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ABSTRACT

Objective: So far, many of the texts describing effective population size (N,) offer technical descriptions that limit accessibility to nonspe-
cialized audiences, hindering widespread uptake into natural resource management and biodiversity conservation. Our aim is to provide
a practical introduction to N, that is accessible to a wide audience, especially natural resource managers and other practitioners who lead
decision-making efforts in fisheries contexts.

Methods: We summarize key concepts related to measuring and monitoring N, in managed fish populations. We primarily focus on widely
used linkage disequilibrium methods for measuring contemporary N,. Among other topics, we review the value of N, for conservation and
management, basic assumptions of this parameter, common estimation methods, important study design considerations, and representa-
tive empirical examples. Additionally, we use simulations to explore two practical elements of studies aimed at inferring N,: identifying
an appropriate number of individuals to sample per population and a suitable number of molecular markers to survey across populations.

Results: Using accessible language, we illuminate the important role N, plays in conserving and managing wild fish populations and describe
practical elementsrelated to estimating this parameter. Further, our simulations demonstrate the relationship among numbers of surveyed indi-
viduals and molecular markers on the accuracy and precision of N, estimates, highlighting critical elements in the design of studies to measure N,.
Conclusions: Together with more widely appreciated and implemented metrics, N, forms a vital part of a complete tool kit for conserving
and managing wild populations, including in fisheries contexts. While not a comprehensive review, our aim is that by providing a practical
introduction to the complex concepts underlying N,, we will facilitate increased conversation among practitioners with diverse areas of
expertise and ultimately support expanded integration of this and related parameters into fisheries conservation and management efforts.
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LAY SUMMARY

For complex and nuanced topics like effective population size (N,), nontechnical descriptions aimed at increasing accessibility to wide-
ranging audiences are critical for expanding the role of genetic monitoring to support decision making in fisheries contexts.

INTRODUCTION 2007; Charlesworth, 2009; Luikart et al., 2010; J. Wang et al.,
Effective population size (N,; see Table 1 for definitions of ~ 2016; R. S. Waples, 2022). Effective population size offers
terms used throughout this article) is one of the most impor-  vital information on the conservation status and evolution-

tant parameters in conservation biology (Allendorf & Luikart, ary trajectory of populations (Hare et al., 2011; R. S. Waples
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Table 1. Glossary of terms. The definitions provided here are largely adapted from Allendorfet al. (2022).

Term Definition

Adaptive capacity The capacity to evolve genetic-based changes in traits to respond to changing environmental conditions.

Alleles Alternative forms of a gene; the different nucleotide variants found at a specific location in the genome.

Gene flow The movement of genetic material from one population to another via migration followed by interbreeding.

Genetic drift Changes to allele frequencies within a population due to random chance; such stochastic changes are more
prevalent in small populations.

Genotype The genetic composition of an organism; the alleles associated with a specific location in the genome.

Ideal population A constant-size population in which external evolutionary forces are not present and individuals contribute

Inbreeding depression

Linkage disequilibrium

Locus (plural: loci)

equally to the next generation.

The relative reduction in fitness in the progeny of related individuals compared to the progeny of unrelated
individuals.

Nonrandom associations (e.g., linkages) among alleles at different loci; the degree to which an allele at one
locus is inherited together with an allele at another locus (e.g,, linked loci). Sometimes referred to as
“gametic disequilibrium” to distinguish from instances of unlinked loci that exhibit linkage
disequilibrium.

One (locus) or multiple (loci) molecular markers; a specific location or set of locations within the genome,
including the location of a gene on a chromosome or a single nucleotide polymorphism within the
genome.

A short segment of DNA comprising a motif of two or more nucleotides, which is repeated several times; a
type of molecular marker useful for assessing genetic variation within and among populations.

Changes to genetic material that result in a new form; occurs via the altering of a single or multiple

Effective number of breeders; the number of breeding individuals that gave rise to a single cohort.

Effective population size; the size of the ideal population that would experience the same amount of genetic

Nonrandom associations among alleles at different loci due to the physical proximity of loci on a

Microsatellite
Mutation
nucleotides.
N,
N, Population census size; the number of individuals in a population.
N,
drift as the observed population.
Nucleotide The molecular building blocks of DNA and RNA.
Physical linkage
chromosome, where nearby loci are more likely to be inherited together.
Selection

Differential contributions of genotypes to the next generation due to differences in survival and reproduction.

Single nucleotide polymorphism A single nucleotide that exhibits different nucleotide variants; a type of molecular marker useful for assessing

(SNP) genetic variation within and among populations.

et al., 2014), primarily their degree of susceptibility to genetic
diversity loss (Leroy et al., 2018; Luikart & Cornuet, 1999;
Luikart et al., 2010). However, N, is a complex and nuanced
parameter and understanding how best to measure and moni-
tor N, requires specialized knowledge of key genetic principles
based on diverse ecological and evolutionary relationships.
For example, several analytical methods exist for inferring N,
(Luikart & Cornuet, 1999; Nadachowska-Brzyska et al., 2022;
R. S. Waples, 2022; Whiteley et al., 2012; Wright, 1931), each
with their own assumptions and constraints, making it difficult
for nonexperts to gauge their utility and develop appropriate
study designs. So far, many of the texts describing N, primarily
rely on technicallanguage and in-depth explorations of special-
ized topics, limiting accessibility to audiences with differing
areas of expertise. Collectively, these factors present barriers
to a broader understanding of N, and development of studies
aimed at inferring this parameter, limiting the availability of
important information about N, to conservation and manage-
ment practitioners.

Despite the challenges associated with measuring N,, inves-
tigations of this conceptin the context of fisheries management
have yielded a rich repository of information to guide inves-
tigations in aquatic systems. For example, pioneering studies
of N, in populations of Pacific salmon have provided founda-
tional knowledge on theoretical models, statistical methods,
and experimental designs for estimating this parameter (R. S.
Waples, 1990a, 1990b; R. S. Waples & Teel, 1990). Such studies

have also elucidated important relationships among N, migra-
tion, genetic drift, and selection, as well as insights into the
susceptibility of populations to genetic change relative to N,
(Gilbert & Whitlock, 2015; Novo et al., 2022; Ryman et al,,
1981; Santiago & Caballero, 1995; R. S. Waples & England,
2011). Knowledge gained from studies of salmon and other
species offers valuable guidance for inferring and monitoring
N, in a diversity of managed fish populations.

Our goal is to provide an accessible, nontechnical introduc-
tion to N, for a wide audience but especially natural resource
managers and other practitioners who lead decision-making
efforts in fisheries contexts. Rather than provide a comprehen-
sive review of the many topics related to N,, we aim to create
a resource that facilitates conversations among practitioners
with wide-ranging expertise by highlighting the primary com-
ponents of N,. We accomplish this by (1) summarizing founda-
tional topics related to N,, including its definition, value, basic
assumptions, related metrics, study design implications, and
conservation applications, and (2) supplementing our review
with simulation-based inferences aimed at exploring questions
central to the development of effective study designs for mea-
suring N,. By drawing upon a wealth of information derived
from comparatively well-studied systems, we endeavor to sup-
port broader understanding and engagement on studies of N,
while keeping content applicable to a range of fishery species.
The key concepts described below are also summarized in
Appendix A for convenient reference.
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WHAT IS N,AND WHY IS IT IMPORTANT?
N, overview
Effective population size was introduced by Wright (1931) as
the size of an ideal population (Box 1) that follows the same rate
of genetic drift as the population under study. This parameter
is thus inferred at the population level and reflects the rate of
genetic drift within a population, which is particularly impor-
tant to aquatic conservation and fisheries management given

Box 1. Ideal population

The concept of an ideal population provides a simplified
model for understanding basic population genetic principles
and dynamics (Wright, 1931). In an ideal population, it is
assumed that evolutionary mechanisms that affect the fre-
quencies of alleles within a population are not occurring,
and therefore, N, is equal to N,. Deviations from an ideal
population result in an N, that is different from N. Key
assumptions of an ideal population include nonoverlapping
generations, an equal sex ratio, random mating among indi-
viduals where all individuals are equally likely to reproduce,
and equal reproductive output among individuals, resulting
in a constant population size across generations. In an ideal
population, all individuals have an equal opportunity to pass
their genes on to the next generation. This idealized model
provides a theoretical baseline for understanding genetic
changes without the complexities of the real world, even if if
these assumptions are rarely if ever met in nature.

/ Non-overlappinq\
generations

|Fo%
| Fe==

| R=

Box Figure 1.1. Schematic depicting the key assumptions of
anideal population, a concept which provides a useful model

for evaluating population-level genetic relationships.
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the potential for genetic drift to increase inbreeding and reduce
genetic diversity. Effective population size is the evolutionary
analog of census population size (N,) and reflects the suscepti-
bility of a population to neutral and selective evolutionary forces
that increase genetic drift and cause genetic diversity to be lost
over time (R. S. Waples et al., 2014; R. S. Waples, 2022). The rate
atwhich thisloss occurs depends on N, rather than N, making N,
aparameter of fundamental importance. Populations with lower
N, exhibit greater susceptibility to genetic drift and the negative
effects of genetic diversity loss, including inbreeding depression,
deleterious mutations, and diminished adaptive capacity.

Effective population size bridges the gap between the ecologi-
cal and evolutionary processes affecting populations. Although
N_ is broadly governed by ecological processes such as preda-
tion, competition, and population growth rate (Rockwood,
2015), these demographic parameters are inextricably linked
to the underlying genotypes of the individuals comprising a
population (Leffler et al., 2012); therefore, both ecological and
evolutionary factors are important determinants of population-
level conservation status. Effective populatoin size reflects how
the major evolutionary forces (genetic drift, selection, muta-
tion, and gene flow) shape populations (R. S. Waples, 2022;
Whitlock, 2000). Considering these ecological and evolution-
ary factors together is thus vital for developing a comprehensive
approach for monitoring the conservation status of populations.

In this context, N, offers critical insights into evolutionary
processes affecting wild populations and their demography.
Effective population size is usually smaller than N, because wild
populations often violate the assumptions of an ideal popula-
tion so that individuals do not contribute equally to the next
generation (Box 1). However, N, and N, are often correlated
(Kalinowski & Waples, 2002; Luikart et al., 2010; Shrimpton &
Heath, 2003; Vucetich etal., 1997), and declinesin N, frequently
correspond with declinesin N.. Effective population size and N,
have prescient implications in fisheries management given that
lower values for these metrics generally indicate greater sus-
ceptibility of populations to demographic stochasticity and the
negative effects of genetic drift. However, discordance between
N,and N_ is frequent; for example, in extensively harvested pop-
ulations that exhibit high N, but low N, (Nadachowska-Brzyska
etal., 2022; Palstra & Ruzzante, 2008). Similarly, many marine
fishes exhibit small N, to N. ratios (Hoban et al., 2020). In some
cases, N is difficult and resource-intensive to measure with
adequate precision in wild fish populations (Fraser et al., 2013;
Guschanski et al., 2009). Further, N, alone does not reflect the
sensitivity of a population to genetic drift and inbreeding depres-
sion or its ability to adapt to changing conditions. Inferences
about these important evolutionary factors instead depend on
N, (Kalinowski & Waples, 2002; R. S. Waples, 2022; Whitlock,
2000), making N, a critical tool for monitoring the health and
persistence of managed fish populations.

HOW IS N,MEASURED?

Prior to the now widespread availability of genetic data, early
studies estimated N, based on demographic information
(Caballero, 1994; Lee et al,, 2011; Nunney, 1995; Vucetich
& Waite, 1998; R. S. Waples et al., 2013); however, the use of
genetic data to estimate N, is now commonplace. Since Wright’s
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Box 2. Methodological approaches for estimating
effective population size

Effective population size (N,) is notoriously difficult to
accurately and precisely measure in wild populations, and
efforts aimed at developing and applying new methods for
inferring this parameter remain an active area of research.
Currently available methods for estimating N, primar-
ily differ in the way they quantify genetic drift and in their
assumptions about underlying population demography. For
example, Wright’s original formulation of N, (Equation B1
in Appendix B) is based on the expected increase in com-
mon ancestry over one generation that results from genetic
drift, where increasing common ancestry is reflective of
increased inbreeding (and therefore increased homozy-
gosity and decreased heterozygosity; Wright, 1931). This
formulation of N, is known as inbreeding N, (Caballero &
Hill, 1992; Crow & Denniston, 1988; Wright, 1931. In com-
parison, variance N, (Equation B2 in Appendix B) is based
on the expected increase in the variance of allele frequen-
cies from one generation to the next due to genetic drift
(Crow, 1954; Crow & Denniston, 1988; Hill, 1972; Kimura
& Crow, 1963). However, temporal sampling is required
to estimate variance N,. Effective population size based on
linkage disequilibrium (Equation B3 in Appendix B) mea-
sures the expected increase in correlations (e.g., linkages)
of allele frequencies among loci due to genetic drift (Hill,
1981; R. S. Waples, 2006a; R. S. Waples & Do, 2010; for a
comprehensive review of the linkage disequilbrium method
for inferring N, see R. S. Waples, 2024a). Several additional
definitions and estimators of N, exist, including single sam-
ple estimators that incorporate information on sibship fre-
quency (J. Wang, 2009; for comparisons to estimators based
on linkage disequilibrium, see J. Wang, 2016, 2025; R. S.
Waples, 2021), heterozygote excess (Luikart & Cornuet,
1999; Pudovkin et al., 1996, 2010), or molecular coancestry
(Nomura, 2008). Although we focus on linkage disequilib-
rium N, in this review, measures of N, that quantify the rate
of allele frequency change (e.g., variance N,) and the accrual
of shared ancestry (e.g., inbreeding N,) are also important to
fish conservation and fisheries management given that they
also reflect relevant consequences of the genetic drift pro-
cess. More detailed descriptions and comparisons of meth-
ods for estimating N, can be found in Gilbert and Whitlock
(2015) and Ryman et al. (2019, 2023).

original description of N, several formulations of this param-
eter have been developed that measure genetic drift in differ-
ent ways (Box 2; Appendix B). These include genetic methods
for inferring historical versus contemporary N, (Box 3); in this
review, we focus on genetic methods to assess contemporary N,
(see Nadachowska-Brzyska et al. [2022] for a review of meth-
ods for historical N,). Contemporary estimators of N, largely
fall into two categories: (1) temporal methods (Krimbas &
Tsakas, 1971; Nei & Tajima, 1981; J. Wang & Whitlock, 2003;
R.S. Waples, 1989), which require at least two sampling events
from the same population at different points in time, and (2)

single-sample methods (Hill, 1981; Nomura, 2008; Pudovkin
et al,, 1996; R. S. Waples & Do, 2010), which are based on a
single sampling event per population. Below, we provide a brief
description of temporal methods for estimating N,, but our
primary focus is contemporary estimates of N, based on single
sample methods, particularly those that incorporate informa-
tion on linkage disequilibrium.

Methodological approaches

Temporal methods infer N, based on changes in allele frequen-
cies over time and involve calculating N, using individuals sam-
pled from a population at two or more time points separated by
at least one generation, although a sampling interval of more
than one generation is required for species with overlapping gen-
erations (Nei & Tajima, 1981). One potential benefit of tempo-
ral methods is the ability to account for fluctuating population
size across generations (R. S. Waples, 1989). However, because
repeated sampling of wild populations is often impractical,
especially for rare species or those with long generation times,
single-sample methods are more widely used. Additionally, in
some scenarios, N, cannot be reliably inferred using temporal
methods (e.g., if the sampling interval is much longer than the
interval over which N, declined; J. Wang et al., 2016).

Several single-sample estimators of N, exist and implement
different approaches for measuring varying aspects of the
genetic drift process (Box2; Appendix B). Currently, one of the
most widely implemented and evaluated single-sample meth-
ods for inferring contemporary N, in populations targeted for
conservation or management is the estimator based on linkage
disequilibrium (Hill, 1981; R. S. Waples, 2006a; R. S. Waples
& Do, 2010; Box 2). Linkage disequilibrium refers to nonran-
dom associations among genetic markers, which produce cor-
relations in the frequencies of alleles across markers (Slatkin,
2008). Populations with lower N, experience higher levels of
genetic drift and exhibit greater linkage disequilibrium among
loci. Measures of N, based on linkage disequilibrium estimate
N, by quantifying the level of disequilibrium across genetic
markers. In this context, linkage disequilibrium is assumed to
result from genetic drift, though in reality other contributing
factors may exist, including random deviations from expected
levels due to sampling error or physical linkage among genetic
markers (see sections on Marker Selection and How Is N, Used
in Fisheries Management?). Estimates of N, inferred using link-
age disequilibrium methods are presumed to correspond with
the previous one-to-few generations (Luikart et al., 2010; R. S.
Waples, 2005), offering contemporary insights into the recent
genetic health of a population.

For the remainder of this review, we focus on inferences of
contemporary N, derived from linkage disequilibrium meth-
ods (and therefore single sampling events). These methods are
well developed (R. S. Waples, 2024b, 2025) and have been inte-
grated into broadly used software programs (e.g., NeEstimator
[Do et al., 2014; Ovenden et al., 2007; R. S. Waples & Do,
2008], SNeP [Barbato et al., 2015], and LinkNe [Hollenbeck
et al., 2016]; see Appendix C for a list of programs useful for
estimating N,). Additionally, estimates of N, based on linkage
disequilibrium have been widely applied to monitor the genetic
health of wild populations (R. S. Waples, 2024b, 2025), includ-
ing in the context of fisheries management. However, despite

G20z AInr gz uo 1senb Aq 6229028/GZ0seUA/SIEIRY/E60L 0 L/I0P/8|0IE-80UBADE/SBY/WO0D"dNO"DlWaped.//:SdlY Wolj papeojumo(



Transactions of the American Fisheries Society, 2025, Vol. 00,No.00 « §

Box 3. Historical versus contemporary effective
population size

Estimates of historical effective population size (N,) provide
information on the past N, of a population. Historical N, can be
calculated from population samples collected from historic or
contemporary sampling efforts. Several methodologies exist for
inferring historical N, from contemporary samples (see review
by Nadachowska-Brzyska et al., 2022), all of which require
simplifying assumptions that may or may not accurately reflect
the evolutionary history of a population depending on the
data analyzed, methodology employed, and biological system.
Nonetheless, it is useful to estimate historical N, to explore
temporal trends and provide historical context for estimates of

contemporary N,. Quantifying trends in N, over time can help
identify environmental or evolutionary factors that potentially
underlie population fluctuations, such as genetic bottlenecks.
Estimates of historical N, also provide a more complete pic-
ture of the long-term health and viability of a population. For
example, Lehnert et al. (2019) used contemporary samples of
Atlantic Salmon Salmo salar to infer the historical N, of popu-
lations across the native species range. The authors identified
several populations that exhibited significant declines in N,
over time, as well as climate variables associated with observed
declines. Historical estimates of N, produced from contempo-
rary samples were validated by making comparisons to esti-
mates of N, derived from a small number of historical sample
collections.

these estimates can inform fisheries management.

Identify possible drivers ==
Assess context for current health =)
Evaluate long-term viability 43

Box Figure 3.1. Schematic depicting a basic workflow for estimating historical effective population size (N,)and examples of how

Integrate insights
into management

our focus on linkage disequilibrium N, other implementations
of N, that measure different aspects of genetic drift (Box 2) also
provide important information on the evolutionary trajectories
of populations. Similarly, measures of genetic diversity beyond
N, (e.g., allelic diversity; Allendorf et al., 2024) may be needed
to fully understand population-level conservation status. We
focus here on linkage disequilibrium N, given that this concept
has so far ranked among the most widely studied definitions of
N, in fisheries contexts, which we hope supports greater partici-
pation and understanding in discussions of N,

Key assumptions
All methods for estimating N, require the same foundational
understanding of underlying assumptions. Although N, is
defined relative to an ideal population (R. S. Waples, 2005,
2022; Wright, 1931; Box 1), this simplification is usually unreal-
istic for wild populations, which experience gene flow, mutation,
and selection—all of which impact standing genetic variation
(Slatkin, 1987; Harmon & Braude, 2010). Further, estimates of
N, are often based on models that assume discrete (e.g., non-
overlapping) generations and thus alack of age structure (Nei &
Tajima, 1981; R. S. Waples, 2024b, 2025). Calculating N, with-
out accounting for factors such as these can result in excessively
biased estimates that do not reflect the true N, of a population

(Hill, 1972). For example, even weak deviations from random
mating can lead to underestimates of N, (Ryman et al., 2023).
Similarly, samples comprising more than one generation (which
is possible for species with overlapping generations) can yield
downwardly biased estimates of N,, particularly when linkage
disequilibrium methods are used (R. S. Waples et al., 2014).

In practice, violating any one of the basic assumptions
underlying N, is often unavoidable, but awareness of which
assumptions are violated and the likely impact on resulting
estimates provides important context for interpreting results
(see R. S. Waples [2024b] for a detailed review). For example,
the assumption of nonoverlapping generations is routinely
violated in studies of N, in wild populations. Despite this, R.
S. Waples et al. (2014) found that for estimates of N, based on
linkage disequilibrium, it is possible to produce largely unbi-
ased estimates by applying a correction derived from basic life
history information on age at maturity, adult lifespan, and age-
specific fecundity. Similarly, R. S. Waples and England (2011)
found that N, derived from linkage disequilibrium methods is
generally robust to low levels of gene flow among populations
(migration rates <~5-10%). For populations experiencing high
levels of gene flow, estimates of N, are more likely to reflect the
N, of a metapopulation rather than a single population (R. S.
Waples, 2024a). Studies that assess the impacts of violating the
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Methodological
Approach

* Statistical method
to calculate N, or
Np

* Molecular method
to survey genetic
variation

* Potential for long-
term monitoring

-

Figure 1. Schematic highlighting important factors to consider when designing empirical studies to estimate effective population size
(N,). The factors listed here are not exhaustive but rather highlight a set of key information needs likely to influence the study design.
Many factors are interrelated, where information on one factor is relevant to one or more additional factors. For example, populations
that exhibit larger population census size potentially (but not necessarily) exhibit larger N, and may require larger population sample
sizes to reliably estimate N.. In this scenario, sampling a suitable number of individuals may only be practical via sampling mixed cohorts,
including in more than one field season. If multi-season sampling is necessary, an important consideration is whether focal populations

exhibit seasonal movement and mixing.

underlying assumptions of N, elucidate important relationships
that greatly assist the interpretation of results from wild systems.
Additional considerations apply to N, estimated from popu-
lations that exhibit iteroparous versus semelparous life histories
(R. S. Waples, 2025). Semelparous populations with discrete
generations are relatively straightforward, as most N, mod-
els assume nonoverlapping generations (R. S. Waples, 2005).
However, age-structured semelparous species exhibit both
discrete generations resulting from the die-off of parents fol-
lowing reproduction and overlapping generations resulting
from differences in maturity across age-classes (R. S. Waples,
2005). Estimates of N, for both iteroparous and semelparous
species are further complicated by large interannual varia-
tion in reproductive success (R. S. Waples, 2002; R. S. Waples,
Scribner, et al., 2018). Collectively, these characteristics con-
tribute increased variance to N, estimates (Nunney, 2002; R.
S. Waples, 2006b), making it important to understand their
context, including the biological system from which estimates
were derived and the study design used to produce estimates.

HOW SHOULD STUDIES TO MEASURE
N,BE DESIGNED?

Generating reliable estimates of N, requires careful consider-
ation of the study design, particularly for factors related to the
field sampling of genetically distinct populations. For natural
resource managers, these factors must usually be balanced by
decisions regarding desired deliverables and the molecular
approach employed in the lab (Figure 1). In this section, we
discuss key elements of the field sampling and molecular com-
ponents of study design, including (1) sampling of genetically
distinct populations, (2) the number of individuals to sample
from each population, (3) which population segment to target
for sampling, and (4) selecting appropriate molecular markers
to survey in sampled individuals.

Population delimitation

Given that N, is a population-level parameter, a critical first step
in the experimental design of studies aimed at inferring N, is to
develop field plans for sampling genetically distinct populations.
Accounting for population substructure by delimiting genetic
populations is important given the sensitivity of linkage disequi-
librium-based estimates of N, to nonrandom mating (Ryman
etal,, 2023). Inadvertently sampling individuals from more than
one genetic population can upwardly bias estimates of N, due to
alarger pool of potential parents (Nei & Lee, 1973; R. S. Waples,
2024b). However, if the combined populations are very geneti-
cally distinct, then N, can be biased low (Nei & Lee, 1973; R. S.
Waples, 2024b). Baseline knowledge on the location of genetic
populations in space and time is valuable for informing field
sampling, but this information is lacking or incomplete for many
managed fish populations, making it necessary to both determine
population structure and estimate N, within the same study. In
this scenario, the sample sizes needed for reliable estimation of N,
may be sufficient to also infer genetic population structure so that
the same sampling scheme can be used (see section on Sample
Sizes per Population). Even when genetically distinct populations
are known, assignment of newly sampled individuals to source
population is necessary prior to calculating N,. Given these fac-
tors, it is typical to leverage the genetic data generated in studies
of N, to first assign individuals to genetic population.

When prior genetic information is limited, leveraging other
biological information can inform decisions about the probable
location of genetic populations in the field (Cramer et al., 2023;
Reis-Santos et al., 2018). For example, abundance data may help
identify areas ofhigh abundance that potentially correspond with
populations and areas of low abundance that may reflect breaks
between populations (Collie & Sissenwine, 1983). Knowledge
of barriers to movement (e.g., dams, waterfalls, road crossings,
mountain ranges) may help in evaluating the likely presence of
genetically distinct populations (Brunke etal., 2019; Funket al.,
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2005; Mamoozadeh et al., 2023), as well as information on envi-
ronmental heterogeneity (e.g., temperature gradients, habitat
diversity, salinity clines) potentially affecting genetic connectiv-
ity between distinct regions of the landscape (Keyghobadi et al.,
2005; Manel et al., 2003). Movement patterns inferred from
studies that employ tagging or other similar methods can provide
important information on the location and seasonal stability of
local populations (Block etal., 2005; Lindley et al., 2011). Finally,
traditional ecological knowledge can supply important local
information indicative of potential genetic population structure
(Adams et al., 1993; Bayliss & Hutton, 2017; Drew, 2005; Drew
& Henne, 2006; Henson et al., 2021).

Sample sizes per population

Equally important to identifying genetic populations to tar-
get in field sampling is determining how many individuals to
sample from each population. This per population sample size
is critical for producing accurate and precise estimates of N,
that are informative for decision making in fisheries contexts.
However, a universally appropriate sample size does not exist.
This is because populations exhibit wide-ranging life histories
and biological characteristics and have experienced different
ecological and evolutionary histories (Clarke et al., 2024).
Regardless, findings from previous empirical and simulation
studies offer useful guidelines. For example, estimates of N,
generally exhibit lower levels of bias as sample size increases,
and this bias may be negligible when sample size exceeds two
times N, (R. S. Waples, 2006a). An appropriate per-population
sample size thus depends on the true N, of a population, which
is likely unknown, although estimates generated in previous
studies (evenifimprecise; R. S. Waples, 2024a) can help identify
sampling bounds. A common approach is to target minimum
sample sizes of 50-100 individuals per population (Marandel
etal,,2020; Tallmon et al., 2010; R. S. Waples, 2006a; Whiteley
et al., 2012). Smaller sample sizes may be possible for popu-
lations that exhibit low N,, particularly if N, is inferred using
large numbers of molecular markers (see sections on Marker
Selection and How Is N, Used in Fisheries Management?);
although smaller sample sizes may be insufficient for popula-
tions experiencing strong genetic drift (Ryman et al., 2019;
J. Wang, 2005). Conversely, populations that exhibit high N,
require larger sample sizes to estimate N, (J. Wang, 2025). In
a practical context, this means that achieving sufficient sam-
ple sizes for accurately inferring N, may become increasingly
feasible in populations where N, is declining. In populations
where N, is increasing, it may not be possible to collect enough
samples to produce an accurate estimate.

System-specific factors may also constrain sample availability
and impede reliable inference of N,. For example, in rare, threat-
ened, or cryptic populations, attaining suitable sample sizes may
not be possible. Populations with extremely large N, (and pre-
sumablylarge N,), like in some pelagic marine fishes, may require
sampling thousands of individuals to reliably infer N, exceeding
the practical limitations of most sampling schemes (Hare et al,,
2011; Marandel et al., 2019; R. S. Waples, 2016; R. K. Waples
etal,, 2016). In these systems, estimates of N, can be substantially
downwardly biased by factors such as extreme individual differ-
ences in reproductive success (R. S. Waples, 2016). However,
robust inference of N, may be possible by surveying both large
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numbers of individuals and molecular markers (J. Wang, 2025)
and by assessing the consistency of N, estimates across temporal
replicates (R. S. Waples, Grewe, et al., 2018). Regardless of the
exact system, sampling programs are often constrained by real-
world factors such as cost, effort, and ease of obtaining samples.

Sample composition

In addition to delimiting genetic populations and determining
appropriate sample sizes, sample composition is a crucial compo-
nent of the field sampling design for studies of N,. Analogous to
other biological metrics inferred from wild fish populations, accu-
rate inference of N, requires a representative sample per focal pop-
ulation. Because N, is a generation-scale metric, sampling efforts
should focus on collecting population samples that capture the
range of diversity reflected within a generation. If sampling occurs
nonrandomly (for example, by sampling only juveniles), family
groups may be overrepresented, particularlyin fishes withlimited
dispersal capabilities, biasing N, estimates (Luikart et al., 2010).
However, if the goal is to measure effective size at the timescale of
cohorts (rather than generations), then sampling a single cohort
(e.g., young-of-year fish) is desirable (see section on Relationship
of N, to N,). For less abundant populations, sampling a suitable
number of individuals within a single field season may be dif-
ficult. In these cases, an alternative may be to pool individuals
sampled across multiple field seasons, but care must be taken to
ensure that the pool of sampled individuals is representative of
the overall genetic diversity within a population (Marandel et al.,
2019; Trask et al., 2017). Similarly, samples pooled across field
seasons may comprise multiple generations, introducing bias to
N, estimates (see section on Key Assumptions; Kardos & Waples,
2024). Ideally, field efforts should be designed to minimize biases
due to age structure, sex ratio, family relationships, and genetic
population structure (R. S. Waples, 2025).

Marker selection

Selecting appropriate genetic markers is an important molecular
element of the study design, as the number and type of marker
affects the precision and accuracy of N, estimates. Studies to infer
N, in the context of fisheries management have primarily relied
on surveys of microsatellites or single nucleotide polymorphisms
(SNPs). Robust estimates of N, are possible using either type of
genetic marker. Microsatellites typically contain several alleles
per locus, conferring higher information content per marker
compared to SNPs, which contain only two alleles per locus
(see Morin et al. [2004] for a more detailed comparison of these
marker types). This feature makes it possible to produce reliable
estimates of N, using a smaller number of microsatellites (e.g.,
the tens of loci typical of genetic data sets) compared to SNPs
(e.g., the thousands or more loci typical of genomic data sets).
However, this benefitis balanced by the ever-increasing ease and
cost-effectiveness of producing genomic data sets that comprise
large numbers of SNPs (e.g., thousands to hundreds of thou-
sands of loci) and cover a greater portion of the genome, mak-
ing robust SNP-based estimates of N, that reflect genome-wide
diversity widely practical. The information content of SNPs may
be further increased through microhaplotypes, which comprise
multi-allelic loci spanning multiple nearby SNPs (Baetscher
et al., 2018) and have already been used to infer the N, of some
fish populations (Osborne et al., 2023). Ultimately, the decision
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of which molecular markers to employ is influenced by multiple
factors, including the availability of baseline data sets that may
offer a useful comparison to newly produced data sets.
Determining whether to control for the presence of rare
alleles is another important factor in the molecular design of
studies to infer N,, particularly for efforts that employ linkage
disequilibrium methods. When population sample sizes are
low, it is difficult to determine if the infrequent occurrence of
some alleles is due to sampling error or reflective of the true
frequency of an allele within a population. These scenarios
can also be difficult to differentiate when sequencing depth
is low, which is possible for genomic data sets (see section on
Considerations for Studies that Employ Genomic Methods).
The inclusion of alleles that appear rare due to sampling error
results in upwardly biased estimates of N, (Do et al., 2014;
Nunziata & Weisrock, 2018; R. S. Waples & Do, 2010). In stud-
ies with low population sample sizes, a common practice is to
minimize bias from rare alleles by employing a critical threshold
for excluding these alleles. For linkage disequilibrium methods,
this threshold is ideally set to exclude alleles that occur only
once in a population sample (Do et al., 2014). A correction for
rare alleles is not needed in instances where allele frequencies
have been accurately characterized, for example when a large
fraction of individuals within a population were sampled.

SIMULATION-BASED EXPLORATION
OF STUDY DESIGN

We conducted simulations to illustrate some of the relationships
highlighted in the previous section by exploring factors central
to the design of studies where a major goal is to infer the con-
temporary N, of fish populations. We focused on linkage dis-
equilibrium-based estimates of N, derived from genome-wide
SNPs to evaluate two questions: (1) what should the per popu-
lation sample size be to facilitate accurate inference of N2 and
(2) how many SNPs should be surveyed to accurately infer N,?
Our first question directly affects the field sampling component
of the study design. Because the number of individuals needed
to reliably estimate N, is expected to vary across populations (see
section on Sample Sizes per Populations), a universally applied
target sample size is unlikely to yield precise estimates for every
population. However, practical constraints on field sampling
necessitate striking a balance between the sample sizes needed to
accurately infer N, and the costs of superfluous sampling effort.
Our second question relates to the molecular component of
the study design. Methods for surveying genome-wide SNPs
(e.g., restriction site-associated DNA sequencing [RADseq;
Baird et al., 2008] and low coverage whole genome sequenc-
ing [IcCWGS; Lou et al., 2021]) are increasingly practical.
Additionally, panels of genetic markers that enable standard-
ized surveys (e.g., via RAD capture [Ali et al., 2016] or geno-
typing-in-thousands by sequencing [Campbell et al., 2015])
are frequently used to monitor managed fish populations. Such
panels allow data to be easily combined across studies and fur-
ther increase the cost-effectiveness of sequencing efforts by
targeting an informative subset of the genome, among other
potential benefits (Meek & Larson, 2019). In some instances,
standardized panels may be preferable for inferring N,, particu-
larly for long term monitoring efforts. However, information on

the number of loci needed to reliably estimate N, is necessary
for identifying an appropriate panel size.

Simulation approach

We explored both study questions using forward-time simula-
tions conducted in SLiM (Haller & Messer, 2019; Messer, 2013).
We used SNP genotypes simulated for a single population to cre-
ate data subsets that differed in the number of SNPs and sampled
individuals (see online Supplementary Material). We calculated
linkage disequilibrium-based N, in NeEstimator (Do etal., 2014)
for each data subset, then compared N, estimates across data sets
to determine the optimal numbers of samples and SNPs needed
to reliably infer N,. We designed our SLiM model to simulate
a population with a constant N, of approximately 250. We also
parameterized our SLiM model to reflect the life history of Brook
Trout Salvelinus fontinalis, a salmonid that has been the target of
considerable conservation and management effort across north-
eastern North America (including efforts to infer N,; Bernos
& Fraser, 2016; Kazyak et al., 2022; Mamoozadeh et al., 2023;
Robinson et al., 2024; Ruzzante et al., 2016; Whiteley et al.,
2012). Our aim is to provide fisheries managers with practical
insights for investigating N, in wild fish populations, although
system-specific life history traits and other biological and eco-
logical characteristics will differ across systems.

Simulation results

Our simulation results offer general insights into the field and
molecular components of studies designed to measure N,. Point
estimates for N, approximated our targeted N, of 250 (Figure 2).
Effective population size estimates stabilized at a population
sample size of >30 individuals, with additional gains in preci-
sion possible at larger sample sizes. Estimates based on sample
sizes of <30 individuals were often negative or infinite, indicat-
ing an unreliable estimate due to sampling error, and exhibited
very wide confidence intervals. Results based on 500 versus
5,000 SNPs were similar, but at some sample sizes, estimates
based on 5,000 SNPs exhibited greater degrees of precision.
We compared our linkage disequilibrium-based estimates of
N, to temporal estimates derived from two sampling events
separated by approximately 10 generations. The temporal esti-
mates also approximated an N, of 250 (Figure Sl [available in
the online Supplementary Material]), indicating that our tar-
geted N, could be inferred using information on either linkage
disequilibrium or temporal changes in allele frequencies.

Our results illustrate the relationship between population
sample size and the resulting accuracy and precision of N,
estimates, where a minimum sample threshold must be met to
yield estimates informative for decision making. Additionally,
we found that numbers of loci reflecting molecular methods
based on RADseq or a SNP panel (as represented by 5,000 ver-
sus S00 SNPs, respectively) both produced reliable estimates of
N.. This result indicates that N, can be accurately inferred once
a minimum number of loci have been surveyed (R. S. Waples,
2025), assuming that sufficient sequencing depth and per popu-
lation sample sizes have also been achieved. These relationships
are consistent with those reported from other simulation-based
explorations of population sample size and locus count on
precision and accuracy of N, estimates (Luikart et al., 2021;
R. K. Waples et al.,, 2016; Whiteley et al., 2012). We expect
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Figure 2. Results from simulations conducted in SLiM to explore the effects of population sample size and the number of surveyed single
nucleotide polymorphisms (SNPs) on linkage disequilibrium estimates of contemporary effective population size (N,). Point estimates for
N, and 95% jackknife confidence intervals are shown for three SLiM model runs. Scenarios with 10-60 (by increments of 10) individuals
genotyped at SO0 (top panel) or 5,000 (bottom panel) SNPs are shown. For clarity, N, estimates and confidence intervals with large or
negative (infinite) values were converted to a value of 400 for this figure. Effective population size was independently estimated for each
scenario using the linkage disequilibrium method implemented in NeEstimator and a minimum minor allele frequency threshold of 5%.

that precise estimates of N, may be feasible with fewer SNPs
through the use of microhaplotypes (Baetscher et al., 2018).

RELATIONSHIP OFN, TO N,

A parameter related to but distinct from N, is the effective num-
ber ofbreeders (N,; Box4). Effective number of breeders reflects
the number of breeding individuals that gave rise to a single
cohort (Luikart et al., 2021; Ruzzante et al., 2016; R. S. Waples
& Antao, 2014; R. S. Waples et al., 2014). Like N,, N, is useful
forinferring and monitoring conservation status (Luikart etal.,
2021); however, the timescale associated with each parameter
is different. Whereas N, reflects generation-scale conserva-
tion status, N, offers information on a single breeding cycle,
enabling monitoring at an annual timescale. Effective number
of breeders potentially facilitates earlier detection of declining
conservation status, whereas declines across multiple reproduc-
tive cycles are presumed to produce a corresponding decline in
N,, which reflects longer term evolutionary trends (R. S. Waples
et al,, 2013, 2014). For species with long generation times, N,
offers information on a timescale more relevant to fisheries
management (Ferchaud et al., 2016; R. S. Waples et al., 2013;
Whiteley et al., 2012). Additionally, because N, corresponds
with a single cohort, this parameter offers a practical way to
control for overlapping generations, provided that single cohort
sampling is feasible (e.g., by sampling only age-0 individuals; J.
Wang, 2009; R. S. Waples, 2005; R. S. Waples et al., 2014; see
Whiteley et al. [2012] for an empirical example).

Depending on the sampling design employed, efforts aimed
at inferring N, may actually reflect N, and this distinction is

important for interpreting results in fisheries contexts. For
example, if field sampling targeted individuals from a single
cohort, then estimates likely reflect the effective size of the
parental generation (N,). For estimates based on linkage dis-
equilibrium methods, estimates of N, can be used to calculate
N,, provided that the ratio of N, to N, is known (R. S. Waples
et al., 2013, 2014). This ratio is based on age at maturity and
adult lifespan (see R. S. Waples et al., 2013, 2014 for equation;
for another empirical example, see Ruzzante et al., 2016). An
important distinction is that N, generally provides greater sam-
pling flexibility (e.g., mixed cohorts versus a single cohort) and
offers a better understanding of the evolutionary trajectories of
populations (Luikart et al., 2021; R. S. Waples et al., 2013) but
precludes decision making at the temporal scale of the repro-
ductive cycle.

CONSIDERATIONS FORSTUDIES THAT
EMPLOY GENOMIC METHODS

Genomic data sets based on surveys of genome-wide SNPs can
greatly increase both power and precision for estimating N,
compared to genetic data sets that comprise much smaller num-
bers of molecular markers. Genomic data sets may also require
fewer samples to reliably infer N,. For example, in simulations
conducted by Luikart et al. (2021), N, estimates based on hun-
dreds of SNPs generally exhibited greater precision at smaller
per population sample sizes than estimates based on tens of
microsatellites. In some systems, as few as 30 individuals may
be sufficient for linkage disequilibrium estimates of contempo-
rary N, when large numbers of SNPs are surveyed (e.g., >2,000
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Box 4. Relationship of effective number of breeders to
effective population size and census population size

The effective size of a population over a reproductive cycle
(N,) is distinct from the effective size of a population over
a generation (N,) and from the census size of a population
(N,). All three parameters are informative of population sta-
bility but reflect different aspects of a population. Whereas
N. determines the consequences of ecological processes,
such as competition and predation, N, and N, determine the
consequences of evolutionary processes such as genetic drift
and mutation (Ferchaud et al., 2016; R. S. Waples, 2022).
Importantly, values for Nj, N,, and N, often differ from each
other, as demonstrated by Clarke et al. (2024) and R. S.
Waples et al. (2013), who compared these parameters across
a wide range of taxa. Additionally, the effort needed to mea-
sure N, N, and N, varies across parameters. For example,
N, may be easier to measure when single cohort sampling is
possible (Ferchaud et al., 2016). Effective number of breed-
ers is also more practical for populations that exhibit long
generation times because the intergenerational sampling
needed to monitor N, may not occur on a timescale relevant
to natural resource management.

1.25
1.00
Species
© 0.75 Group
=3
= Invertebrates
= 0.50 Plants
. Vertebrates
0.25
0.00

Nb/Nc Nb/Ne Ne/Nc
Box Figure 4.1. Ratios of effective number of breeders (N,),
effective population sizes (N,), and census population size
(N,) for 63 plant and animal species. Ratios are based on

the mean values observed within each species group. Data
reproduced from R. S. Waples et al. (2013).

loci, simulation results presented above; Nunziata & Weisrock,
2018). Given that genome-scale data sets are no longer imprac-
tical for wild populations, the most onerous element of studies
aimed at estimating N, has shifted from the molecular compo-
nent to the field sampling component.

Linkage disequilibrium-based estimates of N, assume that
genetic markers do not exhibit physical linkage. However,
genetic markers are packaged into a finite number of chromo-
somes, and for genome-scale data sets that survey increasingly
large numbers of SNPs, the probability of surveying SNPs that
are physically linked increases (R. K. Waples et al., 2016; R. S.
Waples et al., 2022). This linkage causes estimates of N, to be
downwardly biased (R. K. Waples et al., 2016; R. S. Waples,
2024b). Physical linkage among SNPs can be readily con-
trolled for by using a linkage map to gauge the degree of link-
age among loci and by restricting N, estimates to only those

locus pairs located on different chromosomes (e.g., Weise
et al., 2022). Similarly, the parametric confidence intervals
used to reflect variance in microsatellite-based estimates of
N, are inappropriate for analyses based on >100 SNPs (Jones
etal,, 2016). This is because physical linkage among loci results
in parametric confidence intervals that are excessively narrow
(Jones et al., 2016; Luikart et al., 2021; R. S. Waples & Do,
2008). The use of jackknife confidence intervals (Jones et al.,
2016), although potentially overly conservative, offers a more
robust approach to easily control for bias in N, estimated from
genomic data.

Estimates of N, based on linkage disequilibrium are also
susceptible to bias from missing data, which tends to be more
prevalent in genomic data sets due to the large number of loci
comprising these data sets. For example, genomic data sets
with large levels of missing data can upwardly bias estimates
of N, particularly if missingness is nonrandom (Marandel
et al., 2020). Similarly, low-coverage genomic data sets, where
larger numbers of individuals are sequenced at a lower depth
to increase cost efficiency, are increasingly common and have
the potential to severely bias linkage disequilibrium estimates
of N, (Kardos & Waples, 2024; J. Wang, 2025). Bias in genomic
data sets due to low coverage or missing data can be readily
accounted for by excluding individuals and loci that exhibit
excessively low coverage or large proportions of missing data
(e.g., SNPs missing more than 30% of genotypes), as well as
genotypes that are unable to be reliably inferred.

HOW IS N, USED IN FISHERIES
MANAGEMENT?

Factors influencing decision making

How is information on N, integrated into the practical decision
making central to managing and conserving wild populations?
One avenue is through generalized thresholds proposed as a
guide for natural resource managers, who are often required
to make decisions on short timelines and with incomplete
information. Lower thresholds of N, <50 (Franklin, 1980) or
<100 (Frankham et al., 2014) have been recommended to dis-
tinguish high-risk populations susceptible to genetic diversity
loss due to accelerated genetic drift and inbreeding depression
(Jamieson & Allendorf, 2012). Conversely, upper thresholds of
N, >500 (Franklin, 1980) or >1,000 (Frankham et al., 2014)
have been used to distinguish low risk populations that presum-
ably exhibit sufficient evolutionary potential. These 50/500 and
100/1,000 thresholds are widely cited in conservation decision
making (Box S). For example, the United Nations Convention
on Biological Diversity recently adopted the 50/500 thresholds
for monitoring genetic biodiversity (https://www.cbd.int/
gbf/targets/4).

Approaches beyond the use of simplifying thresholds are
important for reliably monitoring wild populations. Multiple
life history factors such as reproductive rate and generation
interval influence which thresholds are reasonable for a par-
ticular system (Clark et al., 2024; Clarke et al., 2024; Pérez-
Pereira et al.,, 2022; Traill et al., 2007; T. Wang et al., 2019;
R. S. Waples, 2024a), making generalized recommendations
(such as the 50/500 and 100/1,000 thresholds) about N, chal-
lenging and sometimes insufficient. For example, populations
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Box 5. Integrating effective population size into
biodiversity conservation

As biodiversity is increasingly impacted by anthropogenic
stressors, new standards are needed to monitor conservation
status at broad spatial scales. For example, intergovernmen-
tal organizations such as the United Nations Convention on
Biological Diversity (CBD) promote national- to global-scale
conservation efforts by creating frameworks that allow flex-
ible application to various species (Secretariat of the CBD,
2011). One way the CBD incorporates information on effec-
tive population size (N,) into global conservation standards

Box Figure 5.1. Schematic portraying how information on effective population size (N,) can be used to monitor the evolutionary
trajectories of populations across time, providing valuable insights for biodiversity conservation at local to broad spatial scales.

is through genetic indicators (Hoban et al., 2022, 2023; Jetz
et al., 2019; Pereira et al., 2013), including N, (CBD, 2022),
which standardize how biodiversity data are collected and offer
practical methods for monitoring conservation status over
time. Effective population size is ideally suited as an indicator
because of its sensitivity to genetic diversity loss within popula-
tions, offering a reliable reflection of population-level conser-
vation status (Hoban et al., 2022, 2024; O’Brien et al., 2022).
Data accumulated from monitoring N, within populations can
be compared across populations to provide a view of conserva-
tion status within species. Monitoring N, thus offers practical
information on biodiversity at the genetic level.

with alarge N, but a short generation interval may lose genetic
diversity faster than populations with a small N, but long gen-
eration interval. Further, N, does not always provide a com-
plete picture of genetic diversity loss. For example, the number
of alleles in a population (e.g., allelic diversity, an important
component of genetic diversity) depends on both N, and N..
Populations with a smaller N, tend to exhibit fewer alleles
than populations with a larger N, so that populations with
the same N, may lose allelic diversity at potentially very dif-
ferent rates due to differences in N, (Allendorf et al., 2024).
Finally, practical constraints on fisheries management may
mean that decisions are influenced by factors including pro-
jected recovery timelines, the probability of population per-
sistence, and the level of genetic diversity loss willing to be
tolerated. Collectively, these insights indicate that a multifac-
eted approach is needed to monitor and conserve the genetic
diversity vital for long-term population persistence.

Illustrative empirical examples
Combined with additional ecological and evolutionary param-
eters, N, is a valuable part of a conservation and management tool
kit that supports the ability of natural resource managers to moni-
tor the conservation status of managed fish populations and infer
their evolutionary potential. Here, we highlight illustrative empir-
ical examples that demonstrate how N, has been used to guide
decision making in fisheries contexts. A recent status review of
the Lahontan Cutthroat Trout Oncorhynchus henshawi (formerly
O. clarkii henshawii), which is listed as threatened under the U.S.
Endangered Species Act, found that most populations exhibited
an N, <50, even in populations with a comparativelylarge N, (U.S.

Fish and Wildlife Service, 2023). Combined with other measures
of population resiliency, this information was used to maintain
the threatened classification of Lahontan Cutthroat Trout while
also providing guidance to direct future rehabilitation efforts. In
native populations of Brook Trout, Robinson et al. (2024) esti-
mated N, and identified associated environmental variables. This
information is useful for prioritizing populations for management
intervention as well as key habitat features for mitigation. Baillie
et al. (2016) estimated N, in Lake Trout Salvelinus namaycush
sampled before, during, and after fishing-induced population
collapses. These results supplied important insights into the
effectiveness of fishing regulations at promoting the recovery of
Lake Trout populations. In the Australasian Snapper Chrysophrys
auratus, sampled young-of-year fish were used to calculate N,
while mixed-age adults were used to calculate N,, with adjust-
ments to account for adult lifespan and age at maturity (Bertram
etal., 2024). This study demonstrates the possibility of using large
sample sizes from a single cohort to reliably estimate N, or N, for
abundant, iteroparous species.

Effective population size also offers a useful tool to monitor
genetic diversity in captive populations and evaluate the genetic
effects of hatchery supplementation on wild populations. For
example, Christie et al. (2012) observed that hatchery supple-
mented populations of steelhead Oncorhynchus mykiss exhibited
reduced N, despite increased numbers of adult spawners. This
was attributed to the reduced N, of hatchery broodstock, pro-
viding an example of the Ryman-Laikre effect, where hatchery
supplementation aimed at increasing genetic diversity yields a
reduction in effective size (Ryman & Laikre, 1991). Tracking
the Ryman-Laikre and other genetic effects of hatchery
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supplementation is an important use of N, estimation in man-
aged populations (R. K. Waples et al., 2016). Many additional
empirical examples demonstrate the utility of N, for guiding
management efforts in fisheries contexts. The use of N, for bio-
diversity monitoring is increasing (Garner et al., 2020; Hoban
etal., 2020,2021; Box S) but s ripe for expansion (Garner et al.,
2020; Schmidt et al., 2023), particularly given the fundamental
role genetic diversity plays in long-term population persistence.

CONCLUDING REMARKS

Effective population size is a parameter central to conservation
biology and natural resource management, providing essential
information on population-level conservation status and evo-
lutionary potential, including for managed fish populations.
However, despite the importance of the information conveyed
by N,, this parameter frequently receives limited attention
compared to more widely understood and appreciated metrics.
One factor potentially contributing to this is the complexity of
concepts underlying N, and the presently limited availability of
nontechnical resources on this topic. Our intent for this review
is to offer an accessible introduction to N, for a broad audience
of practitioners with wide-ranging expertise. Further, we aim
for the information shared here to facilitate practical discus-
sions for designing empirical studies to measure N,. Our goal
is to support more widespread integration of N, into decision-
making efforts in fisheries contexts, thereby spurring increased
genetic monitoring efforts that improve our ability to manage
fish populations into the future.
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APPENDIX A:N,KEY CONCEPTS

Table Al. Summary of key concepts central to N, described in the main text. Key references associated with each concept are provided. This
summary is not an exhaustive list of all the concepts related to N,, nor a detailed description of the complexity and nuance associated with
many of these concepts. Instead, it offers a quick reference of those key concepts necessary to facilitate conversations among fisheries
practitioners with diverse areas of expertise who may collectively make important decisions about the need, feasibility, and basic experimental
design of studies to infer N,. Concepts and references are not provided for the section on Simulation-Based Exploration of Study Design as this

section comprised a worked example rather than a concept review.
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section Key concepts Key references
WHAT IS N, AND WHY IS IT IMPORTANT?

N, Overview Original description of N,. Wright (1931)

Effective population size reflects the susceptibility of a population to neutral and selective
evolutionary forces that increase genetic drift and cause genetic diversity to be lost over
time.

Effective population size is typically smaller than N,. These parameters are often correlated,
although discordance between N, and N_ is not uncommon.

HOW IS N, MEASURED?
Methodological Review of methods to estimate historical N,.

Approaches Temporal methods for estimating contemporary N, require at least two sampling events from
the same population separated by at least one generation. This sampling scheme is
impractical for some populations (e.g., species with long generation times).

Single-sample methods for estimating contemporary N, include measures based on linkage
disequilibrium. Linkage disequilibrium-based estimators for N, are the most widely
implemented and evaluated single-sample methods for inferring N, in populations
targeted for conservation and management.

Single-sample methods for estimating contemporary N, also include measures based on
sibship frequency.

Single-sample methods for estimating contemporary N, also include measures based on
heterozygote excess.

Single-sample methods for estimating contemporary N, also include measures based on
molecular coancestry.

The simplifying assumptions of an ideal population (upon which much population genetic
theory is based, including concepts foundational to N,) are usually unrealistic for wild
populations, which experience gene flow, mutation, and selection.

Basic assumptions of an ideal population include: mating among individuals is random (e.g,,
reproductive output is equal across individuals, without bias due to irregular reproductive
cycles or age structure), generations are discrete (e.g., non-overlapping generations), the
population sex ratio is equal, and population size is constant from one generation to the
next.

Estimates of N, assume a single genetically distinct population, but estimates based on
linkage disequilibrium are generally robust to low levels of gene flow among populations
(migration rates <~5-10%).

Key Assumptions

R. S. Waples (2022), R.S. Waples et al.
(2014), and Whitlock (2000)

Kalinowski and Waples (2002), Leffler
etal. (2012), Luikart et al. (2010),
Shrimpton and Heath (2003), and
Vucetich et al. (1997)

Nadachowska-Bryska et al. (2022)

Krimbas and Tsakas (1971), Nei and
Tajima (1981), J. Wang and Whitlock
(2003), and R. S. Waples (1989)

Barbato et al. (2015), Do et al. (2014),
Hill (1981), Hollenbeck et al. (2016),
Ovenden et al. (2007), Slatkin (2008),
R. S. Waples (2006a, 20244, 2024b),
and R. S. Waples and Do (2008, 2010)

J- Wang (2009, 2016, 2025) and R. S.
Waples (2021)

Luikart and Cornuet (1999) and
Pudovkin et al. (1996,2010)

Nomura (2008)

Nunney (2002), Slatkin (1987), R. S.
Waples (2005, 2006b, 2022, 20244,
2024b), and Wright (1931)

Hill (1972), Nei and Tajima (1981),
Ryman et al. (2023), R. S. Waples
(2002, 2005, 20244, 2024b), R. S.
Waples et al. (2014), and R. S. Waples,
Scribner, et al. (2018)

R. S. Waples and England (2011)
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section Key concepts

Key references

HOW SHOULD STUDIES TO MEASURE N, BE DESIGNED?
Population Field sampling efforts should be designed to sample genetically distinct populations to
Delimitation reduce bias in linkage disequilibrium estimates of N..

Abundance data may help inform field sampling of genetically distinct populations by
identifying areas of high abundance that potentially correspond with distinct genetic
populations and areas of low abundance that may reflect breaks between genetic
populations.

Knowledge of movement barriers (e.g., waterfalls, dams, culverts) may help in evaluating the
likely presence of genetically distinct populations.

Information on environmental heterogeneity (e.g., temperature gradients, habitat diversity,
salinity clines) potentially affecting genetic connectivity between distinct regions of the
landscape may help in evaluating the likely presence of genetically distinct populations.

Tagging or other methods to infer individual-based movements can provide information on
the probable location and seasonal stability of genetically distinct populations.

Traditional ecological knowledge can supply valuable information potentially indicative of
genetically distinct populations and their seasonal locations.

Sample Sizes per
Population

Populations exhibit wide-ranging life histories and different ecological and evolutionary
histories, meaning that the minimum sample size needed to reliably estimate N, will differ
from one population to the next.

Estimates of N, generally exhibit lower levels of bias as sample size increases. This bias may be
negligible when sample size exceeds two times N,.

A common approach is to sample 50-100 individuals per population. However, smaller
sample sizes may be sufficient for populations with low N,, particularly when genomic data
sets are used. Conversely, larger sample sizes will be necessary for populations with large
N,

Pooling individuals sampled across field seasons may be suitable, but the pool of sampled
individuals should represent the overall genetic diversity within a single genetic
population. Pooling individuals across populations and generations will bias (potentially
severely) N, estimates, making them uninformative for conservation and management
decision making.

If sampling occurs nonrandomly (e.g., by targeting only juveniles), family groups may be
overrepresented, particularly in populations with limited dispersal capabilities, biasing N,
estimates.

Retaining alleles that appear rare due to sampling error will upwardly bias N, estimates.
Erroneously rare alleles should be excluded prior to estimating N,.

Baseline data sets that already exist for some populations may offer a useful comparison to
newly produced data sets and therefore may influence which genetic markers are surveyed
in subsequent studies.

RELATIONSHIP OF N, TO N,

Effective number of breeders reflects the number of breeding individuals that gave rise to a
single cohort and is useful for inferring and monitoring conservation status at the
timescale of cohorts (rather than generations). However, N, generally provides greater
sampling flexibility (e.g., mixed cohorts versus a single cohort) and offers a better
understanding of the evolutionary trajectory of a population.

Effective number of breeders potentially facilitates earlier detection of declining conservation
status, given that the timescale associated with this metric is that of a cohort, rather than a
generation. Declines across multiple reproductive cycles are presumed to produce a
corresponding decline in N,, reflecting longer term evolutionary trends.

For species with long generation times, N, offers information on a time scale more relevant to
fisheries management.

Because N, corresponds with a single cohort, this parameter offers a practical way to control
for overlapping generations, provided single cohort sampling is feasible.

For linkage disequilibrium methods, estimates of N, can be used to calculate N,, provided the
ratio of N, to N, is known. This ratio can be calculated from information on adult lifespan
and age-at-maturity.

CONSIDERATIONS FOR STUDIES THAT EMPLOY GENOMIC METHODS

In general, N, estimates based on hundreds of SNPs may exhibit greater precision at smaller
sample sizes than estimates based on tens of microsatellites.

When sample sizes are low, the information gained by sampling additional individuals is
oftentimes greater than the information gained from additional loci.

For genome-scale data sets, the probability of surveying SNPs that are physically linked
increases, which downwardly biases estimates of N,. Genomic data sets with low sequence
coverage can also bias N, estimates. Biases due to physical linkage and low coverage can be
controlled for by removing unreliable samples, SNPs, and genotypes prior to estimating
N.. Further, precision in N, estimates derived from genomic data sets should be reflected
using jackknife (rather than parametric) confidence intervals.

Sample
Composition

Marker Selection

Cramer et al. (2023), Reis-Santos et al.
(2018), and Ryman et al. (2023)
Collie and Sissenwine (1983)

Brunke et al. (2019), Funk et al. (2005),
and Mamoozadeh et al. (2023)

Keyghobadi et al. (2005) and Manel et al.
(2003)

Block et al. (2005) and Lindley et al.
(2011)

Adams et al. (1993), Bayliss and Hutton
(2017), Drew (2005), Drew and
Henne (2006), and Henson et al.
(2021)

Clarke et al. (2024)

R. S. Waples (2006a)

Marandel et al. (2020), Tallmon et al.
(2010), R. S. Waples (2006a), R. S.
Waples, Grewe, et al. (2018), and
Whiteley et al. (2012)

Kardos and Waples (2024), Marandel
etal. (2019), and Trask et al. (2017)

Luikart et al. (2010)

Do et al. (2014), Nunziata and Weisrock
(2018), R. S. Waples and Do (2010)

Do etal. (2014), and Kazyak et al.
(2022)

Luikart et al. (2021), Ruzzante et al.
(2016), R. S. Waples et al. (2013,
2014), and R. S. Waples and Antao
(2014)

R. S. Waples et al. (2013, 2014)

Ferchaud et al. (2016), R. S. Waples et al.
(2013), and Whiteley et al. (2012)

J. Wang (2009), R. S. Waples (2005), and
R.S. Waples et al. (2014)

Ruzzante et al. (2016) and R. S. Waples
etal. (2013,2014)

Luikart et al. (2021)

R.K. Waples etal. (2016) and R. S.
Waples et al. (2022)

Jones et al. (2016), Luikart et al. (2021);
Marandel et al. (2020), R. K. Waples
etal. (2016), R. S. Waples (2024a,
2024b), R. S. Waples and Do (2008),
and R. S. Waples et al. (2022)
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section Key concepts

Key references

HOW IS N, USED IN FISHERIES MANAGEMENT?

Factors Influencing  Decision making thresholds of N,=50/500 and N,=100/1,000 have frequently been used to  Frankham et al. (2014) and Franklin

Decision Making

distinguish populations at high/low risk of extirpation due to genetic diversity loss. (1980)
Simplifying the complex relationships reflected by N, into general thresholds (e.g., the
50/500 and 100/1,000 thresholds) may lead to erroneous inference of extirpation risk. At
worst, this may result in failure to identify populations experiencing actively declining N,
and/or high-risk populations that already exhibit perilously low N,.
Populations with the same N, may lose allelic diversity (an important component of genetic

Clark et al. (2024), Clarke et al. (2024),
Pérez-Pereira et al. (2022), Traill et al.
(2007), T. Wang et al. (2019), and R.
S. Waples (2024b)

Allendorfet al. (2024)

diversity) at very different rates if they differ in N. Allelic diversity thus provides an
important complementary metric for monitoring genetic diversity loss.

Ilustrative Inference of N, has informed decision making in diverse fisheries management contexts,
Empirical including for wild and captive populations.
Examples

Baillie et al. (2016), Bertram et al.
(2024), Christie et al. (2012),
Robinson et al. (2024), Ryman and
Laikre (1991), and U.S. Fish and
Wildlife Service (2023)

APPENDIX B-MATHEMATICAL EXPRESSIONS FOR N,

Here, we supply mathematical expressions that describe N,
based on inbreeding (Equation Bl), allele frequency vari-
ance (Equation B2), and linkage disequilibrium (Equation
B3). These expressions are intended to provide readers with
examples of the different definitions of N, discussed in Box 2
of the main text. Several alternative formulations are available,
including for populations with demographic characteristics

Table B1. Descriptions for the parameters used in Equations

B1-B3.

Parameter Description

N, Number of breeding females per generation

N Number of breeding males per generation

m

N,_, Size of the population in the parental generation

k The mean number of progeny contributed by
parents to the next generation

V. Variance in the mean number of progeny
contributed by parents to the next generation

2 Estimator for the squared correlations of allele
frequencies at pairs ofloci

S Number of sampled and genotyped individuals

that differ from those described here. Descriptions for the sym-
bology used below are listed in Table B1.

Inbreeding N, as defined by Wright (1931, 1969) for dioe-
cious populations that are randomly mating:

~  4N/N,
N.=—HL".
N;+N,

(B1)

Variance N, as approximated by Kimura and Crow (1963) for
dioecious populations that are randomly mating:

- _ (Ntfl _l)k
N.= Vk . (BZ)

14+
k

Linkage disequilibrium N, as approximated by R. S. Waples
(2006a) and R. S. Waples and Do (2010) for monoecious or
dioecious populations that are randomly mating:

~ 1
Ne=———.
3(72 _l) (B3)
S
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APPENDIX C:METHODS FORESTIMATING N, AND CORRESPONDING SOFTWARE PROGRAMS

Table C1. List of methods for estimating N, and their corresponding software programs. Though not an exhaustive list of available
programs, many of the most widely used programs for estimating N, in wild populations are shown.

Time period for

Estimator category Sampling scheme estimate Software References

Linkage disequilibrium ~ Within cohort Point estimate NeEstimator R.S. Waples and Do (2010)

Heterozygote excess Within cohort Point estimate NeEstimator Luikart and Cornuet (1999)

Molecular coancestry ~ Within cohort Point estimate NeEstimator Nomura (2008)

Temporal change Among >2 cohorts Multigeneration NeEstimator Jorde and Ryman (2007) and Nei and Tajima
average (1981)

ABC Within cohort Point estimate ONeSAMP Hong et al. (2024)

Genome-wide linkage ~ Within cohort Recent trajectory GONE; SNeP Barbato et al. (2015) and Coombs et al.

(2012)
Sibship frequency Within and/or among Point estimate COLONY Jones and Wang (2010) and J. Wang (2009,
cohorts 2016)
Neural net Single sample Point estimate currentNe Santiago et al. (2024)
Close kin mark Within and/or among Point estimate R Babyn et al. (2024)
recapture cohorts

Temporal change Among >3 cohorts Multiple point SalmonNb R.S. Waples et al. (2007)
estimates

Temporal change Among >2 cohorts Multigeneration MLNe Hui and Burt (2015) and J. Wang (2022)
average
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