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THE STATE OF THE FIELD

Spatial-temporal stratifications in natural populations and
how they affect understanding and estimation of effective
population size

ROBIN S. WAPLES

NOAA Fisheries, Northwest Fisheries Science Center, 2725 Montlake Blvd. East, Seattle, WA 98112, USA

Abstract

The concept of effective population size (Ne) is based on an elegantly simple idea which,

however, rapidly becomes very complex when applied to most real-world situations. In natu-

ral populations, spatial and temporal stratifications create different classes of individuals

with different vital rates, and this in turn affects (generally reduces) Ne in complex ways. I

consider how these natural stratifications influence our understanding of effective size and

how to estimate it, and what the consequences are for conservation and management of natu-

ral populations. Important points that emerge include the following:

1. The relative influences of local vs metapopulation Ne depend on a variety of factors,

including the time frame of interest.

2. Levels of diversity in local populations are strongly influenced by even low levels of

migration, so these measures are not reliable indicators of local Ne.

3. For long-term effective size, obtaining a reliable estimate of mutation rate is the most

important consideration; unless this is accomplished, estimates can be biased by orders of

magnitude.

4. At least some estimators of contemporary Ne appear to be robust to relatively high

(approximately 10%) equilibrium levels of migration, so under many realistic scenarios they

might yield reliable estimates of local Ne.

5. Age structure probably has little effect on long-term estimators of Ne but can strongly

influence contemporary estimates.

6. More research is needed in several key areas: (i) to disentangle effects of selection and

drift in metapopulations connected by intermediate levels of migration; (ii) to elucidate the

relationship between Nb (effective number of breeders per year) and Ne per generation in

age-structured populations; (iii) to perform rigorous sensitivity analyses of new likelihood

and coalescent-based methods for estimating demographic and evolutionary histories.
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Introduction

Effective population size (Ne) is one of the most elegantly

simple concepts in all of biology. Whereas the census size

(N) is of primary importance for shaping demographic

and ecological processes (birth and death rates; competi-

tion; predation), a population’s response to evolutionary

forces is determined by its effective size. The elegant part

of the Ne concept is the idea that a single number can

directly determine the rate of one of the four evolutionary

forces (random genetic drift) and capture essential infor-

mation about the relative importance of the other three

(mutation, migration, and selection).

However, virtually everything else about effective

population size is complex. The point of reference for

evaluating effective size is a hypothetical ‘ideal’ popula-

tion of constant size that is closed to immigration and has
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discrete generations, equal sex ratio, random mating, and

random variation in reproductive success. These condi-

tions are never completely satisfied in natural popula-

tions. Wright (1931, 1938) showed how the concept of Ne

can account for skewed sex ratio, non-random variation

in reproductive success, and cyclical fluctuations in pop-

ulation size. Subsequent evaluations have demonstrated

that the effective size concept can also be applied to vari-

ous non-ideal situations (age-structured populations;

complex mating systems; migration; captive-wild sys-

tems; etc.). However, most of these applications also

required simplifying assumptions that are not realistic

for natural populations. In particular, in most natural

populations, spatial and temporal stratifications create

different classes of individuals with different mean vital

rates (age-specific survival and fecundity), and this in

turn affects Ne in complex ways.

In this article, I consider how spatial and temporal fac-

tors, and their interaction, influence our understanding

of the concept of effective size. I will be particularly con-

cerned with practical applications to real-world problems

in evolution, conservation, and management. The first

part of the article considers how these spatial and tempo-

ral factors affect Ne and the Ne ⁄ N ratio; next, I consider

how these same factors influence estimates of these key

parameters.

Concepts and definitions

In the first half of the 20th Century, emergence of the field

of population genetics produced major advances in our

understanding of evolutionary processes. Population size

(N) plays an important role in virtually all such analyses.

To facilitate these analyses, the concept of a Wright-

Fisher (WF) ‘ideal’ population was developed. In a WF

population, each of the N individuals has an equal oppor-

tunity to contribute genes to the next generation. Concep-

tually, this can be accomplished if each individual

contributes equally to an infinite pool of gametes, which

unite at random to form N individuals for the next gener-

ation. The WF process thus envisions binomial sampling,

which is well-characterized mathematically, and assum-

ing WF dynamics allows one to model genetic drift as a

binomial process that involves sampling 2N genes (for a

diploid species) repeatedly across generations.

The WF population also plays another important role

in providing an ideal yardstick against which to compare

the evolutionary behaviour of actual populations, which

rarely if ever exactly correspond to WF dynamics. Wright

introduced the concept of a population’s effective size as

the size of an ideal WF population that would have the

same rate of random genetic drift as the population in

question. Subsequently, Crow (1954) distinguished two

flavours of effective size that measure different aspects of

genetic drift: variance Ne (which reflects the rate of allele

frequency change) and inbreeding Ne (which reflects the

rate of increase in identity by descent). The two flavours

of Ne are the same in closed populations of constant size

and will not be distinguished below unless necessary for

clarity.

Conceptually, then, Ne is defined in terms of rates of

genetic drift, and the point of reference is a continuum of

ideal populations of different numbers of ideal individu-

als; for every real population, there is an hypothetical

ideal population of Ne individuals that will have the same

rate of genetic drift as the population in question. The

effective size concept can be made operational with refer-

ence to key demographic data: �k (mean) and Vk (variance)

in the number of gametes contributed by each parent to

the next generation. For example, for a random mating

monoecious population with random selfing (the original

WF model), inbreeding effective size is given by (Crow &

Denniston 1988; Equation 1; Caballero 1994, Equation 22):

Ne ¼
�kN � 1

�k� 1þ Vk

�
�k
: ð1Þ

An ideal population is constant in size, which requires
�k ¼ 2, leading to

Ne ¼
2N � 1

1þ Vk=2
¼ 4N � 2

2þ Vk
: ð2Þ

Random union of the 2N gametes leads to binomial

variance in reproductive success, so in a population, the

expected value of Vk is 2(N-1) ⁄ N. By definition, these

processes produce Ne = N in a WF population, as can be

verified by inserting the binomial variance into Eqn (2).

However, in real populations, various factors typically

conspire to ensure that individuals do not have an equal

opportunity to contribute genes to the next generation,

with the result that (in general) Ne < N.

Here, I introduce a general way of thinking about this

problem that considers biological stratification, model

constraints, and process variation (wobble). In the basic

WF model, a single panmictic population is envisioned

and all individuals have similar properties and expecta-

tions for survival and reproduction (i.e. all individuals

are interchangeable). In the real world, spatial and ⁄ or

temporal stratification occurs naturally through biologi-

cal and physical properties, and this stratification creates

different expectations of demographic and genetic

parameters for different groups of individuals. Stratifica-

tion also creates additional layers of complexity, and as a

result, theoretical (and sometimes computer) models

often impose constraints on evolutionary behaviour by

making simplifying assumptions about the stratification

process. In particular, for simplicity and to make analyses

tractable, many models ignore random variations associ-

Published 2010. This article is a US Government work and is in the public domain in the USA

786 R . S . W A P L E S



ated with the stratification process. The term ‘wobble’ is

used here to refer to random fluctuations in population

parameters that occur naturally but are constrained or

ignored in many models.

Spatial-temporal stratifications

Separate sexes

An obvious natural form of stratification occurs if the

species under consideration has separate sexes. In that

case, the WF condition that each individual has an equal

opportunity to contribute to the next generation can only

be met if the sex ratio is unity; otherwise, members of the

less numerous sex will have higher average reproductive

success because half the genes for the next generation

must pass through each sex. Unless the sex ratio is 1:1,

therefore, the sexes will have different mean �k, overall Vk

will be greater than the binomial, and Ne will be less than

N. In a population that is otherwise ideal, a simple for-

mula captures the consequences of unequal sex ratio on

effective size (Wright 1938):

Ne ¼
4MF

Mþ F
; ð3Þ

where M and F are the numbers of males and females,

respectively, and M + F = N.

Based on Eqn (3), it is easy to show that with separate

sexes, Ne = N only if M = F. Therefore, extending the WF

concept of an ideal population to a species with separate

sexes requires the additional constraint that the numbers

of males and females are exactly equal. Note that this is

only possible if N = M+F is an even number, so sexually

outbreeding populations with an odd number of individ-

uals cannot be ideal. This requirement also constrains Vk,

because the WF model requires that Vk within each sex

must be binomial. As the binomial variance increases

with N, and as the numbers of each sex are only half the

total size N, overall variance in reproductive success is

constrained by the assumption that M = F. This can be

shown quantitatively as follows. If �k ¼ 2 and

M = F = N ⁄ 2, then assuming binomial sampling implies

that for each sex,

Vk ¼ 2ðN/2- 1)
N/2

¼ 2ðN � 2Þ
N , and inserting this into Eqn

(2) yields

Ne ¼
2N � 1

1þ ðN � 2Þ=N
¼ N

2N � 1

2N � 2
� N þ 1

2
;

which agrees with results reported by others using differ-

ent approaches (Caballero 1994; Balloux 2004). That is,

adding the provision for separate sexes and the

constraint that M = F causes the effective size of an ideal

population with separate sexes to be approximately one-

half an individual larger than the comparable value for a

monoecious population.

It is easy to force sex ratio to be equal in an analytical

or computer model, and in some real-world cases, this

can also be achieved by manipulation (for example, in a

captive breeding program where specific matings can be

arranged). More generally, however, in natural popula-

tions, there is no reason to expect the sex ratio to be

exactly 1:1 at any given point in time, even if that is the

central tendency. Even if every newborn has an equal

probability of being male or female, random variation

will ensure that the realized sex ratio seldom is exactly

equal. This problem was considered by Waples & Do

(1994; Appendix), who showed that in a population that

is otherwise ideal but has the sex of each newborn chosen

randomly, E(Ne) = N ) 1. That is, random processes

involving separate sexes in natural populations will in

general slightly reduce Ne compared to what it would be

for monoecious populations, whereas the opposite con-

clusion (separate sexes slightly increase Ne) is reached if

one artificially constrains the original WF model to

ensure exactly equal sex ratio. Although both effects are

small unless N is small, this example illustrates the point

that ignoring or artificially constraining natural wobble

can produce misleading conclusions.

Age structure

A key assumption of the WF model is that generations

are discrete, so reproduction in a single season also repre-

sents an individual’s lifetime reproductive output. Fel-

senstein (1971) and Hill (1972) considered Ne in species

with overlapping generations using models that are

somewhat complementary. Hill’s is more general, as it

makes no particular assumptions about variance in

reproductive success and provides a formula that is anal-

ogous to similar formulas for species with discrete gener-

ations (Hill 1972):

Ne �
4N1T

Vk þ 2
: ð4Þ

In this formula (note the strong similarity to Eqn (2)), N1

is the number of newborns entering the population each

year, T is generation length, and Vk is lifetime variance in

reproductive success among the individuals in a cohort.

Felsenstein’s model is more limited in some respects as it

assumes Poisson variance of reproductive success within

each age class; however, his model can be linked more

directly to demographic data (age-specific probabilities of

survival and reproduction) and, unlike Hill’s method,

can accommodate populations that are growing or declin-

ing exponentially. Hill’s model produces the same results
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as Felsenstein’s under the Poisson-variance assumption

(Johnson 1977; Charlesworth 1980).

Using the current paradigm, we can see that age struc-

ture represents a biological stratification of the popula-

tion into winners and losers in the sweepstakes of

survival and reproduction. Consider a species that has

N1 newborns each year and lives to a maximum age L

and has age-specific survival and reproductive rates of sx

and bx, respectively, where x = 1, 2, …L is age. Whereas

the standard WF model has one class of individuals (all

of whom have the same expectations for key parameters)

and the two-sex variation has two classes of individuals

(males and females), iteroparous species with overlap-

ping generations have L classes of individuals based on

age at death (j)—those that die after reproducing at age 1,

after reproducing at age 2, etc. Mean lifetime reproduc-

tive success thus increases with age at death: �kj ¼
Pj

x¼1

bx.

Thus, although each individual within a class has the

same expected lifetime reproductive success, individuals

that die at different ages can vary widely in their mean

contributions to the next generation. As a result, variance

in lifetime reproductive success across an entire cohort is

larger than under the WF model, even if the variance

within each class is no greater than random.

The standard WF model assumes constant population

size, and Hill and Felsenstein extended this assumption

to include stable age composition in species with overlap-

ping generations (see Gaggiotti and Vetter 1999 for an

application to a marine fish). The assumption of stable

age composition implies exactly the same number of

individuals in each age class each year. This, of course, is

unlikely to be true in nature, where demographic and

environmental stochasticity can be expected to produce

random fluctuations around expected values. However,

relatively little study has been given to the consequences

for Ne of ignoring this source of wobble. Nunney (2002),

Vitalis et al. (2004) and Waples (2002a) used theoretical

and numerical methods to evaluate Ne in fluctuating pop-

ulations of semelparous species with variable age at

maturity (like Pacific salmon (Oncorhynchus spp.) and

annual plants with seed banks), and Waples (2006)

showed that results depend heavily on the method of

population regulation. Engen et al. (2005) considered the

problem in a more general way for age-structured species

in variable environments and found that Ne is inversely

related to generation length and demographic ⁄ genetic

variance but is independent of environmental variance.

Changes in Ne over time

Genetic drift in its various forms (allele frequency

change; increase in inbreeding in finite populations; loss

of heterozygosity) occurs at a rate that is inversely

proportional to effective size, and this non-linear rela-

tionship has important consequences for considering

‘average’ behaviour across multiple generations. For

example, in the absence of mutation, the expected frac-

tional loss of heterozygosity in a single generation is

1 ⁄ (2Ne), and the cumulative loss over t generations is

given by Ht ¼ H0

Q
i¼1;t

½1� 1=ð2NeðiÞÞ�, where H0 and Ht are

heterozygosities at generations 0 and t, and Ne(i) is

effective size in the ith generation. A good approximation

to this is given by Ht ¼ H0½1� 1=ð2 ~NeÞ�t, where ~Ne is

the harmonic mean of the Ne(i), and this forms the basis

for the rule of thumb that long-term Ne is determined by

the harmonic mean of the effective sizes over the time

period in question (see Wright 1938). Because the

harmonic mean is affected much more strongly by small

values, ~Neis generally less than �Ne, and often a great deal

less.

Even with constant N, Ne can vary if mating structure

(e.g. selfing rate) changes over time. Furthermore, as dis-

cussed in the next section, patterns of connectivity

between subpopulations can also affect metapopulation

Ne, which can therefore change if the degree of subdivi-

sion changes over time.

Metapopulations

Effective size of a metapopulation. The standard WF

model assumes a single, closed, panmictic population,

whereas most natural populations exist as part of a meta-

population that involves some sort of demographic and

genetic linkages among component subpopulations.

Natural biological and physical processes stratify the

metapopulation as a whole into smaller, localized units,

with the result that a given individual is more likely to

mate with an individual from the same unit than with

one from another unit. Wright’s (still widely used) island

model was the first formal attempt to capture important

population genetic consequences of this type of stratifica-

tion. In the finite version of this model, the metapopula-

tion as a whole (census size NT individuals) consists of n

subpopulations, each with a constant number N of ideal

individuals. Each generation, each subpopulation con-

tributes the same fraction m of its individuals to a global

migrant pool and receives back the same number of ran-

domly chosen immigrants.

As by definition Ne = N in every subpopulation, the

global census size NT is also given by NT = nN = nNe.

Wright showed that under these conditions, the global

(metapopulation) effective size (NeT) is a simple function

of NT and FST, a measure of differentiation among

subpopulations:

NeT �
NT

1� FST
: ð5Þ
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This equation shows that, in Wright’s island model, glo-

bal effective size will be larger than the sum of the sub-

population Nes if there is any differentiation among

subpopulations (FST > 0). Based on the well-known

approximation for the island model that

FST � 1 ⁄ (1 + 4 mNe), this relationship can also be

expressed in terms of the Ne ⁄ N ratio (Waples 2002b):

NeT

NT
� 1þ 1

4mNe
:

These results, however, depend heavily on several key

assumptions in the island model that significantly con-

strain natural process variation. First, instead of simply

assuming that a single panmictic population of NT indi-

viduals is ideal (with binomial Vk¼�kðNT�1Þ=NTÞ, the

model now must assume that each of the n subpopula-

tions of N individuals is ideal, implying that in each sub-

population Vk ¼ �kðN � 1Þ=N. Wright’s model thus

constrains Vk to be lower than it would for a single ideal

population of the same total size, with the result that glo-

bal Ne would be increased even without any genetic dif-

ferentiation among subpopulations. [In the extreme, with

each subpopulation at fixed size N = 2 non-selfing dip-

loids, every individual in the entire metapopulation is

constrained to produce exactly two offspring each gener-

ation.] Second, the requirement that each subpopulation

have exactly N individuals each generation is more

restrictive than the stipulation that the total metapopula-

tion size is constant. The rate of genetic drift is a function

of 1 ⁄ Ne, and if Ne varies across space and time, the

genetic consequences will be a function of the harmonic

mean Ne, which is smaller than the arithmetic mean. This

means that under Wright’s model, multigenerational Ne

in a typical subpopulation is higher than it would be if

population size were allowed to vary randomly around

the same mean. Furthermore, mandating constant N

makes it impossible for subpopulations to go extinct,

which can have profound effects on metapopulation Ne.

For example, in the extreme case of FST = 1 (each subpop-

ulation fixed for one of two allelic variants), metapopula-

tion Ne is infinitely large according to Eqn (5). This occurs

in Wright’s model because each subpopulation is immor-

tal, so when fixation occurs by chance, those alleles are

‘frozen’ in place and can never be lost. Finally, the island

model assumes that m is constant over time and identical

across all subpopulations, but that is not a realistic depic-

tion of natural systems (see Fraser et al. 2007 for an

empirical example). Because genetic differentiation is an

inverse function of m, variable m has non-linear effects on

genetic diversity that differ from what would occur

with constant m and the same mean. Whitlock (1992)

showed that allowing temporal variation in demographic

parameters can have large effect on levels of genetic

diversity in a metapopulation.

The island model thus involves a number of assump-

tions that considerably constrain process variation inher-

ent to most natural systems, and the same is true for

many related metapopulation models (e.g. 1- and

2-dimensional stepping stone) that assume ideal subpop-

ulations of constant size. Authors who have considered

more realistic models of population subdivision have

made the following points:

1. Metapopulation Ne is typically much higher if

migration is assumed to follow the ‘migrant pool’

model (each subpopulation draws migrants randomly

from the same global migrant pool, as in the island

model; see Wade 1975) than under the ‘propagule

pool’ model (migrants come primarily or entirely from

a single, perhaps nearby, subpopulation).

2. Frequent extinctions ⁄ recolonizations can dramati-

cally reduce metapopulation Ne, particularly under

‘propagule pool’ dynamics.

3. Other factors that stratify the metapopulation into

groups with different mean expectations for survival

and reproduction (e.g. temporal or spatial variations in

productivity) also tend to reduce metapopulation Ne.

4. In general, under most realistic scenarios, popula-

tion subdivision probably reduces, rather than enhan-

ces, global effective size.

More detailed treatments of these issues can be found

in Whitlock & Barton (1997), Hedrick & Gilpin (1997),

Nunney (1999), Wang & Caballero (1999), Waples

(2002b), Tufto & Hindar (2003), and Whitlock (2004).

Recent work continues to illustrate the complex

challenges to understanding effective size in connected

systems. For example, Wares & Pringle (2008) showed Ne

is reduced in advective systems (generated, for example,

by many ocean currents) that involve unidirectional

transport of individuals away from natal locations. Other

studies found that ephemeral midge metapopulations

show unexpectedly high levels of genetic diversity at

regional scales (Berendonk et al. 2009) and that migration

restores genetic variation in cyclical vole populations

despite repeated bottlenecks (Berthier et al. 2006). In

dendritic systems, both theoretical and empirical results

indicate that hierarchical structure and asymmetric gene

flow can promote maintenance of high levels of genetic

diversity and therefore high metapopulation Ne (Morris-

sey & de Kerckhove 2009). Kuparinen et al. (2009) found

that not only was metapopulation Ne in Atlantic salmon

less than the sum of the subpopulation Nes, but also that
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it was strongly affected by the population producing the

most emigrants.

Selection and local adaptation in a metapopula-
tion. Although the consequences of genetic drift are pre-

dictable (at least in a statistical sense), natural selection

and migration can take so many different forms that

jointly analysing effects of these three evolutionary forces

is quite challenging. Recent simulation results (Whitlock

2003; Whitlock & Gomulkiewicz 2005; Vuilleumier et al.

2008), which build upon older theoretical models, have

established the following:

1. Local adaptation increases the probability of global

fixation in a metapopulation, even for alleles favoured

in only one locality;

2. Effects of local adaptation are diminished as subpop-

ulation extinction rate increases, but alleles that

become fixed do so more quickly;

3. Analytical approximations perform well for the

weak migration limit (mutations are fixed or lost

between migration events, in which case, behaviour is

driven more by drift and hence local Ne) and the strong

migration limit (large N and m, low mutation rate, in

which case, the effects of subdivision are reduced and

the system behaves more like a single large popula-

tion), but not for many intermediate (and more realis-

tic) scenarios.

4. Local processes are relatively more important in

stepping stone models than in the island model.

It is well known that in a closed population, selec-

tion is more efficient if Ne is large (for the same reason

that casinos inevitably make money in the long run),

while random drift can overwhelm selection if Ne is

small. For metapopulations, a key question is, Does the

relative importance of selection and drift depend more

on local Ne or metapopulation Ne? As we see in the next

section, (Estimation of Ne), this question is important

because the nature and magnitude of migration, as well

as experimental design, determines whether genetic

estimators are more sensitive to local Ne or metapopula-

tion Ne. Unfortunately, the studies mentioned previ-

ously were not designed to address this question

directly.

Fortunately, however, some unpublished modelling

results (Vuilleumier et al. in revision) are more directly

relevant, and important points from this work can be

summarized as follows:

For a two-deme system (n = 2), with one fixed at

N1 = 100 ideal individuals, if selection favours a local

allele that originates in a single copy in deme 1 and

m = 0.05, then

1. Probability of global fixation (P) declines as size of

N2 increases, but not as fast as would occur if size of N1

were increased (provided the initial frequency of the

favoured allele is held constant).

2. Source-sink dynamics enhance the decline in P as

size of N2 increases.

3. If selection coefficients in the two demes are the

same (s1 = s2), P � 2s regardless of other parameters

For an n-deme system with one focal subpopulation of

size N1 = 100 and the other (n-1) subpopulations all of

size Ni such that total metapopulation size is constant,

then if m = 0.05 and selection favours an allele in the

focal subpopulation but is neutral elsewhere:

1. P is much higher in the stepping stone than island

model, but time to fixation is also longer;

2. P is higher with large n and small Ni;

3. Under the island model (balanced migration), frag-

mentation has little effect on P.

Collectively, these results indicate that under a variety

of conditions that should be plausible for natural popula-

tions, local (subpopulation) Ne can play a strong role in

mediating the effectiveness of local adaptation in a meta-

population.

Estimation of Ne

Although effective size is conceptually defined in terms

of the rate of genetic change, Ne is operationally defined

using demographic parameters. For a particular genera-

tion in a particular population, if �k and Vk are known or

can be measured, realized N�e can be calculated directly

using a formula like Eqn (1). The resulting value can be

interpreted as follows: if data for that population could

be collected over an increasingly larger sample of neutral,

independent gene loci, the mean increase in identity by

descent for the generation in question would converge

on the value 1=ð2N�e Þ. In most natural populations, how-

ever, the necessary demographic data are difficult to col-

lect, so it has become increasingly common to estimate Ne

from molecular markers that are sensitive to various con-

sequences of genetic drift. Detailed summaries and dis-

cussions of various genetic methods for estimating Ne

can be found elsewhere (Leberg 2005; Wang 2005; Luikart

et al. 2010); here, I focus more narrowly on how spatial
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and temporal stratifications in natural populations affect

genetic estimates of effective size.

Long-term estimates

Although conceptually Ne is defined in terms of rates of

genetic drift, if one assumes that evolutionary processes

have been at least quasi-stable over long periods of time,

it is possible to estimate long-term effective size based on

the products of evolution—the number and distribution

of different alleles segregating in a species or population.

For example, evolutionary theory indicates that the equi-

librium amount of neutral genetic variability (heterozy-

gosity, nucleotide diversity, number of alleles) that can

be maintained in a population is a function of h = 4Nel,

where l is the mutation rate. If h or a related measure can

be estimated from a sample of individuals, and if muta-

tion rate can be estimated from empirical data, simple

rearrangement of the theoretical relationship provides a

basis for estimating long-term Ne:

N̂e ¼ ĥ
.
ð4l̂Þ: ð6Þ

Effective size estimated this way is often referred to as

the coalescent effective size because it explicitly incorpo-

rates mutation and because as Ne becomes large, the

‘complicated details of a population collapse to the King-

man Coalescent’ (Wakeley & Sargsyan 2009). Eqn (6)

makes it apparent that reliability of estimates of long-

term Ne depend not only on the validity of the theoretical

relationship between Ne, h, and l, but also on accuracy

and precision of estimates of the latter two parameters.

An estimate of uncertainty associated with long-term N̂e

can be obtained by incorporating uncertainty in these

other parameters (see Ruegg et al. 2010 for an example).

In general, given the ready availability of numerous

molecular markers, sampling error in estimating h should

not represent much of a limitation to estimates of long-

term Ne. Although small samples can bias estimates of

genetic diversity, the effects are rather modest and can be

accounted for quantitatively (e.g. Nei 1978; Weir & Cock-

erham 1984). However, the sample-size adjustment will

not account for biases that result from samples that are

not random or representative (e.g. if they include a dis-

proportionate number of closely related individuals). A

recent article by Biro & Dingemanse (2009) (‘Sampling

bias from animal personality’) reminds us how difficult

it is to obtain a truly random sample from a natural

population.

It is apparent from the form of Eqn (6) that long-term

estimates of Ne will only be as accurate as the estimate of

mutation rate. For example, if the estimate of l is 10·
higher or lower than the true mutation rate, then the

estimate of long-term Ne will also be an order of magni-

tude too low or too high, respectively. This is a crucial

issue because estimates of mutation rates across different

taxa and across different parts of the genome vary by sev-

eral orders of magnitude (Ho et al. 2005; Henn et al.

2009). Furthermore, estimates for the same gene in the

same species can also vary dramatically depending on

the time frame over which the estimates are calculated

(Howell et al. 2003).

An important assumption underlying Eqn (6) is that

the population in question is closed to immigration. For

this reason, long-term estimates of Ne have generally

been applied only to species that can be considered to be

roughly panmictic over large geographic areas (e.g. Avise

et al. 1988; Ruegg et al. 2010). Effects of population struc-

ture on measures of genetic diversity are illustrated in

Fig. 1. This figure depicts simulated data for two differ-

ent migration scenarios involving an island model meta-

population: mNe = 0 (complete isolation; Panel 1A) and

mNe = 1 (one migrant per generation; Panel 1B). In both

panels, two measures of genetic diversity are shown:

Hs = mean expected (Hardy-Weinberg) heterozygosity

within each subpopulation and Ht = expected heterozy-

gosity across the metapopulation as a whole. Panel 1A

shows a wide disparity between Hs and Ht, as Hs equili-

brates near the value expected for an isolated subpopula-

tion with Ne = 50, while Ht reflects the larger Ne for the

‘metapopulation’ as a whole. Panel 1B shows a very dif-

ferent result: even migration as rare as one individual per

generation is sufficient to ensure that each subpopulation

contains a large fraction of the global diversity. Note in

Fig. 1 that Ht is higher with complete isolation than for

mNe = 1, even though both scenarios involve a total of

NT = 20 · 50 = 1000 ideal individuals. This occurs for the

reason described previously and exemplified in Eqn (5):

the unrealistic assumptions of Wright’s island model

constrain natural fluctuations and lead to higher global

Ne with stronger isolation.

It is easy to visualize from Fig. 1 some of the potential

pitfalls population structure poses for estimating long-

term Ne and how they depend on the particular question

of interest. For example, if one is interested in estimating

long-term Ne for a local subpopulation that is only mean-

ingful if the population is essentially completely isolated,

as even a small amount of migration is sufficient to

ensure that the level of genetic diversity in a local sub-

population is more indicative of metapopulation Ne than

local Ne (Panel 1B). If one is interested in estimating local

Ne for an isolated subpopulation but (inadvertently) has

taken a sample that includes more than one subpopula-

tion, the result also can be considerable upward

bias (Panel 1A); however, if the subpopulations are truly

isolated, they should be strongly differentiated and this

scenario should be detectable using other genetic
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techniques, such as clustering methods. Conversely, if

one is interested in estimating global ⁄ species-wide ⁄ meta-

population Ne but sampling has occurred in only a single

subpopulation, the result will be a serious underestimate

if the subpopulations are completely isolated. However,

as the amount of migration increases, Hs and Ht converge

and the estimate will not be materially different whether

sampling is only local or from the metapopulation as a

whole.

An alternative way to address potential biases from

population structure is to use a model that explicitly

accounts for migration. For example, the equilibrium

model of Beerli & Felsenstein (2001) estimates h for each

subpopulation individually, as well as the directional

(and potentially asymmetric) migration rates between

pairs of subpopulations. In this model, the local esti-

mates of h can be viewed as an index of local (rather

than global) effective size, scaled by mutation rate. Simi-

larly, the F model (reviewed by Gaggiotti & Foll 2010)

can provide population-specific FST values by explicitly

acknowledging the reality that most populations

have different effective sizes and migration ⁄ immigration

rates.

These methods for estimating long-term Ne explicitly

assume that evolutionary processes have been stable long

enough for levels of genetic diversity to have reached a

dynamic equilibrium. Changes in Ne can substantially

affect long-term estimates of effective size. For example,

Fig. 1A shows that it took several hundred generations

after complete isolation for heteroyzgosity to decline

from a level expected for a population with Ne = 1000 to

the level expected for Ne = 50, and restoration of diver-

sity by mutation following a bottleneck can take an even

longer time. This is an important caveat, as the increasing

pace of anthropogenic disturbance to natural ecosystems

often leads to population fragmentation and decline.

Conversely, some species (e.g. house sparrows, white-

tailed deer, zebra mussels, purple loosestrife) thrive in

human-altered environments and have recently experi-

enced large population expansions.

In some cases, these non-equilibrium situations can be

exploited to extract information about historical bottle-

necks and other evolutionary changes. For example,

some newer coalescent methods of genetic data analysis

can explicitly account for complex changes in demo-

graphic history. For example, the model developed by

Storz & Beaumont (2002) estimates the history of expan-

sion and contraction in a closed population based on a

single sample of genes, while that developed by Hey &

Nielsen (2004) attempts a similar feat with interacting

groups of populations.

Estimates of contemporary Ne

Short-term or contemporary Ne (roughly speaking, the

effective size that encompasses the period over which

data are collected) is important because it provides

insights into local demographic and evolutionary pro-

cesses. Estimates of contemporary Ne can be based on

either a single sample or two samples separated in time

(the temporal method). Again, detailed descriptions of

the individual methods can be found elsewhere: here, I

will only distinguish among them as needed. The most

commonly used methods to estimate contemporary Ne

assume closed populations with discrete generations,

whereas most species are age structured and function as

systems of interconnected populations. Therefore, I

will focus this section on considering how spatial and

Fig. 1 Relationship between mean within-population expected

heterozygosity (Hs) and expected heterozygosity for a metapop-

ulation as a whole (Ht) as a function of level of gene flow (mNe)

and time since initialization. Straight dotted line shows expected

value of Hs for a local subpopulation; thicker curved lines show

data for simulated Wright-Fisher populations (EasyPop; Balloux

2001). Simulations used 20 subpopulations of 50 ideal individu-

als each in an island model; each of 20 neutral gene loci had a

maximum of 10 allelic states and a mutation rate of 5 · 10)4, and

the first generation was initiated with the maximal diversity

option.
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temporal stratifications in natural populations affect esti-

mates of contemporary Ne.

Local vs metapopulation Ne. In the preceding section,

we saw that over evolutionary time scales and under

equilibrium conditions, even small amounts of migration

are sufficient to ensure that most of the existing variation

for the metapopulation as a whole is segregating within

each local subpopulation. Similarly, over large numbers

of generations, temporal estimates of effective size con-

verge on the global (metapopulation) rather than local Ne

(Wang and Whitlock 2003). In contrast, estimates of

contemporary Ne primarily reflect local evolutionary pro-

cesses that have occurred in recent generations. Although

these topics have not received as much attention in the

published literature as they deserve, some recent results

indicate that estimators of contemporary Ne can be much

more robust to migration than are estimators of long-

term Ne. For example, under an equilibrium island model

(where genetic distinctiveness of immigrants is inversely

proportional to migration rate), the single-sample Ne-esti-

mator based on linkage disequilibrium (LD) shows sur-

prisingly little effect of migration unless the rate is fairly

high (m � 10% or higher; Phillip England, personal com-

munication, November 2009). Similarly, over short time

periods in an equilibrium island model, temporal esti-

mates that assume closed populations are fairly robust to

m � 10% (Wang and Whitlock 2003; Gordon Luikart,

personal communication, January 2010). These results

suggest that under many natural conditions, at least

some of the most widely used contemporary estimators

can provide a robust estimate of local (subpopulation)

Ne. An important caveat, however: anthropogenic

changes to natural ecosystems can create strongly non-

equilibrium demographic and evolutionary processes,

and a pulse influx of substantial numbers of genetically

divergent immigrants could strongly affect most or all

estimators of Ne. Wang and Whitlock (2003) showed that

in the temporal method, effects on N̂e can differ substan-

tially between equilibrium and non-equilibrium scenar-

ios, and they also developed a modified temporal

method than can explicitly account for some types of

migration and produce separate estimates of m and Ne.

Application to real-world data sets remains challenging,

however (see meta-analyses by Palstra & Ruzzante 2008),

and biologically implausible estimates can occur if model

assumptions are not met (Hoffman et al. 2004).

Age structure. The main problem posed by age structure

is obtaining a suitable sample from an entire generation.

If generations are discrete, this is conceptually straight-

forward, although logistical constraints in the field might

pose challenges. For age-structured populations, how-

ever, a researcher interested in estimating Ne has to

address two questions related to sampling: (i) What mix

of individuals of different ages ⁄ life stages would consti-

tute a random sample from the generation as a whole?

and (ii) Is it feasible to collect the necessary samples in

the field? Some insight into Question 1 is provided by

Felsenstein’s (1971) suggestion that the way to calculate

parametric allele frequency at a given point in time in an

age-structured population is to genetically sample all

individuals and weight them by their reproductive value.

This scheme places greater emphasis on genes carried by

reproductively active individuals, who are responsible

for producing most of the next generation. However, this

approach requires detailed demographic information,

and the weighting scheme increases the variance of the

estimator, which presents difficulties in practical applica-

tions (Waples & Yokota 2007).

Researchers faced with these challenges have gener-

ally adopted one of three tactics. In some special cases, it

has been possible to adjust the standard temporal model

to accommodate age structure. Jorde & Ryman (1995)

showed that it is possible to estimate generational Ne in

stable, age-structured populations if samples from con-

secutive cohorts are available (or can be constructed by

sorting individuals by age). However, this method also

requires considerable demographic information and has

not seen widespread use. Waples (1990) developed a

modified temporal method that accounts for species with

a Pacific salmon life history. This method produces an

estimate of the effective number of breeders in 1 year

(Nb), which, for the Pacific salmon life history, is related

to generational effective size by Ne = gNb, where g is the

generation length (Waples 2002a, 2006).

A second approach adopted by some authors is to use

standard methods with iteroparous species but interpret

the result as Nb rather than Ne. If the sample is from a sin-

gle cohort, the interpretation of Nb is relatively straight-

forward as the effective number of parents that produced

the sample(s). However, translating Nb into an estimate of

Ne is not as straightforward for iteroparous species as it is

for salmon, where semelparity ensures that there is no

overlap between the sets of parents each year. Genera-

tional Ne depends on lifetime variance in reproductive

success, so for iteroparous species, Ne will not in general

be a simple function of Nb. Furthermore, if only mixed-

age samples are available, Nb refers to a potentially com-

plex mix of overlapping sets of parents in different years,

and this makes it even more challenging to relate N̂b to Ne.

A final option, adopted by many researchers, is to sim-

ply ignore the problem by either (i) not mentioning or

acknowledging potential biases, or (ii) assuming that any

biases will be small compared to other sources of uncer-

tainty inherent in estimating Ne. Waples & Yokota (2007)

evaluated robustness of the latter option for the temporal

method, using simulated data for overlapping-generation
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species with a wide range of life history types. They found

that biases associated with age structure can indeed be

relatively modest in some cases, provided samples are

spaced enough generations (at least 3–5 or more) apart for

the collective signal from drift to be large relative to the

sampling biases. However, for many applications, sam-

pling this many generations apart will not be feasible, and

with a short elapsed time between samples, both the

direction and magnitude of bias in N̂e can vary in a com-

plex way with life history parameters and age composi-

tion of the samples. Palstra & Ruzzante (2008) found that

published N̂e values for the temporal method were consis-

tently higher for studies that explicitly accounted for age

structure effects, suggesting that failing to account for age

structure tends to downwardly bias temporal estimates of

effective size. Unfortunately, comparable evaluations of

sensitivity to age structure effects have not been per-

formed for any of the single-sample estimators. Waples &

Do (2010) speculated that if a random, mixed-age sample

includes a number of consecutive age classes approxi-

mately equal to a generation length, a single-sample esti-

mator should produce an estimate approximately

comparable to Ne per generation. However, this conjec-

ture remains to be evaluated quantitatively. That should

be possible with a new software program (AGENE, avail-

able on request), which can calculate Ne, Nb, and N for

age-structured species based on age-specific vital rates.

Time frame of inference. Unlike long-term estimators,

estimates of contemporary Ne apply to a specific genera-

tion or generations, and careful attention to this point is

important, particularly if one is interested in comparing

Ne to N. In general, single-sample estimates relate to

inbreeding effective size and provide information about

effective size in the parental generation; temporal esti-

mates relate to variance effective size and provide infor-

mation about the harmonic mean Ne in the interval

between samples (for more discussion and details, see

Waples 2005). As noted previously, interpretation

becomes more complex for mixed-age samples from ite-

roparous species.

The LD method is an exception among the contempo-

rary estimators in that it can potentially provide informa-

tion about effective size over a wide range of time periods.

LD decays by 50% per generation with recombination, so

applications that use unlinked loci produce estimates that

are primarily sensitive to Ne in the parental generation

(Waples 2005). With physical linkage, however, LD

decays much more slowly, and for tightly linked markers

contemporary samples can provide insights into effective

size in the distant past, provided the recombination rate is

known (see Tenesa et al. 2007 for an example). Recent,

severe bottlenecks might distort or blur this historical

signal, however, and this point merits further study.

Discussion

Demographic, evolutionary, and physical processes strat-

ify natural populations into different classes of individu-

als, and these spatial-temporal stratifications can have a

profound influence on effective population size. Most

standard population genetic models do not fully account

for the consequences of these stratifications, which has

motivated the topics discussed in this document. Both

local and metapopulation Ne can be important for applied

conservation and management, as well as for the study of

evolution. At either extreme of the isolation-connectivity

continuum, there is agreement between theory and

empirical results: at the weak migration limit (migration

rare compared to mutation), local processes dominate,

while global processes become more important as migra-

tion rates approach those for panmixia. However, many

(perhaps most) natural populations are connected by lev-

els of gene flow that are intermediate to these extremes;

in this range, behaviour is not reliably predicted by theory

and the relative influences of local vs metapopulation Ne

depend on a variety of factors, including the time frame of

interest. More research is needed to help disentangle the

effects of selection and drift in metapopulations con-

nected by intermediate levels of migration.

Levels of genetic diversity in natural populations pri-

marily reflect long-term processes in which a balance is

achieved between generation of diversity by new

mutations and loss of diversity by drift. Unless isolation

is virtually complete, loss of diversity through drift is

determined primarily by global (or metapopulation) Ne

rather than local Ne. For estimates of long-term effective

size, obtaining a reliable estimate of mutation rate is the

most important consideration; unless this is accom-

plished, estimates can be biased by orders of magnitude.

Unrecognized spatial structure, or a mismatch between

the geographic scale of sampling and the scale of infer-

ence, can also lead to biases, the most serious being

attempting to estimate long-term local Ne in a system that

experiences even modest amounts of migration.

Preliminary information indicates that at least some esti-

mators of contemporary Ne are surprisingly robust to rela-

tively high (approximately 10%) levels of migration;

therefore, under many realistic scenarios, they might yield

reliable estimates of local Ne and hence potentially important

insights into local demographic and evolutionary processes.

However, users must be careful not to lose track of the evolu-

tionary processes that estimators are sensitive to. Estimators

of contemporary Ne are primarily sensitive to rates of evolu-

tionary processes occurring on the scale of one or a few gen-

erations. This means, for example, that a low estimate of

contemporary Ne does not necessarily mean a local popula-

tion is at risk of losing genetic diversity; in general, it will not

be as long as it is connected to numerous other populations
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by even low levels of gene flow. However, a population that

historically was connected by migration but has recently

become fragmented and isolated might be at risk of losing

diversity. This emphasizes the importance of linking esti-

mates of Ne with other information on the biology and life

history of the focal species.

In most cases, stratifications within a population

because of age structure probably have little effect on

long-term estimators of Ne, but these affects can have a

strong influence on contemporary estimators. In particu-

lar, it is very difficult to devise a scheme for taking a ran-

dom sample from an entire generation in age-structured

populations. More work is needed to better understand

how effective size estimates for age-structured popula-

tions relate to Nb per year and Ne per generation, and

how these latter two quantities relate to each other.

Additional research is also sorely needed to evaluate

robustness of recent likelihood ⁄ coalescent methods for

inferring historical demography and Ne. Collectively,

these methods hold considerable promise for relaxing

equilibrium assumptions and potentially allowing

detailed insights into historical processes within and

among populations over considerable time periods.

However, rigorous performance evaluations and sensi-

tivity analyses of these methods often have not been per-

formed, no doubt due in part to enormous demands on

computational power, where a single run of one data set

can take days or weeks to perform. We are therefore in

an exciting but challenging time where new programs

are being developed faster than existing ones can be eval-

uated properly, and this argues for careful attention to

explicit and implicit assumptions, particularly those that

ignore natural process variation.
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