bears (Ursus arc-
los), greater prairie-chickens (7ympanuchus cupido),
and Northern leopard Frogs (Rana pipiens; Miller
and Waits 2003, Johnson et al. 2004, Hoffman et al.
2004, respectively). Use of this approach will be lim-
ited to populations for which there are relatively
large collections of museum specimens.

When used in conjunction with allozyme loci,
the moment estimator overestimated effective size
of very small populations (Richards and Leberg
1996). This bias was reduced when FFand Nevwere
based on highly polymorphic microsatellite loci
(Luikart et al. 1999, Spencer et al. 2001). The mo-
ment estimator has the potential to be biased
when it is based on loci where only 1 allele is com-
mon and alternate forms are rare (Waples 1989),
and it does not perform as well as ML approaches
in such cases (Bertheir et al. 2002). Scribner et al.
(1997) and Jorde et al. (1999) discuss use of tem-
poral method for dominant genetic markers
where it is difficult to identify heterozygotes.

Assumptions.—In addition to the typical assump-
tions (Table 1), potential for errors in genotyping to
influence differences in allele frequencies is of par-
ticular concern when using the temporal method.
Scribner etal. (1997) and Miller and Waits (2003)
discuss this problem with regard to minisatellites
and microsatellites. Because genotyping errors
would increase the temporal variation in allele fre-
quencies, they lead to underestimates of N,;. Re-
gardless of the marker used, investigators should
take steps to reduce genotyping error; several strate-
gies for reducing genotyping errors have been sug-
gested for microsatellites (Taberlet et al. 1999, Miller
and Waits 2003, Mckelvey and Schwartz 2004).

Many temporal approaches assume that N, is rela-
tively stable during the period between samples
(Table 1; Waples 1989). If N, is changing, the estimate
obtained is that of the harmonic mean of N, in the in-
tervening generations. The harmonic mean differs
from the more arithmetic mean, in that it is weighted
toward the smallest values of N, that occurred be-
tween the sampling interval. It is not surprising that
the generations with the smallest N, would have a
large effect on genetic drift; 1 severe bottleneck
between 2 samples is likely to have a much greater
effect on temporal variance in allele frequencies
than several generations where N, was large.

Variation in N, is expected to occur during the
collection of temporally spaced samples. Two esti-
mators now allow for variation in the population

GENETIC ESTIMATES OF EFFECTIVE SIZE e Leberg

J. Wildl. Manage. 69(4):2005

size between temporal samples (Table 2). They as-
sume that the population be sampled >2 times
and that the population is increasing or decreas-
ing exponentially during the sampling period.
These approaches provide an estimate of how N,,
has changed over time.

Violation of the assumption of nonoverlapping
generations is unlikely to have a large effect on N %
as long as demographic parameters of the popula-
tion are stable and time period between samples is
long (Waples 1989, Jorde and Ryman 1995). If only
a few generations have occurred between samples,
less biased results could be obtained following the
approach of Jorde and Ryman (1995). Modifying
the temporal method for overlapping generations
requires rough estimates of age-specific reproduc-
tion and survival (Jorde and Ryman 1995, Turner
etal. 2002). These methods assume that Ny, the
demographic rates, and age structure are stable be-
tween the temporal samples.

Violation of the assumption of no migration can
have complex effects on N Ly (Fig. 2; also see Waples
1990). If populations are in equilibrium with sur-
rounding populations with regard to the effects of
gene flow on allele frequencies, migration results
in an overestimate of N, unless the number of gen-
erations between samples is short (Fig. 2, solid
line). This bias is greatest if the samples are col-
lected many generations apart. If gene flow is
great, the estimate obtained would more closely re-
flect the size of all the populations exchanging mi-
grants than the N, of the sampled population. Al-
ternately, if populations are not in equilibrium with
regard to gene flow (Fig. 2, dotted line), N, can be
dramatically underestimated by the temporal
method. This occurs because recent migration
events, such as translocations near the population
of interest, can cause gene frequencies to change
rapidly. Investigators applying temporal methods
tend to minimize the effects of immigration in the
discussion of their results. Given that migration
can cause an overestimate or an underestimate of
N,, estimates for populations experiencing gene
flow should be treated with great caution.

Recently, Wang and Whitlock (2003) presented a
ML estimator for populations experiencing gene
flow. This method estimates migration rates, as well
as N, for study populations. The method assumes
that all sources of migrant individuals were identi-
fied and were characterized with genetic markers.
It also assumes that the first sampling event did not
change the pool of reproductive individuals. This
can be accomplished through nondestructive sam-
pling, sampling after reproduction, or sampling
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Fig. 2. Influence of migration and the number of generations
between samples on estimates of N, when populations are in
equilibrium (solid line) and not in equilibrium (dotted line) with
surrounding populations with regard to the effects of gene flow
on allele frequencies. The dashed line represents the effective
size of the hypothetical population; estimates above and below
it are biased (modified from Wang and Whitlock 2003).

from a population that is much larger than the
number of individuals sampled (Wang and Whit-
lock 2003). It is important to realize thatan N, ob-
tained with this approach no longer reflects the
drift that is occurring in the sampled population.
Rather, N v reflects what drift would be if migration
was terminated. Thus a small N, might not be of
concern as long as gene flow was maintained.

Examples.—An application of moment and ML
estimators is a study of 4 semi-isolated populations
of greater prairie-chickens. To obtain a second
temporal sample, Johnson et al. (2004) obtained
the genotypes of 125 museum specimens. Ap-
proximately 30 generations separated the samples.
Estimates of NeV based on the assumption of no
migration among the subpopulations were many
times larger than the estimates (15-22 birds per
subpopulation) obtained with Wang and Whit-
lock’s (2003) approach allowing migration. This
result indicates the importance of using an esti-
mator that allows for migration when the popula-
tion is not closed to immigration. From a man-
agement perspective, these findings indicate that
these semi-isolated populations are heavily de-
pendent on immigration and that loss of connec-
tiveness would result in rapid erosion of genetic
diversity in each of the population fragments.

A comparison of different estimators of N, for
populations of feral cats (Felis catus) found the Mo-
ment estimator and a demographic model pro-
duced more realistic and less variable estimates
than the Bayesian approach (Kaeuffer et. al. 2004).
In studies of grizzly bears and natterjack toads (Bufo
calamita) estimates from ML estimators and the mo-
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ment estimator were quite similar (Miller and Waits
2003, Rowe and Beebee 2004). Hoffman et al.
(2004) found that Wang and Whitlock’s estimator
did not perform well when the genetic composition
of source populations of leopard frogs that immi-
grated to their study populations was poorly known.
Additional comparison of estimators across a range
of conditions is needed to obtain a better sense of
their relative performance. Other applications of
the temporal method of interest to wildlife biolo-
gists include Funk etal. (1999), Jehle etal. (2001),
and Lucchini et al. (2004).

Linkage Disequilibrium

Linkage disequilibrium is the lack of indepen-
dence of the occurrence of alleles at different loci.
In alarge randomly mating population, there should
be no correlation between the presence of alleles at
2 neutral loci, unless the loci were linked physically
by their proximity on the same chromosome (Bart-
ley etal. 1992; Table 2). However, linkage disequilib-
rium can occur in small populations through ran-
dom drift, making it possible to estimate N, (Hill
1981, Bartley et al. 1992). Cases where there is little
disequilibrium, coupled with a small sample size, can
result in a negative N, Ly In this case, N, is typically
considered to be infinitely large (Bartley et al. 1992).

The primary advantage of this moment estima-
tor over the temporal method is that it requires
only 1 sample. However, inadequate sample sizes
and numbers of loci can result in imprecise esti-
mates (Bartley et al. 1992).

Because the method assumes that the popula-
tion has discrete generations, it is sometimes ap-
plied to a single cohort of individuals. In this case,
rather than Z\ATEV, the method estimates the effec-
tive number of breeding individuals, N,, (Schwartz
et al. 1998). Note that the temporal method can
also be used to estimate N, by examining the al-
lele frequency differences between a cohort of off-
spring and the adult population. Estimates of N,
might be useful for comparing populations, but it
is difficult to use them to estimate rates of loss of
genetic variation for populations with overlapping
generations. This approach has not been widely
applied to populations of terrestrial vertebrates.

Heterozygote Excess

In very small populations, there will be chance
genotype differences between the sexes. Because of
the small chance-differences in allele frequencies
between males and females, their offspring will ac-
tually be more heterozygous than would be ex-
pected based on the overall allele frequencies in
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Table 3. Characteristics of genetic marker-based estimators of historical? N, available to wildlife biologists.

Citations/computer Nuclear Assumptions

Type of inference program® molecular markers relaxed with approach
Moment Nei (1987) Allozymes and microsatellites
ML Nielsen (1997)/MISAT, Microsatellites

Xu and Fu (2004)

Nielsen (2000) SNPs

Beerli and Felsentein

(1999, 2001)/MIGRATE Allozymes, microsatellites No migration

Polanski and Kimumel (2003) SNPs Stable population size
Bayesian Nichols and Freeman (2004)/

BAYALLELE

Wilson et al. (2003),
Beaumont et al. (2002)
Beaumont (1999)/MSVAR

Microsatellites

Sex-linked microsatellites
Microsatellites

No variation in mutation rate,
no migration

Stable population size
Stable population size

a Although generally thought to represent N, over many generations, they may be strongly influenced by recent events. Esti-
mates based on markers with high mutation rates, such as microsatellites, are more likely to reflect recent effective sizes of the

populations than markers with low mutation rates.

b When several citations are available, a representative citation reviewing the approach is provided. Computer programs to

assist in analysis are provided when known.

the population. Pudovkin etal. (1996) used this ob-
servation to develop a moment estimator for N,
(Table 2). In this case, N, is the effective number
of individuals that produced the cohort being sam-
pled. Balloux (2004) provides corrections for biases
associated with Pudovkin et al.’s (1996) estimator.
This approach has many of the same benefits and
drawbacks as the linkage disequilibrium method.
An additional concern is the assumption of random
mating (Pudovkin etal. 1996, Schwartz et al. 1998),
which would limit the approach’s value in wildlife
populations with social structure. Using simula-
tions, Luikart and Cornuet (1999) found no large
bias in estimates resulting from polygamous, polyg-
nous, and monogamous mating systems when they
used an unbiased estimator of Hyy, However, for
the same number of loci and individuals, the con-
fidence intervals for Z\Afgb are much larger for
monogamous than polygamous populations.
Low precision is another drawback to this ap-
proach. Even with a very large sample size and
number of alleles, it is unlikely that reasonable con-
fidence intervals will be obtained if N,,> 10 (Luikart
and Cornuet 1999). In applying the method to nat-
ural populations, N/ ', were often infinitely large be-
cause N, was large or because insufficient numbers
of offspring or polymorphic loci were examined.
The requirement of a large sample size from a pop-
ulation with very small N, will limit the usefulness
of this approach for wildlife species. Furthermore,
wildlife populations frequently exhibit heterozy-
gote deficiencies due to a variety of factors includ-
ing internal subdivision, null alleles, and allelic
dropout (Oosterhout et al. 2004); these factors

could bias N, ., One potential use for the approach
is to estimate N,, for population subdivisions by
sampling juveniles prior to dispersal; however, this
would require knowledge of subdivision bound-
aries (Balloux 2004).

Rejection Algorithm for Estimating
Sex-specific N,

If an exhaustive sampling of progeny and their as-
sociated mothers (or fathers) is possible, Ramakr-
ishnan et al. (2004) provide a method for estimat-
ing the effective size of the parents of the
unsampled sex. The approach uses a rejection al-
gorithm that compares 3 statistics to expectations
based on simulation modeling. This method will be
most useful when 1 sex is very difficult to sample and
the other is not. For example, they estimated the N,
of breeding males, N, for a population of fruit
bats (Cynopterous sphinx) from which they had sam-
ples of mothers and their offspring. This method
was least biased when N, was much smaller than
the number of males (Ramakrishnan et al. 2004), a
condition that is most likely in polygamous species.

Comparing Recently Isolated Populations

Some situations lend themselves to estimation of
N, over a longer time period. If 2 or more popula-
tions were known to be joined together at some
known earlier time, then became isolated, it is possi-
ble to estimate N,;, by assuming that that time since
separation is sufficiently short so that mutations are
unlikely (O’Ryan etal. 1998; Table 2). This approach
would be particularly useful for isolated populations
established through translocations or recent habitat
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Table 4. Characteristics of genetic, marker-based estimators of N, available to wildlife biologists.

Scale of Citation/computer
Type of N, estimation period?® Type of inference program Properties

Neighborhood size Historical Moment Rousset (2000), Useful in populations

Leblois et al. 2003) with continuous spatial
distributions

Identity in state Historical Moment Vitalis and Couvet Allows for migration
(2001a,b) /ESTIM

Changes in recently Contemporary-dependent Bayesian Estoup et al. (2001) Allows for changes

on the amount of time since
population establishment

established populations

Estoup and Clegg
(2003)

in population size

@ This distinction is relative. For example, while Rousset’s (2000) estimator of neighborhood size reflects historical N, it is most
strongly influenced by events occurring in the last 10 generations. Computer programs to assist in analysis are provided when known.

fragmentation. Rowe and Beebee (2004) used this
method to obtain N, v for 2 populations of toads; one
of which served as a source of individuals founding
the second population. The degree to which this
measure estimates contemporary or historical N,;,
depends on the amount of time the populations were
isolated. If a bottleneck occurred early in the isolation
event after which the population expanded, the esti-
mate will be more strongly affected by that popula-
tion size than by the N, of more recent generations.

ESTIMATING INBREEDING EFFECTIVE
SIZE, N

Moment Estimators

Classical population genetics provides moment
estimators for N,;based on the equilibrial relation-
ship between mutation rate (u), Hyy, and N, This
relationship is affected by the mutation model that
best applies to the genetic markers used in the as-
say. Based on expectations under the stepwise-mu-
tation model (SMM, Nei 1987), it is possible to es-
timate N,;from microsatellite data using:

S
X _[(I—HVW)] )

o 8u 1

Asimilar estimate from allozymes, based on an in-
finite-alleles model (IAM; Nei 1987), would be:

N, = —ww
L 4u(l - Hyy)

Studies using this approach to estimate N,; in
wildlife populations include Paetkau et al. (1998),
van Hooft et al. (2000), and Spong et al. (2000).
Assumptions.—In addition to the standard as-
sumptions (Table 1), these models assume that
the level of heterozygosity in a population is due
only to mutation and drift and that these forces

are in equilibrium. This approach also assumes
that the correct mutation model and the mutation
rate are known and are the same across loci. Au-
thors often use an average mutation-rate for a
group of taxa. However, reported estimates of mu-
tation probabilities for microsatellites and other
markers can vary widely. Use of the wrong rate can
have a large effect on estimates of long-term N, ;.

Choice of mutation model can also influence N,
with higher estimates being obtained with the SMM.
Although the SMM model is frequently used for mi-
crosatellites, the IAM model has been occasionally
used, and there is considerable evidence that the mu-
tation process is more complex than either of these
models (Di Rienzo etal. 1994). The correct mutation
model and mutation rate are probably influenced
by characteristics of individual loci (Ellegren 2000).
Rather than select 1 mutation rate and model, it
would be more conservative to evaluate the effects
of different appropriate mutational models and
rates on Z\Afe 7 Making incorrect assumptions about
mutational models or rates is not a major problem
if the goal is to compare N,; among populations
assayed with the same markers and not to make in-
ferences on the rate of accumulation of inbreed-
ing (Lehman et al. 1998). However, in such cases,
there is no real reason to estimate N, ;, as comparing
estimates of Hp, provides the same information.

An assumption often not considered when ap-
plying these models is that the loci used to esti-
mate Hpyy, are selected at random from the pop-
ulation of loci with the same mutation rate. Often,
investigators screen genetic markers, and particu-
larly microsatellites, for polymorphism before they
are included in a study. If invariant loci were ex-
cluded from an analysis, but not from studies used
to estimate the mutation rate, the mutation rate
of the loci in the study may be higher than the
value of u used in the estimator. This would lead
to an underestimate of N,; (van Hooft et al. 2000).
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Coalescent Approaches

In recent years there have been several advances
in the estimation N, based on the use of coales-
cence theory (i.e., Nielsen 1997, Wakeley 2001). Co-
alescence uses relationships between genes, as in-
fluenced by mutation and genealogy, to understand
evolutionary phenomena (Kingman 1982). Taking
a sample of genotypes, coalescence methods trace
backward in time to identify events that occurred
since the individuals in the sample shared a com-
mon ancestor (Fu and Li 1999). Thus, they are
based on genealogic relationships between indi-
viduals in the sample rather than on estimates of
population parameters like Hyyy,. Application of
this approach to estimate parameters has, perhaps,
been the most active area in theoretical population
genetics over the last decade (Fu and Li 1999).

The parameter estimated in most coalescence
approaches is 0, which is defined as 4N,u when
based on biparentally inherited makers. To obtain
N,; from 4N,u it would be necessary to assume a
mutation rate (u) for the type of genetic marker
using estimates from the literature. The same con-
cerns about use of inaccurate estimates of 6 and
inappropriate mutational models discussed for
the moment estimators apply here. Alternately, es-
timates of from different populations can be com-
pared directly under the relatively safe assumption
that mutation rates will be similar (Neigel 1996).

Examples.—Several coalescent-based estimators
have been developed (Table 3); these are often less
biased but more computationally intensive than
the moment estimators. One application of this ap-
proach was an attempt to estimate in a population
of baboons (Papio cynocephalus) using Nielsen’s
(1997) approach (Storz et al. 2002). The popula-
tion experienced a dramatic decline from approx-
imately 2,500 baboons in 1964 to about 480 by the
mid-1970s due to habitat changes. Historical N,
based on microsatellite loci, was 2.2-7.2 times
higher than current N,. Storz et al. (2002) used this
observation to argue that the population had not
yet become inbred to the extent predicted by its
current size, and to argue that the current popu-
lation size was far below historical norms. A large
N, was also reported for leopards (Panthera pardus)
in Tanzania (Spong et al. 2000). Both studies used
literature estimates of mutation rates to estimate
N,; from 0. These high estimates of N,; may be
somewhat biased (Spong et al. 2000, Storz et al.
2002) by deviations from the assumptions associ-
ated with Nielsen’s (1997) estimator. For example,
population subdivision may cause the N,;to exceed
N, (Sugg etal. 1996). Additionally, the populations
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of leopards or baboons were not closed to migra-
tion, which could cause overestimates of © and N I

Assumptions.— In general, most of the first gener-
ation of coalescent models make many of the same
assumptions that were discussed for moment esti-
mators of N,;. There is also an assumption that the
N, has been large for a long period of time. These
approaches are not robust for populations with N, ;
< 50, which may limit their usefulness in some pop-
ulations of endangered or threatened species.

The assumption that populations are closed to
immigration has been relaxed (Table 3), making it
possible to obtain separate estimates of N,;and m
for multiple subpopulations (Beerli and Felsenstein
2001). The most robust estimates of N,; will be ob-
tained when genetic information from all sources
of immigrants are included in the analysis, however,
procedures exist to address immigration from un-
sampled sources (Beerli and Felsentein 2001).

A Bayesian approach for simultaneously esti-
mating N,, u, and m for a set of populations has
been recently described by Nichols and Freeman
(2004). Using loci with high mutation rates, it is
possible to distinguish the effects of mutation, mi-
gration, and drift on patterns of interpopulation
differentiation (Table 3); efficiency is improved
when the user can supply information on relative
mutation rates and population sizes.

The assumption of population stability has been
relaxed by recent advances in the estimation of N,;
aimed at detecting past population expansions or
contractions (Table 3). Using a Bayesian approach,
information on past population history can be used
to estimate N,; (Beaumont 1999). The method was
applied to microsatellite data for the northern hairy-
nosed wombat (Lasiorhinus krefftii). The species un-
derwent a bottleneck from thousands of individuals
to just 20-30 individuals in 1981. Beaumont (1999)
found that the population had been declining over
a much longer period and more dramatically than
the historical data implied. Using this approach, Luc-
chini etal. (2004) found evidence for a long-term de-
cline of a populations of wolves (Canis lupus).

ESTIMATING OTHER FORMS OF N
Neighborhood Size

Estimates of N, are made for populations; it is as-
sumed the individuals sampled represent a random
sample of all the members of a population with no
internal spatial structure. However, this concept of
population makes little sense for species with large,
continuous distributions. With no major disconti-
nuities in the distribution, it would be difficult to
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determine the extent of the area occupied by a
population. When there are no identifiable popu-
lations from which to sample, it is hard to apply es-
timation approaches that include a measure of
immigration from other surveyed populations.

For species with relatively continuous distribu-
tions, Wright (1943) proposed the concept of
neighborhood size. Genetic differentiation is pre-
dicted to increase with distance; this is referred to
as isolation by distance (IBD). Under IBD, neigh-
borhood size is estimated as 4nDo? where D is the
population density of adults, and 62 is the average
squared dispersal distance. This formulation of
neighborhood size is equivalent to N,; (Hedrick
2000) and depends on most of the standard as-
sumptions (Table 1). Density affects loss of genetic
diversity, as would N b however, the relationship is
not direct because of the influence of gene flow,
which is reflected by the measure of dispersal.
Neighborhood size has been estimated demo-
graphic data (e.g. Wasser and Elliot 1991), but un-
til recently, there have been few methods of esti-
mation based on genetic markers (Table 4).

A moment estimator of Do?, the variable portion
of 4nDc?, was developed by Rousset (2000) and
applied to a population of Banner-tailed kangaroo
rats (Dipodomys spectabilis). This estimator is based
on multilocus genetic similarity and the spatial dis-
tance between pairs of sampled individuals. The
method performs well under a variety of distribu-
tions of dispersal distances. The estimator of Do?
will be most precise and least biased for loci with
levels of polymorphism comparable to mi-
crosatellites (Leblois et al. 2003). Although the es-
timator has the potential to be affected by histor-
ical events, Leblois et al. (2004) found estimates of
Do? reflected recent density. Population reduc-
tions and expansions much more than 10 genera-
tions in the past had only minor effects on Do?.

Sampling at too large or small a spatial scale is
likely to bias estimates of Dc? (Leblois et al. 2003).
The recommended scale of sampling is an area of
106 * 10c. Thus some knowledge of average dis-
persal distances of offspring from their parents’
home ranges is helpful. The estimate of ¢ does not
have to be precise; sample areas differing by a fac-
tor of 2 from the recommended area, still yielded
robust estimates of Do2. Obviously, sampling areas
might be quite large for highly mobile species. Sam-
pling a small area of high density might bias esti-
mates; ideally the area sampled should be centered
in an area of similar density that is >4x the size of
the sampled area (Leblois et al. 2004). While com-
plete sampling of individuals in this area would be
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ideal, Leblois et al. (2003) indicated that samples of
approximately 100 individuals should be sufficient
to estimate Do?. Although this method would be
applicable to many wildlife populations, spatial
sampling will need to be much more systematic
than is typical in wildlife genetic studies.

Identity in State

An interesting approach that has yet to be widely
applied is the use of single-locus and 2-locus proba-
bilities of identity in state (IIS) to provide a moment
estimate of N, in the presence of migration (Vitalis
and Couvet 2001a). The probability of IIS for a sin-
gle locus is the probability that the 2 alleles found in
a sampled individual will be identical. Other single-
locus measures that are calculated include the prob-
ability that 2 randomly sampled alleles from a sub-
population, or from the pool of immigrants, are
identical. Similar measures of IIS are calculated for
alleles at independent loci, reflecting inter-locus dis-
equilibria that can occur in small populations (Vi-
talis and Couvet 2001 ). Samples should be obtained
from the set of populations thought to be exchang-
ing genetic material. Parameters estimated in this
analysis include N,;;¢and per-generation immigra-
tion rate (m) for each subpopulation in the analyses.

The model estimates the size of an ideal popula-
tion that would have the same 2 locus-genetic struc-
ture as the actual population. This measure of N,
was not directly compared to N,;, and N,; (Vitalis
and Couvet 2001 @), butitis expected that these mea-
sures would converge for populations at equilibum
for mutation and drift in the absence of gene flow.

Least biased Ny are obtained when N, is small.
However, when 8-12 unlinked loci were exam-
ined, reasonable NHS where obtained for popula-
tions where N,= 100 (Vitalis and Couvet 2001a).
To estimate effective sizes for larger populations,
more tightly linked loci will be necessary (Vitalis
and Couvet 20015). This method relaxes the as-
sumption that the population is closed to immi-
gration (Table 4). It assumes that the populations
are at equilibrium between mutation, drift, and
migration; populations that are declining, in-
creasing, or experiencing changing levels of gene
flow due to fragmentation or translocations will vi-
olate this assumption. Simulations indicate that vi-
olation of this assumption biased estimates of m
more than Ny (Vitalis and Couvet 2001 a).

Changes in Recently Established Populations

An N , for a recently established population can
be obtained by comparing several different genetic
variables (heterozygosity, allele frequencies, and
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the distribution of sizes of microsatellite alleles)
from the population to the population from which
it was founded (Estoup et al. 2001; Table 4). Sev-
eral components of genetic change are measured
because they respond differently to the established
population’s demographic history. In this case, N,
is the size of an ideal population experiencing the
same genetic drift, loss of alleles, and inbreeding
as the actual population. This approach is difficult
to compare directly to N,;and N,, and N, is esti-
mated for different portions of the population’s
history. This Bayesian approach allows incorpora-
tion of information on the population’s history
into the estimation process (Estoup et al. 2001).

Using data from Bujfo marinus, a toad introduced
to several Pacific islands, Estoup et al. (2001) made
estimates of N, for the populations colonizing the
islands, as well as for the N, after the population
stabilized following a period of rapid population
growth and decline. They had less success estimat-
ing population parameters during this boom/bust
period, perhaps because this transition period was
short and the power to detect rapid changes in
population was reduced by losses of genetic varia-
tion during the establishment of the populations.
An encouraging feature of this approach is that it
allowed estimation of N, in populations during the
last 150 years. While this may not represent an es-
timate of contemporary effective size, it does cover
a time period relevant to wildlife biologists.

Such an approach might be applicable to many sit-
uations where there is considerable information
about the history of populations, such as those un-
der intensive management or those monitored fol-
lowing reintroduction. There is no assumption that
the populations are in equilibrium with regard to
drift, mutation, and gene flow, but use of this tech-
nique to estimate N,and other population parame-
ters in a nonequilibrial system will require consid-
erable genetic information (Estoup et al. 2001).
Using this approach, Estoup and Clegg (2003) ob-
tained estimates for the number of founders and
the average N, for populations of a songbird (Zos-
lerops lateralis) that colonized several Pacific Islands
over the last century. Because of computational lim-
itations, this approach is most suitable to studying
isolated populations that experienced a founder
event or other bottleneck (Estoup and Clegg 2003).

MANAGEMENT IMPLICATIONS

Estimating effective population size can provide
insight into how fast a population is losing genetic
variation and perhaps its vulnerability to extinction
(Schwartz et al. 1998). With the great diversity of
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available estimators, it is important for the wildlife
biologist to identify the best approach to use.
There is an unfortunate lack of comparative stud-
ies that evaluate the relative merits of different ap-
proaches (see Tallmon et al. 2004 for a notable ex-
ception). Without independent evaluations of
different approaches using simulations and data, it
is difficult to predict which approaches will stand
the test of time. While valuable, comparative stud-
ies of experimental and natural populations will be
difficult to interpret because it is difficult to con-
trol all of the parameters affecting N, or to know
the true value of N, for any population.

The importance of the temporal method is
demonstrated by the level of activity associated
with the development of new estimators. Choice
of an estimator should be based on whether the
population is rapidly changing size or open to mi-
gration (Table 2). When multiple temporal sam-
ples are available along with information on tem-
poral variation in N, a Bayesian approach might
be the most appropriate. The biggest merit of het-
erozygote excess and linkage disequilibrium meth-
ods is the requirement of only 1 sample. Neither
of these single-sample approaches have been
widely used because they have restrictive assump-
tions and low precision. Given the importance of
contemporary N, for conservation planning, steps
should be taken to make temporal sampling more
practical. In particular, samples of populations of
management interest should be collected and
stored in preparation for an analysis of temporal
variation in allele frequencies at some future date.

For estimates of historic N, the coalescent-based
approaches hold the most promise. The choice of
estimator will depend on whether the population
is open to migration or changing in size (Table 3).
Care should be taken in applying these methods to
populations with continuous distributions; estima-
tion of neighborhood size should be considered in
such cases. Although estimates of historic N, are of-
ten equated with N, over evolutionary time, neigh-
borhood size and coalescent methods applied to re-
cently fragmented or bottlenecked populations are
examining the accumulation of inbreeding over
time scales of relevance to managers. The potential
of estimators of Vitalis and Couvet (2001 ) and Es-
toup etal. (2001) deserve further evaluation.

The effects of violation of assumptions that do
not hold for most wildlife populations are still un-
clear. Although approaches exist to address failure
of assumptions related to closure and population
stability, less progress has been made in relaxing
the assumption of nonoverlapping generations.
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Ignoring or failing to detect metapopulation and
social structure is also likely to have an effect on N,;
and N,; (Chesser et al. 1993, Nunney 1999).

Estimates of N, based on genetic markers nicely
compliment information obtained from demo-
graphic approaches (e.g. Nunney and Elam 1994).
If the temporal method produces a different esti-
mate of N, it suggests that either the demo-
graphic model missed important factors affecting
the effective size of the population (e.g., temporal
variation in size; Frankham 19955) or that the ge-
netic approach had an unaddressed bias. Identifi-
cation of the cause of the discrepancy will provide
new information on the factors affecting loss of ge-
netic diversity in a population.

While there are still difficulties in applying ge-
netic estimators of N, to wildlife populations, the
options and opportunities to obtain information on
this important parameter have greatly expanded
over the last decade. It has now become practical to
obtain estimates of both contemporary and histor-
ical population size. Using proper caution with re-
gard to potential biases associated with the violation
of assumptions, there is little reason why informa-
tion on N, can not be obtained from most popula-
tions and be used to guide management decisions.

ACKNOWLEDGMENTS

I thank C. Green, E. Smithies, R. Young, my
graduate students, and 2 anonymous reviewers for
their comments on earlier drafts of this manu-
script. The Louisiana Board of Regents, U.S. En-
vironmental Protection Agency (R-82942001),
and U.S. Corp of Engineers provided support dur-
ing manuscript preparation.

LITERATURE CITED

ALLENDORF, F. W., AND R. W. LEARY. 1986. Heterozygosity
and fitness in natural populations of animals. Pages
51-65 in M. E. Soulé, editor. Conservation biology: the
science of scarcity and diversity. Sinauer, Sunderland,
Massachusetts, USA.

ANDERSON, E. C., E. G. WILLIAMSON, AND E. A. THOMPSON.
2000. Monte Carlo evaluation of the likelihood for N,
from temporally spaced samples. Genetics 156:2109-2118.

BARTLEY, D., M. BAGLEY, G. GALL, AND B. BENTLEY. 1992.
Use of linkage disequilibrium data to estimate effec-
tive size of hatchery and natural fish populations. Con-
servation Biology 6:356-375.

BEAUMONT, M. A. 1999. Detecting population expansion and
decline using microsatellites. Genetics 153:2013-2029.

. 2003 a. Conservation Genetics. Pages 751-762 in

D. J. Balding, M. Bishop, and C. Cannings, editors.

Handbook of statistical genetics. Second edition. John

Wiley and Sons, Chichester, United Kingdom.

. 2003b. Estimation of population growth or de-

cline in genetically monitored populations. Genetics

164:1139-1160.

GENETIC ESTIMATES OF EFFECTIVE SIZE e Leberg

1397

, AND B. RANNALA. 2004. The Bayesian revolution

in genetics. Nature Reviews Genetics 5:251-261.

, W. ZHANG, AND D. J. BALDING. 2002. Approximate
Bayesian computation in population genetics. Genet-
ics 162:2025-2035.

BEERLI, P., AND J. FELSENSTEIN. 1999. Maximum likelihood
estimation of migration rates and effective population
numbers in two populations using a coalescent ap-
proach. Genetics 152:763-773.

, AND . 2001. Maximum likelihood estima-
tion of a migration matrix and effective population sizes
in subpopulations by using a coalescent approach. Pro-
ceedings of the National Academy Science 98:4563-4568.

BERTHIER, P., M. A. BEAUMONT, J.-M. CORNUET, AND G.
Luikart. 2002. Likelihood-based estimation of the effec-
tive population size using temporal changes in allele fre-
quencies: a genealogical approach. Genetics 160:741-751.

BarLoux, F. 2004. Heterozygote excess and the het-
erozygote excess effective population size. Evolution
58:1891-1900.

BrUFORD, M. W. , D. J. CHEESMAN, T. COOTE, H. A. A. GREEN,
S. A. HAaNEs, C. O’RyaN, AND T. R. WiLLIAMS. 1996. Mi-
crosatellites and their application to conservation ge-
netics. Pages 278-297 in'T. Smith and R. Wayne, editors.
Molecular approaches in conservation biology. Oxford
University Press, New York, USA.

BrUMFIELD, R. T., P. BEERLI, D. A. NICKERSON, AND S. V.
EDpwARDS. 2003. The utility of single nucleotide poly-
morphisms in inferences of population history. Trends
in Ecology and Evolution 18:249-256.

CHESSER, R. K. 1991 a. Influence of gene flow and breed-
ing tactics on gene diversity within populations.
Genetics 129:573-583.

. 1991b. Gene diversity and female philopatry.

Genetics 197:437-447.

, O. E. RHODES, JR., D. W. SUGG, AND A. SCHNABEL.
1993. Effective sizes for subdivided populations.
Genetics 135:1221-1232.

CRrRANDALL, K. A., D. PosADA, AND D. Vasco. 1999. Effec-
tive population sizes: missing measures and missing
concepts. Animal Conservation 2:317-319

Crow, J. F., AND C. DENNISTON. 1988. Inbreeding and vari-
ance effective population numbers. Evolution 42:482-495.

, AND M. KIMURA. 1970. An introduction to population
genetics theory. Burgess, Minneapolis, Minnesota, USA.

D1 RIENZO, A., A. C. PETERSON, J. C. GARZA, A. M. VALDES, M.
SLATKIN, AND N. B. FREIMER. 1994. Mutational processes of
simple-sequence repeat loci in human populations. Pro-
ceedings of the National Academy Science 91:3166-3170.

ELLEGREN, H. 2000. Microsatellite mutations in the
germline: implications for evolutionary inference.
Trends in Genetics 16:551-558.

Estoup, A, AND S. M. CLEGG. 2003. Bayesian inferences on
the recent island colonization history by the bird Zos-
terops lateralis lateralis. Molecular Ecology 12:657-674.

, 1. J. WILSON, C. SULLIVAN, J.-M. CORNUET, AND C.
Moritz. 2001. Inferring population history from mi-
crosatellite and enzyme data in serially introduced
cane toads, Bufo marinus. Genetics 159:1671-1687.

EweNs, W. J. 1982. On the concept of the effective popula-
tion size. Theoretical Population Biology 21:373-378.

FRANKHAM, R. 19954. Conservation genetics. Annual Re-
view of Genetics 29:305-327.

. 1995b. Effective population/adult population

size ratio in wildlife: a review. Genetical Research Cam-

bridge 66:95-107.




1398

Fu, Y. X., anp W. H. L1. 1999. Coalescing into the 21st
century: an overview and prospects of coalescent the-
ory. Theoretical Population Biology 56:1-10.

Funk, W. C., D. A. TALLMON, AND F. W. ALLENDORF. 1999.
Small effective population size in the long-toed sala-
mander. Molecular Ecology 8:1633—1640.

HARRIS, R. B., AND F. W. ALLENDORF. 1989. Genetically ef-
fective population size of large mammals: an assess-
ment of estimators. Conservation Biology 3:181-191.

HEDRICK, P. W. 2000. Genetic of populations. Second edi-
tion. Jones and Bartlett, Sudbury, Massachusetts, USA.

Hiir, W. G. 1981. Estimation of effective population size
from data on linkage disequilibrium. Genetical Re-
search (Cambridge) 38:209-216.

Horrman, E. A., F. W. SCHUELER, AND M. S. BLOUIN. 2004.
Effective population sizes and temporal stability of ge-
netic structure in Rana pipiens, the northern leopard
frog. Evolution 58:2536-2545.

JEHLE, R., J. W. ARNTZEN, T. BURKE, A. P. KRUPA, AND W.
Honbr. 2001. The annual number of breeding size of
syntopic newts (Triturus cristatus, T. marmoratus). Mol-
ecular Ecology 10:839-850.

JOrDE, P. E., AND N. RyMaN. 1995. Temporal allele frequency
change and estimation of effective size in populations
with overlapping generations. Genetics 139:1077-1090.

, S. PALM, AND N. RYMAN. 1999. Estimating genetic
drift and effective population size from temporal shifts
in dominant gene marker frequencies. Molecular
Ecology 8:1171-1178.

JOHNSON, J. A., M. R. BELLINGER, J. E. TOEPFER, AND P.
DUNN. 2004. Temporal changes in allele frequencies
and low effective population size in greater prairie-
chickens. 13:2617-2630.

KAEUFFER, R., D. PONTIER, S. DEVILLARD, AND N. PERRIN.
2004. Effective size of two feral domestic cat popula-
tions (Felis catus L..): effect of the mating system. Mol-
ecular Ecology 13:483-490.

KiMURA, M., AND J. F. CrROW. 1963. The measurement of
effective population numbers. Evolution 17:279-288.

KmvGmaN, J. F. C. 1982. On the genealogy of large populations.
Journal of Applied Probability (Supplemental):27-43.

LANDE, R., AND G. F. BARROWCLOUGH. 1987. Effective pop-
ulation size, genetic variation, and their use in popu-
lation management. Pages 87-123 in M. E. Soulé, edi-
tor. Viable populations for conservation. Cambridge

University Press, Cambridge, United Kingdom.

LAvAL, G, M. SANCRISTOBAL, AND C. CHEVALET. 2003. Max-
imum-likelihood and Markov chain Monte Carlo ap-
proaches to estimate inbreeding and effective size from
allele frequency changes. Genetics 164:1189-1204.

LEBERG, P. L. 1990a. Genetic considerations in the design
of introduction programs. Transactions of the North
American Wildlife and Natural Resources Conference
55:609-619.

. 19904. Influence of genetic variability on popu-

lation growth: implications for conservation. Journal

of Fish Biology 37:193-195.

. 1996. Applications of allozyme electrophoresis
in conservation biology. Pages 87-103 in T. Smith and
R. Wayne, editors. Molecular approaches in conserva-
tion biology. Oxford University Press, New York, USA.

LeBLOIS, R., A. EsToUP, AND F. ROUSSET. 2003. Influence
of mutational and sampling factors on the estimation
of demographic parameters in a ‘continuous’ popula-
tion under isolation by distance. Molecular Biology
Evolution 20:491-502.

GENETIC ESTIMATES OF EFFECTIVE SIZE e Leberg

J. Wildl. Manage. 69(4):2005

, F. ROUSSET, AND A. Estoup. 2004. Influence of
spatial and temporal heterogeneities on the estima-
tion of demographic parameters in a continuous pop-
ulation using individual microsatellite data. Genetics
166:1081-1092.

Lenman, T., W. A. HAwELY, H. GREBERT, AND F. H. COLLINS.
1998. The effective population size of Anopheles gam-
biae in Kenya: implications for population structure.
Molecular Biology and Evolution 15:264-276.

LuccHIng, V., A. GaLov, AND E. RanpI. 2004. Evidence of
genetic distinction and long-term population decline
in wolves (Canis lupus) in the Italian Apennines. Mol-
ecular Ecology 13:523-535.

LUIRART, G., AND J.-M. CORNUET. 1998. Empirical evalua-
tion of a test for identifying recently bottlenecked pop-
ulations from allele frequency data. Conservation Bi-
ology 12:228-237.

, AND F. W. ALLENDORF. 1999. Temporal
changes in allele frequenaes provide estimates of popu-
lation bottleneck size. Conservation Biology 13:523-530.

MCcKELVEY, K. S., AND M. K. ScCHWARTZ. 2004. Genetic er-
rors associated with population estimation using non-
invasive molecular tagging: problems and new solu-
tions. Journal of Wildlife Management 68:439-448.

MACE, G. M., AND R. LANDe. 1991. Assessing extinction
threats: toward a reevaluation of IUCN threatened
species categories. Conservation Biology 5:148-157.

MILLER, C. R., AND L. P. WarTs. 2003. The history of ef-
fective population size and genetic diversity in the Yel-
lowstone grizzly (Ursus arctos): implications for con-
servation. Proceedings of the National Academy of
Sciences 100:4334-4339.

MORIN, P. A., G. LUIKART, R. K. WAYNE, AND THE SNP WORK-
SHOP GROUP. 2004. SNPs in ecology, evolution and con-
servation. Trends in Ecology and Evolution 19:208-216.

NEIGEL, J. E. 1996. Estimation of effective size and mi-
gration parameters from genetic data. Pages 329-346
in T. Smith and R. Wayne, editors. Molecular ap-
proaches in conservation biology. Oxford University
Press, New York, USA.

NEI, M. 1987. Molecular evolutionary genetics. Colum-
bia University Press, New York, USA.

, AND F. TAJIMA. 1981. Genetic drift and estimation
of effective population size. Genetics 98:625-640.

NEWMAN, D., AND D. PILSON. 1997. Increased probability
of extinction due to decreased genetic effective pop-
ulation size: experimental populations of Clarkia pul-
chella. Evolution 51:354-362.

NicHovs, R. A., AND K. L. M. FREEMAN. 2004. Using mol-
ecular markers with high mutation rates to obtain es-
timates of relative population size and to distinguish
the effects of gene flow and mutation: a demonstration
using data from endemic Mauritian skinks. Molecular
Ecology 13:775-787.

NIELSEN, R. 1997. A likelihood approach to population
samples of microsatellite alleles. A likelihood ap-
proach to population samples of microsatellite alleles.
Genetics 146:711-716.

.2000. Estimation of population parameters and
recombination rates from single nucleotide polymor-
phisms. Genetics 154:931-942.

NUNNEY, L. 1999. The effective size of a hierarchically
structured population. Evolution 53:1-10.

, AND D. R. EraMm. 1994. Estimating the effective

size of conserved populations. Conservation Biology

8:175-184.




J. Wildl. Manage. 69(4):2005

OOSTERHOUT, C. V., W. F. HUTCHINSON, D. P. M. WILLS,
AND P. SHIPLEY. 2004. MicroChecker: software for iden-
tifying and correcting genotyping errors in mi-
crosatellite data. Molecular Ecology Notes 4:535-538.

O’RyaN, C., M. W. BRUFORD, M. BEAUMONT, R. K. WAYNE,
M. I. CHERRY, AND E. H. HARLEY. 1998. Genetics of frag-
mented populations of African buffalo (Syncerus caffer)
in South Africa. Animal Conservation 1:85-94.

OYLER, S., AND P. L. LEBERG. 2005. Pages 632-657 in C. E.
Braun, editor. Conservation genetics in wildlife biol-
ogy in Techniques for wildlife investigation and
management. Sixth edition. The Wildlife Society,
Bethesda, Maryland, USA.

PAETKAU, D., L. P. WAITS, P. L. CLARKSON, L.. CRAIGHEAD,
E. Vysi, R. WARD, AND C. STROBECK. 1998. Variation in
genetic diversity across the range of North American
brown bears. Conservation Biology 12:418-429.

Poranski, A., AND M. KiMMEL. 2003. New explicit expres-
sions for relative frequencies of single-nucleotide poly-
morphisms with application to statistical inference on
population growth. Genetics 165:427-436.

PupOVKIN, A. 1., D. V. ZAYKIN, AND D. HEDGECOCK. 1996.
On the potential for estimating the effective number
of breeders from heterozygote-excess in progeny. Ge-
netics 144:383-387.

RAMAKRISHNAN, U., J. F. STOoRZ, B. L. TAYLOR, AND R.
LANDE. 2004. Estimation of genetically effective breed-
ing numbers using a rejection algorithm approach.
Molecular Ecology 13:3283-3292.

RicHARDS, C., AND P. L. LEBERG. 1996. Evaluation of the
effects of bottlenecks on changes in allele frequencies.
Conservation Biology 10:832-839.

RoUsSET, F. 2000. Genetic differentiation between indi-
viduals. Journal of Evolutionary Biology 13:58-62.

ROWE, G., AND T. J. C. BEEBEE. 2004. Reconciling genetic
and demographic estimators of effective population
size in the anuran amphibian Bufo calamita. Conserva-
tion Genetics 5:287-298.

RymaN, N., R. Baccus, C. REUTERWALL, AND M. H. SMITH.
1981. Effective population size, generation interval,
and potential loss of genetic variability in game species
under different hunting regimes. Oikos 36:257-266.

SCRIBNER, K. T., J. W. ARNTZEN, AND T. BURKE. 1997. Ef-
fective number of breeding adults in Bufo bufo esti-
mated from age-specific variation at minisatellite loci.
Molecular Ecology 6:701-712.

ScHWARTZ, M. K., D. A. TALLMON, AND G. LUIKART. 1998.
Review of DNA-based census and effective population
size estimators. Animal Conservation 1:293-299.

, , AND . 1999. Using genetics to estimate
the size of wild populations: many methods, much poten-
tial, uncertain utility. Animal Conservation 2:321-323.

SIMBERLOFF, D. 1988. The contribution of population and
community biology to conservation science. Annual
Review of Ecology and Systematics 19:473-511.

SOULE, M. E., editor. 1987. Viable populations for con-
servation. Cambridge University Press, Cambridge,
United Kingdom.

SPENCER, C. S., J. NEIGEL, AND P. L. LEBERG. 2000. Evalua-
tion of the usefulness of microsatellite DNA for de-
tecting demographic bottlenecks. Molecular Ecology
9:1517-1528.

SPONG, G., M. JOHANSSON, AND M. BJORKLUND. 2000. High
genetic variation in leopards indicates large and long-
term stable effective population size. Molecular Ecol-
ogy 9:1773-1782.

GENETIC ESTIMATES OF EFFECTIVE SIZE e Leberg

1399

STORZ, J. F., U. RAMAKRISHNAN, AND S. C. ALberts. 2002.
Genetic effective size of a wild primate population: in-
fluence of current and historical demography. Evolu-
tion 56:817-829.

SUGG, D. W., AND R. K. CHESSER. 1994. Effective population
sizes with multiple paternity. Genetics 137:1147-1155.

X , . S. DOBSON, AND J. L. HOOGLAND. 1996.
Population genetics meets behavioral ecology. Trends
in Ecology and Evolution 11:338-342.

TABERLET, P., L. P. WAITS, AND G. LUIKART. 1999. Nonin-
vasive genetic sampling: look before you leap. Trends
in Ecology and Evolution 14:323-327.

TALLMON, D., G. LUIKART, AND M. A. BEAUMONT. 2004.
Comparative evaluation of a new effective population
size estimator based on approximate Bayesian com-
putation. Genetics 167:977-988.

TURNER, T. J., P. WARES, AND J. R. GoLD. 2002. Genetic ef-
fective size is three orders of magnitude smaller than
adult census size in an abundant, estuarine-dependent
marine fish (Sciaenops ocellatus) . Genetics 162:1329-1339.

VAN HoorT, W. F., A. F. GROEN, AND H. H. T. Prins. 2000.
Microsatellite analysis of genetic diversity in African
buffalo (Syncerus caffer) populations throughout
Africa. Molecular Ecology 12:2017-2025.

ViTaLis, R., AND D. COUVET. 2001 a. Estimation of effective
population size and migration rate from 1- and two-lo-
cus identity measures. Genetics 157:911-925.

, and .20015. ESTIM 1.0: A computer pro-
gram to infer population parameters from one- and
two-locus gene identity probabilities. Molecular Ecol-
ogy Notes 1:354-356.

WAKELEY, J. 2001. The coalescent in an island model of
population subdivision with variation among demes.
Theoretical Population Biology 59:133-144.

WANG, J. 2001. A pseudo-likelihood method for estimat-
ing effective population size from temporally spaced
samples. Genetical Research 78:243-257.

, AND M. C. WHITLOCK. 2003. Estimating effective
population size and migration rates from genetic sam-
ples over space and time. Genetics 163:429-446.

WAPLES, R. S. 1989. A generalized method for estimating
population size from temporal changes in allele fre-
quencies. Genetics 121:379-391.

. 1990. Conservation genetics of Pacific salmon.
II. Effective population size and the rate of loss of ge-
netic variability. Journal of Heredity 81:267-276.

WAaSSER, P. M., AND L. F. ELLIOTT. 1991. Dispersal and ge-
netic structure in kangaroo rats. Evolution 45:935-943.

WILLIAMSON, E. G., AND M. SLATKIN. 1999. Using maxi-
mum likelihood to estimate population size from tem-
poral changes in allele frequencies. Genetics
152:755-761.

WIiLsoN, L. J., M. E. WEALE, AND D. J. BALDING. 2003. In-
ferences from DNA data: population histories, evolu-
tionary processes and forensic match probabilities.
Journal of the Royal Statistical Society: Series A
166:155-188.

WRIGHT, S. 1931. Evolution in Mendelian populations.
Genetics 16:97-159.

. 1943. Isolation by distances.
28:114-138.

Xu, H., AND Y.-X. Fu. 2004. Estimating effective popula-
tion size or mutation rate with microsatellites. Genet-
ics 166:555-563.

Genetics

Associate Editors: DeYoung and Brennan.



