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Abstract

Conservation units (CUs) are an essential tool for maximizing evolutionary potential and prioritizing areas across a species’ range for protection
when implementing conservation and management measures. However, current workflows for identifying CUs on the basis of neutral and
adaptive genomic variation largely ignore information contained in patterns of isolation by distance (IBD), frequently the primary signal of popula-
tion structure in highly mobile taxa, such as birds, bats, and marine organisms with pelagic larval stages. \While individuals located on either end
of a species’ distribution may exhibit clear genetic, phenotypic, and ecological differences, IBD produces subtle changes in allele frequencies
across space, making it difficult to draw clear boundaries for conservation purposes in the absence of discrete population structure. Here, we
highlight potential pitfalls that arise when applying common methods for delineating CUs to continuously distributed organisms and review ex-
isting methods for detecting subtle breakpoints in patterns of IBD that can indicate barriers to gene flow in highly mobile taxa. In addition, we
propose a new framework for identifying CUs in all organisms, including those characterized by continuous genomic differentiation, and suggest
several possible ways to harness the information contained in patterns of IBD to guide conservation and management decisions.
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What are conservation units?

Effective protection and management of biological diversity
often requires specification of conservation units (CUs), or in-
traspecific groupings used to guide conservation and manage-
ment decisions (Allendorf et al. 2022). CUs are delineated with
the goal of maximizing a species’ evolutionary potential and can
be used to pinpoint areas across a species’ range that should be
prioritized for protection given limited resources for conserva-
tion (Fraser and Bernatchez 2001). The goal of this paper is not
to provide a comprehensive review of the literature on CUs, as
this has already been done elsewhere (e.g. Fraser and Bernatchez
2001); instead, we offer a brief overview of the types of CUs that
exist to provide context for the rest of our discussion.

While there are numerous ways to designate CUs, a major
distinction can be drawn between CUs aimed at categorizing
biological differences among populations and those des-
ignated by federal agencies to implement policy. For the
purposes of this paper, we focus on biological entities, rather
than their analogous policy units, when discussing how to
split taxa into discrete CUs. The designation of biologically
meaningful CUs is an essential step in recovery planning for
threatened species (Allendorf et al. 2022), as it facilitates the
application of laws aimed at conserving the genetic variation
needed for local adaptation (Waples 1991) and population
persistence in the face of environmental change (Davis et al.
20035; Parmesan 2006).

Evolutionary significant units (ESUs), generally defined as
populations or groups of populations characterized by high
genetic and ecological distinctiveness (Allendorf and Luikart
2007; Funk et al. 2012), are one of the most recognized CUs.
While exact definitions vary (Ryder 1986; Waples 1991;
Moritz 1994; Crandall et al. 2000), ESUs represent an impor-
tant component of the evolutionary history of a species and
are biological entities that can be used to focus conservation
efforts below the species level. Distinct population segments
and designatable units, policy units analogous to ESUs, are
designated by federal agencies and granted legal protection
under the U.S. Endangered Species Act and Canadian Species
at Risk Act, respectively (Green 2005; Coates et al. 2018).

Adaptive units (AUs), or groups characterized by differ-
entiation at adaptive loci, are sometimes designated within
ESUs and can provide additional resolution when identifying
sources of unique genetic diversity (Funk et al. 2012; Barbosa
et al. 2018). Finally, management units (MUs) refer to dem-
ographically independent populations whose population dy-
namics primarily depend on local birth and death rates as
opposed to immigration (Palsbell et al. 2007). While ESUs
are used to inform larger scale range-wide conservation plan-
ning, MUs guide smaller scale management decisions, such
as setting harvesting quotas, monitoring populations, and
designating hunting and fishing areas (Funk et al. 2012). ESUs
are typically the largest CU, AUs are often intermediate in
size, and MUs are generally smaller than both ESUs and AUs,
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such that a single ESU can encompass multiple AUs and MUs
(Funk et al. 2012).

High-throughput genomic sequencing has revolutionized
our ability to accurately delineate CUs by providing data at
thousands of loci across the genome, allowing researchers to
detect and characterize neutral and adaptive genetic variation
with unprecedented precision. However, the flip side of this
increased resolution is that we now have the ability to detect
fine-scale patterns of population structure and signatures of
isolation by distance (IBD), making it more difficult to iden-
tify biologically meaningful divisions across a species’ range
for conservation purposes. To leverage this growing body of
genomic data for conservation planning, several workflows
have been proposed to facilitate the identification of CUs on
the basis of neutral and adaptive genomic variation (Funk et
al. 2012; Barbosa et al. 2018; Xuereb et al. 2021). For ex-
ample, Funk et al. (2012) recommend that researchers delin-
eate ESUs using both neutral and adaptive single nucleotide
polymorphisms (SNPs), identify MUs with neutral loci, and
quantify adaptive differences among MUs with putatively
adaptive loci identified from Fg outlier tests. However, none
of these existing workflows explicitly discuss how to conserve
genetic variation in species characterized by strong patterns
of IBD. Here, we build on previous work by proposing a
workflow for researchers charged with designating CUs in
highly mobile organisms.

The problem of IBD

While the framework detailed above is useful for species
characterized by limited dispersal distances and clear popu-
lation structure, many highly mobile species, such as birds,
bats, and marine organisms with pelagic larval stages, are
continuously distributed, lack geographic barriers to mi-
gration, and exhibit subtle genomic differentiation across
their range (Palumbi 1994; Veith et al. 2004; Kekkonen et
al. 2011), making it difficult to clearly define discrete units
using existing guidelines. This clinal genomic variation arises
from IBD, a pattern of decreasing genetic similarity with
increasing geographic distance that occurs due to constraints
on dispersal. First described by Wright (1943), IBD has been
documented in a wide range of species (Perez et al. 2018) and
is now readily detected with the growing availability of high-
throughput genomic sequencing data.

Genetic differentiation arising from IBD can lead to sig-
nificant behavioral, ecological, and phenotypic differentia-
tion that, in ring species and other extreme cases, is known
to result in reproductive isolation and speciation (Irwin et
al. 2005; Devitt et al. 2011). However, because IBD does not
create distinct breaks, instead generating subtle changes in al-
lele frequencies across geographic space, it can be difficult to
draw clear boundaries for conservation purposes. Prior to the
advent of high-throughput genomic sequencing, researchers
primarily used phylogenetic approaches (e.g. neighbor-joining
and unweighted pair-group method with arithmetic averages;
Salemi and Vandamme 2003), Bayesian clustering algorithms
(e.g. STRUCTURE), and multivariate statistical methods (e.g.
principal component analysis [PCA]) to delineate CUs on
the basis of either a single marker (e.g. mitochondrial DNA)
or a handful of loci (e.g. microsatellites) (Funk et al. 2012).
However, these methods can yield spurious results when ap-
plied to organisms that are continuously distributed and/or
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strongly structured by IBD, regardless of the marker type used
(Pritchard et al. 2000; Frantz et al. 2009; Meirmans 2012;
DeGiorgio and Rosenberg 2013). In particular, uneven geo-
graphic sampling combined with a strong pattern of IBD can
generate inflated estimates of genomic differentiation, thereby
resulting in the erroneous designation of CUs when using ge-
nomic data.

The primary goal of this paper is to present a more inclu-
sive workflow for identifying ESUs, AUs, and MUs in all taxa,
including highly mobile species showing signatures of IBD, as
well as organisms that exhibit discrete population structure.
This framework builds on existing workflows that guide the
delineation of CUs (Funk et al. 2012; Barbosa et al. 2018;
Xuereb et al. 2021), but includes steps explicitly aimed at
detecting subtle barriers to gene flow in organisms subject to
IBD. First, we review common methods for delineating CUs
and the problems that arise when these methods are applied
to taxa subject to IBD. Next, we discuss existing statistical
programs for detecting subtle breakpoints in patterns of IBD
that can be used to detect barriers to gene flow. Finally, in
cases where IBD is the only detected population structure,
we suggest several possible ways forward for identifying pri-
ority conservation areas across a species’ range. Throughout
the paper, we highlight several case studies that illustrate the
challenges associated with delineating CUs in continuously
distributed organisms and the ways in which our workflow
can provide additional resolution. Ultimately, the delineation
of CUs is not an end goal in itself, but rather a useful tool for
conserving genetic, phenotypic, and ecological distinctiveness
in a species. While some organisms may lack clear boundaries
that can be used to divide a species’ range into discrete CUs,
information contained in patterns of IBD can still be used to
inform conservation and management decisions.

Potential pitfalls when identifying CUs

Tree-based approaches are useful for detecting deep phy-
logenetic splits and can be an appropriate first step when
assessing population structure in clearly divergent organisms.
However, these methods are generally uninformative in highly
mobile taxa, which often lack discrete units exhibiting hier-
archical population structure (Diniz-Filho and De Campos
Telles 2002). We therefore focus on Bayesian clustering
algorithms and multivariate statistical methods in the fol-
lowing discussion.

As documented elsewhere (Schwartz and McKelvey 2009;
Oyler-McCance et al. 2013; Tucker et al. 2014; Balkenhol
et al. 2015), appropriate sampling design is essential for the
accurate detection of population structure. This is especially
true for organisms subject to IBD, as the uneven sampling
of taxa that exhibit continuous genomic differentiation
across space can lead to the detection of artificial clusters,
particularly when using hierarchical clustering approaches
(Serre and Piaibo 2004; Meirmans 2012). For example,
STRUCTURE, the most popular clustering algorithm, does
not take the geographic location of samples into account
(Pritchard et al. 2000), and can therefore falsely identify
multiple clusters if continuously distributed populations
are structured solely by IBD (Frantz et al. 2009). While a
recent meta-analysis found that signals of IBD are ubiqui-
tous in population genomic datasets, many studies do not
adequately account for spatial autocorrelation in allele
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frequencies when using Bayesian clustering methods (Perez
et al. 2018).

In contrast to clustering algorithms, multivariate analyses,
such as PCA, can perform better with continuous data (Price
et al. 2006; Petkova et al. 2016). However, PCA is likewise
sensitive to uneven sample sizes and poor geographic sam-
pling (McVean 2009; DeGiorgio and Rosenberg 2013),
potentially inflating signals of population structure when
used to delineate CUs in highly mobile organisms. Thus,
researchers should keep these potential caveats in mind
when using Bayesian clustering and multivariate statis-
tical approaches and sample individuals as evenly as pos-
sible across the landscape, rather than from predefined
populations, to reduce the likelihood of detecting artificial
clusters.

Even when individuals are sampled evenly across the land-
scape, the best supported number of genetic clusters (i.e. K)
inferred with Bayesian clustering methods may mask impor-
tant genetic variation that should be protected to maintain
adaptive potential (Lamichhaney et al. 2012). For example,
a study on migratory connectivity in the yellow warbler
(Setophaga petechia) found that K = 2, the optimal number of
populations as inferred using STRUCTURE, provides lower
resolution for visualizing important connections between
breeding and wintering populations than higher values of
K (Fig. 1.1; Bay et al. 2021). It is therefore critical to con-
sider biological context and the objectives of the study when
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choosing the most appropriate value of K with hierarchical
clustering approaches (Pritchard et al. 2000).

More recently, researchers have begun to take advantage of
outlier detection tests and landscape genomic methods (e.g.
genotype—environment associations [GEAs]) to identify pu-
tatively adaptive loci and incorporate this information into
the designation of CUs (Funk et al. 2012; Guo et al. 2016;
Peters et al. 2016; Barbosa et al. 2018; Xuereb et al. 2021).
Outlier detection methods screen the genome for loci showing
unexpectedly high levels of genomic differentiation and there-
fore assumed to be under divergent selection (Nosil et al.
2009), while GEA analyses test for correlations between ge-
nomic variation and environmental variables thought to be
involved in local adaptation (Forester et al. 2018). F. out-
lier tests can yield high rates of false positives and negatives
and often rely on strict assumptions about the demographic
history and evolutionary independence of samples, making
them less useful for the analysis of continuous data that ex-
hibit IBD (Meirmans 2012; Lotterhos and Whitlock 2014).
Nonetheless, several studies on adaptive divergence in con-
tinuously distributed species have successfully used F. out-
lier tests along environmental gradients to identify putatively
adaptive SNPs that show marked signatures of divergent se-
lection despite clinal patterns of neutral genomic differentia-
tion (Fig. 1.2; Milano et al. 2014; Wilder et al. 2020).

GEA approaches can be powerful for detecting local ad-
aptation in taxa showing strong signatures of IBD; however,

Fig. 1.1. A) PCA of breeding yellow warblers using 104,711 SNPs derived from RAD-Seq data. Points are colored by breeding state and ordered by
mean longitude. Patterns of migratory connectivity under B) K= 2 and C) K = 5 as inferred from STRUCTURE. Points are colored by breeding group
assignments indicated by STRUCTURE (shown in the inset) and the plots beneath each map show STRUCTURE results for 419 breeding yellow warbler
samples genotyped at 157 SNPs, with individuals ordered by longitude. Figure modified from Bay et al. (2021).
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Fig. 1.2. A) Sampling locations across the European hake distribution. Dashed lines indicate boundaries between northern and southern stocks in the
Atlantic, and between Atlantic and Mediterranean stocks. The inset shows a principal coordinate analysis based on Edwards’ genetic distance calculated
using 299 neutral SNPs. The outside ring of each point is colored according to the STRUCTURE results based on neutral loci, while the inside color
represents the STRUCTURE results based on outlier loci (for the Atlantic). STRUCTURE results for B) 299 neutral SNPs across the hake distribution (K
= 2) and C) 7 outlier SNPs within the Atlantic basin (K = 3). While STRUCTURE only distinguished between Atlantic and Mediterranean populations on
the basis of neutral genetic variation, 3 distinct genetic clusters were detected within the Atlantic using outlier SNPs. Figure modified from Milano et al.

(2014).

their results must be interpreted with caution if spatial pop-
ulation structure is not taken into account. For example,
environmental gradients are often correlated with neutral
population structure in organisms that exhibit clinal ge-
nomic variation across their geographic range, potentially
resulting in false positives when putatively adaptive loci
are identified with GEAs (De Mita et al. 2013; Lotterhos
and Whitlock 2015). As a result, sampling should ideally
maximize environmental variation while minimizing the col-
linearity between environmental gradients and neutral pop-
ulation structure to reduce the potential for false positives
(Nadeau et al. 2016).

Using all genomic loci to delineate ESUs

Given the risk of detecting artificial clusters and false
positives when IBD is not properly accounted for, researchers
should test for signatures of IBD if initial explorations of
genomic divergence reveal clinal patterns of genomic dif-
ferentiation or a lack of discrete population structure (Fig.
2, Steps 1 and 2). The simple Mantel test, which examines
the correlation between matrices of pairwise genetic and ge-
ographic distances, is one of the most common approaches
for detecting IBD (Guillot and Rousset 2013). Nonetheless,
simple Mantel tests can yield unreliable results in taxa that
do possess geographically distinct population clusters (e.g.
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Fig. 1.3. A) Individual assignment locations for coastal populations of Pacific cod using SCAT to assign geographic locations of origin based on patterns
of IBD. Plus signs indicate assignment locations and triangles represent sampling locations. Despite a strong pattern of IBD, genomic loci successfully
discriminated spawning populations of Pacific cod and accurately assigned individuals to populations of origin. B) DAPC for sampling locations shown as
triangles in (A), as well as 2 additional sampling locations in the Salish Sea (SS12/13) and Strait of Juan de Fuca (JDF12). While samples from the Salish
Sea (SS12/13) were differentiated from the coastal populations along discriminant function 2 (DF2, y axis), discriminant function 1 (DF1, x axis) reflected
a pattern of range-wide IBD. The authors attribute the clustering observed along DF1 to the lack of samples from southeast Alaska rather than true
genetic differentiation among isolated populations. Figure modified from Drinan et al. (2018).

populations that have undergone postglacial expansion from
multiple glacial refugia), as they are unable to distinguish be-
tween patterns arising from hierarchical clustering and those
produced by IBD (Meirmans 2012). In taxa that likely show
signatures of both hierarchical population structure and
IBD, stratified Mantel tests, which permute the locations of
populations within clusters, or redundancy analysis (RDA),
which combines PCA and multiple regression to evaluate the
influence of a matrix of geographic coordinates on a matrix
of allele frequencies, should be used to distinguish between
these 2 processes (Fig. 2, Step 3; Meirmans 2015; Perez et al.
2018).

In the event that IBD is the overwhelming signal of pop-
ulation structure, a number of statistical approaches can be
used to examine genomic variation across space and identify
breakpoints in patterns of IBD, or areas where genetic distance
is greater than expected under IBD (Fig. 2, Step 4). Several
studies using nonspatial Bayesian methods to identify genetic
clusters have investigated the potential for artificial clustering
by plotting genetic distance (i.e. pairwise F) against geo-
graphic distance and coloring the points according to cluster
membership (Rosenberg et al. 2005; Fontaine et al. 2007,
Guillot et al. 2009). If genetic variation is indeed explained
by factors other than geographic distance, genetic distance
should be much larger for pairs of sites belonging to dis-
tinct genetic clusters than those belonging to the same cluster
for a given class of spatial distances. In addition, Bayesian
clustering algorithms have been developed that incorporate
spatial information by placing spatial priors on cluster mem-
bership, such that the probability that 2 individuals belong
to the same genetic cluster decreases with increasing geo-
graphic distance between them (e.g. GENELAND [Guillot
et al. 2005], TESS [Chen et al. 2007], and BAPS [Cheng et
al. 2013]). However, like nonspatial clustering approaches,
these methods assume constant allele frequencies within
clusters across a species’ range and are therefore similarly
susceptible to the effects of IBD (Frantz et al. 2009; Guillot
and Santos 2009).

In contrast, the clustering method conStruct simultaneously
models continuous and discrete patterns of population struc-
ture by explicitly incorporating a model of IBD (Bradburd
et al. 2018). Although the program can be computationally

demanding to run on many samples, conStruct avoids some of
the overfitting issues observed with nonspatial model-based
clustering algorithms and more accurately captures spatial
structure in continuously distributed taxa (Bradburd et al.
2018). Finally, several recent methods for detecting barriers
to gene flow between populations can be leveraged to identify
breakpoints in patterns of IBD and inform the identification
of CUs. For example, EEMS (Estimated Effective Migration
Surfaces), and its faster counterpart FEEMS (Fast Estimation
of Effective Migration Surfaces), allow researchers to visu-
alize spatial patterns of population structure in organisms
that exhibit IBD and identify regions where gene flow is
either higher or lower than average (Petkova et al. 2016;
Marcus et al. 2021). The program DResD (i.e. distribution
of residual dissimilarity) can also be used to identify geo-
graphic regions where genetic distance between individuals
is significantly higher than expected from the effect of IBD
alone, indicating possible barriers to gene flow (Hindrikson
et al. 2013; Keis et al. 2013; Fedy et al. 2017). While multi-
variate statistical analyses (e.g. PCA) and Bayesian clustering
methods (e.g. STRUCTURE) are routinely used in CU delin-
eation, we advocate the use of the lesser-known approaches
listed above when identifying ESUs in organisms subject to
IBD. These programs will aid the interpretation and visualiza-
tion of Bayesian clustering results and ensure that important
genetic variation necessary to maintain evolutionary potential
is captured when designating ESUs (Fig. 2, Step 5).

Case study: IBD masks important biological
information in the yellow warbler

The yellow warbler case study (Box 1A) illustrates how
relying on the best supported value of K revealed by Bayesian
clustering approaches can cause researchers to miss critical
biological information relevant to the designation of CUs.
Bay et al. (2018) use restriction site-associated DNA (RAD)
sequencing of 229 individuals sampled from 21 locations
across the breeding range of the yellow warbler to identify
104,711 SNPs (Fig. 1.1A). Using a simple Mantel test to
correlate geographic distance with pairwise genetic distance
between sampling locations, they document a strong signal
of IBD (Mantel’s r = 0.85, P = 1 x 107). In addition, they
conduct a multiple regression analysis with geographic and
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Fig. 2. Decision tree for identifying ESUs, AUs, and MUs in taxa exhibiting discrete population structure and/or continuous genomic differentiation.
Analyses using all loci (adaptive and neutral) are indicated in blue, analyses using putatively adaptive loci are depicted in green, and analyses using
neutral loci are shown in orange.
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Box 1. Case studies illustrating the challenge of designating CUs in continuously distributed
taxa

A.Yellow warbler (Setophaga petechia)

The yellow warbler is a migratory songbird that breeds from Canada to Mexico. While common across its breeding range, the species
has suffered local population declines and is considered a species of conservation concern in certain areas (Shuford and Gardali 2008).
According to microsatellite loci and SNPs derived from RAD data, genetic variation in the yellow warbler is strongly structured by IBD (Gibbs
et al. 2000; Bay et al. 2018, 2021). The top principal components in a PCA were strongly correlated with both longitude and latitude (Bay et
al. 2021), and a Bayesian clustering analysis using the program STRUCTURE found support for K= 2 as the optimal number of populations.
Nonetheless, as revealed by gradient forest analysis of RAD-Seq data, the yellow warbler exhibits standing genetic variation for adaptation
to different climate regimes across its breeding distribution, with populations in the Rocky Mountains revealing the greatest mismatch be-
tween current and predicted future genotype—environment relationships (i.e. genomic vulnerability) (Bay et al. 2018). In addition, patterns
of migratory connectivity as interpreted under K = 2 obscure important connections between breeding and wintering populations that can
help inform conservation efforts. These findings suggest that 1) yellow warblers possess important genetic variation across their breeding
range (beyond the 2 genetic clusters revealed by STRUCTURE) that should be conserved to maximize evolutionary potential, 2) populations
in the Rocky Mountains may be especially vulnerable to future climate change, and 3) K = 5 provides more information that can be used
to pinpoint geographic areas across the annual cycle that should be prioritized for protection than K = 2. Therefore, traditional methods of
delineating CUs (e.g. Bayesian clustering algorithms and PCAs), which find support for 2 genetic clusters, do not adequately capture ge-
netic and ecological distinctiveness across the breeding distribution of the yellow warbler.

B. European hake (Merluccius merluccius)

The European hake is a widely distributed fish of commercial interest that resides in environmentally variable regions from the North Sea
and Atlantic Ocean to the Mediterranean Sea and suffers from overfishing. Hake populations in the Atlantic and Mediterranean are sep-
arately managed and exhibit clear differences in demographic and life history traits, such as growth rate, size at maturity, and spawning
season (Milano et al. 2014). Despite a lack of evidence for population structure, a northern and southern stock within the Atlantic Ocean
have been delineated on either side of the Cap Breton Canyon, a supposed barrier to fish movement. Using SNP genotyping, Milano et al.
(2014) sequenced 850 individuals from across the entire hake distribution and used outlier detection tests to investigate large- and fine-
scale population structure on the basis of neutral and putatively adaptive SNPs. The panel of 299 putatively neutral markers confirmed the
genetic break between Atlantic and Mediterranean basins, but revealed weak genetic differentiation and a strong pattern of IBD within
basins, indicating high connectivity between the previously delineated northern and southern stocks within the Atlantic (Milano et al.
2014). STRUCTURE analyses of outlier loci within basins, however, revealed additional fine-scale population structure, identifying 3 genetic
clusters in the Atlantic that correspond to the North Sea, Northern Portugal, and the remaining Atlantic locations (Fig. 1.2C), and genetic
structure within the Mediterranean (not shown) (Milano et al. 2014). Thus, while neutral markers show a clinal pattern of population differen-
tiation within the Atlantic and Mediterranean basins, failing to provide clear breakpoints in patterns of IBD that can be used to identify CUs,
putative adaptive variation provides additional resolution that should be incorporated to revise existing CUs and more effectively conserve
adaptive potential.

C. Pacific cod (Gadus macrocephalus)

The Pacific cod is a commercially harvested species of groundfish that inhabits coastal regions in the North Pacific Ocean. According to
microsatellite markers, Pacific cod exhibit a tight pattern of IBD along the western coast of North America, complicating the identification of
clear MUs (Cunningham et al. 2009; Spies 2012). Nonetheless, the species is currently managed as 4 separate stocks: Bering Sea, Aleutian
Islands, Gulf of Alaska, and Pacific coast. Using restriction site-associated DNA (RAD) sequencing, Drinan et al. (2018) identified 65 outlier
loci showing evidence for selection among coastal spawning populations and documented a strong signal of IBD along the Washington
coast, British Columbia, Gulf of Alaska, and Aleutian Islands. Genomic loci were sufficiently differentiated among coastal populations to
allow successful assignment to populations of origin using a continuous assignment test called SCAT, which interpolates allele frequencies
in an IBD relationship, and a leave-one-out approach. The authors suggest that established MUs may not accurately reflect stock structure
in Pacific cod and highlight population structure over small spatial scales (e.g. Prince William Sound: PSW1 vs. Kodiak Island: KD03) that
may be relevant to management decisions.

environmental distance matrices; only geographic distance
was significant (MRM: R? = 0.73; geography P = 1 x 10-%; en-
vironment P = 0.12), indicating that IBD is the primary force
structuring genome-wide variation in the yellow warbler.

To investigate patterns of discrete population structure
across the breeding range, Bay et al. (2021) run STRUCTURE
with the same breeding samples to estimate individual ancestry
proportions. They find support for K = 2 as the optimal number of
genetic clusters, suggesting that the yellow warbler is comprised
of at least 2 ESUs (Fig. 1.1B). However, additional analyses (e.g.
gradient forest and patterns of migratory connectivity) suggest

that yellow warblers possess additional genetic variation across
the breeding range (beyond the 2 genetic clusters revealed by
STRUCTURE) that may be important to conserve in order to
maintain adaptive potential (Fig. 1.1C). While this study did not
focus on the delineation of CUs, a logical next step in order to
achieve that goal would be to use all identified genomic loci to
search for geographic regions where genetic distance is greater
than expected under IBD within each genomic cluster (e.g. using
conStruct, EEMS, or DResD; Fig. 2, Step 4). The detection of
additional breakpoints using these programs could indicate that
the yellow warbler should be split into further ESUs.
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Using adaptive loci to delineate AUs

In addition to clustering algorithms and programs designed
to identify barriers to gene flow in continuously distributed
taxa, statistical methods aimed at searching for signatures
of local adaptation can also be integrated to delineate
AUs (Fig. 2, Step 6). Certain GEA methods (e.g. Bayenv2,
LFMM, and RDA) are capable of controlling for neutral
population structure while identifying adaptive varia-
tion, thereby reducing the risk of detecting false positives
(Rellstab et al. 2015). A simulation study comparing sev-
eral GEA methods found that RDA, a multivariate ordi-
nation technique that can analyze numerous genomic loci
and environmental predictors simultaneously, outperforms
random forest and several univariate methods when
detecting adaptive variation across various strengths of se-
lection (Forester et al. 2018).

Additionally, genome-wide association studies (GWAS)
can be conducted to identify genomic loci that underlie
adaptive traits and examine how these loci are distributed
among populations. However, phenotypic data are lacking
for many species of conservation concern and the pheno-
typic traits involved in local adaptation are often unknown,
limiting the utility of GWAS for the delineation of CUs.
Outlier detection methods can also be used to identify loci
that exhibit high genetic differentiation relative to overall
population structure and are likely involved in divergent
selection. Unlike GEAs, F_ outlier tests do not require
knowledge of the environmental factors underlying local
adaptation, but are less useful when applied to continuously
distributed organisms that show signatures of IBD and lack
clear neutral population structure given their high type I and
IT error rates (Lotterhos and Whitlock 2014). Nonetheless,
outlier tests that estimate and account for evolutionary
nonindependence among samples (e.g. FLK, Bayenv2, and
OutFLANK) show some promise for accurately identifying
loci under divergent selection in nonequilibrium scenarios
with IBD (Lotterhos and Whitlock 2014; Whitlock and
Lotterhos 2015). After identifying candidate SNPs using
these approaches, researchers can search for evidence of dis-
crete population structure (e.g. using PCA or STRUCTURE;
Fig. 2, Steps 6 and 7), as more commonly done, or subtle
breakpoints in patterns of IBD (e.g. using conStruct, EEMS,
or DresD; Fig. 2, Step 8), less commonly done, using pu-
tatively adaptive loci to delineate AUs (Fig. 2, Step 9a).
Despite their shortcomings, GEA, GWAS, and outlier detec-
tion methods can provide additional resolution of adaptive
genomic differences across a species’ distribution.

Case study: Adaptive loci reveal additional
population structure in the European hake
(Merluccius merluccius)

The case study in European hake (Box 1B) demonstrates
how adaptive loci can provide additional resolution needed
to split continuously distributed organisms subject to IBD
into discrete CUs. Using SNP genotyping, Milano et al.
(2014) sequence 850 individuals from 19 locations across
the distribution of European hake (Fig. 1.2A). The authors
detect outliers using Arlequin and Bayescan to define a panel
of 299 putatively neutral SNPs and a panel of basin-specific
outlier SNPs within the Atlantic (#z = 7) and Mediterranean
(n = 19). To test for IBD, the authors correlate geographic
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distance with linearized pairwise F based on neutral SNPs
and document a significant pattern of IBD within both
the Atlantic (r = 0.84; P = 0.014) and Mediterranean (r =
0.48; P = 0.003) basins. They use the GEA method Bayenv
to test for associations between genetic variation at outlier
loci and 2 environmental variables (seawater salinity and
surface temperature). Finally, they run STRUCTURE to
infer genetic clusters based on 1) neutral SNPs, 2) outlier
SNPs within the Atlantic, and 3) outlier SNPs within the
Mediterranean. While K = 2 was the best supported number
of genetic clusters based on neutral markers (Fig. 1.2B), the
putatively adaptive outlier loci revealed additional pop-
ulation structure within each basin (e.g. 3 genetic clusters
within the Atlantic; Fig. 1.2C). Several of the identified out-
lier SNPs within the Atlantic basin were strongly correlated
with environmental variables, providing support for the
designation of multiple AUs in European hake. While the
authors stop here, running conStruct, EEMS, or DResD with
putatively adaptive SNPs (Fig. 2, Step 8) could reveal addi-
tional breakpoints in patterns of IBD and provide further
resolution when splitting European hake in the Atlantic and
Mediterranean basins into AUs.

What if genomic variation is truly continuous?

In cases in which neutral and adaptive genomic variation are
clinally distributed and no clear breakpoints in patterns of
IBD can be detected across a species’ range, it may be im-
possible to draw boundaries corresponding to discrete ESUs
or AUs on the basis of genomic variation alone. We propose
several possible ways forward for identifying portions of a
species’ range that should be protected to ensure the main-
tenance of evolutionary potential in the absence of discrete
population structure (Fig. 2, Step 9b). First, when available,
information on life history traits, ecological, phenotypic, and
behavioral differences among populations, and population
abundance can be incorporated to help inform the delinea-
tion of AUs (Allendorf et al. 2022). For example, adaptive
phenotypic traits that are acquired primarily through social
learning (e.g. bird song) or controlled by few genomic loci
(e.g. migratory timing in fish or avian plumage coloration)
may show clear differentiation across a species’ range de-
spite a lack of genome-wide genetic divergence (Prince et al.
2017; Semenov et al. 2018; Turbek et al. 2021). Thus, these
traits can be useful for dividing continuously distributed spe-
cies into discrete AUs when high resolution genomic data
cannot be obtained or breakpoints in patterns of IBD are
not detected (Vredenburg et al. 2007; Delarue et al. 2009;
Mahoney et al. 2021). However, defining AUs on the basis of
single-gene differences that encode adaptive traits is generally
not advisable unless these traits are of fundamental ecological
and evolutionary importance and directly underlie reproduc-
tive isolation, such that they warrant special consideration
for defining CUs (Waples and Lindley 2018). Additionally,
variation in spatially explicit estimates of population abun-
dance (e.g. based on Wright’s neighborhood size [Shirk and
Cushman 2014]) can indicate regions across a species’ dis-
tribution that potentially represent barriers to gene flow that
are not yet reflected at the genomic level. In the absence of
additional data, dips in population abundance can therefore
be used to help draw the lines necessary to split highly mobile
species into discrete CUs.
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Alternatively, genomic information contained in patterns of
IBD can be used to identify particular areas across a species’
range that should be prioritized for protection in order to max-
imize the likelihood of population persistence. For example, if
the objective was to maintain 90% of allelic richness or heter-
ozygosity within a species, one could examine spatial patterns
of genomic variation across the distribution and identify key
areas that must be protected in order to maintain that propor-
tion of neutral and/or putatively adaptive genetic diversity.
Another option to guide decisions regarding the allocation
of limited conservation resources could be to use forecasting
methods, such as genomic offset modeling, to predict the vul-
nerability of populations to future environmental change.
Genomic offset models assess relationships between patterns
of adaptive genomic variation and environmental variables in
the present and project these relationships into the future to
estimate the degree of genomic vulnerability (i.e. the amount
that allele frequencies must shift in order for populations to
keep pace with environmental change) (Fitzpatrick and Keller
2015; Bay et al. 2018; Capblancq et al. 2020). These models
generate continuous predictions of allelic turnover across a
species’ range and can be used to pinpoint portions of the
distribution that are most vulnerable to future environmental
change and should therefore be prioritized for protection.
Finally, in the absence of additional ecological, phenotypic, or
population abundance data that can be leveraged to inform
the delineation of CUs, one could simply use existing admin-
istrative boundaries to divide a species’ range into separate
units that can guide conservation and population manage-
ment decisions. While these administrative boundaries may
be somewhat arbitrary with respect to an organism’s biology,
their adoption for conservation purposes would enable con-
servation practitioners to implement different conservation
measures to protect populations located on either end of a
species’ distribution, which often exhibit clear genetic, eco-
logical, and behavioral differences that should be conserved
to maintain evolutionary potential.

Using neutral loci to delineate MUs

Even when clear boundaries cannot be drawn across the dis-
tribution to divide a species into either ESUs or AUs, patterns
at neutral loci can be used to delineate discrete MUs that
represent demographically independent populations (Fig. 2,
Step 10). According to Palsbell et al. (2007), the delineation
of MUs should be based on the observed estimate of popula-
tion genomic divergence, as this estimate is a function of the
dispersal rate among populations. While the threshold level
of divergence that corresponds to demographic independence
will depend on the conservation context, effective population
size, and various aspects of the target species, Palsbell et al.
(2007) provide guidelines for setting this threshold and sug-
gest several simulation programs that can be used to estimate
the expected level of genomic divergence under different dis-
persal rates. In addition, population assignments tests, which
use genomic data to identify the geographic origin of sampled
individuals, can provide insight into the demographic inde-
pendence of populations (Benestan et al. 2015; Drinan et al.
2018). In particular, high population assignment success for
individuals sampled in different geographic regions may pro-
vide support for the designation of discrete MUs (Fig. 1.3). In
cases in which genomic data alone fail to resolve MU status,
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additional demographic data (e.g. from mark-recapture and
long-term monitoring studies) can also be incorporated to
quantify spatial variation in population dynamics and iden-
tify demographically independent populations (Fig. 2, Step
11; Rushing et al. 20165 Forester et al. 2022). The delinea-
tion of MUs in species strongly structured by IBD will allow
conservation practitioners to apply different management
strategies to populations that potentially exhibit genetic, phe-
notypic, and ecological differences despite clinal genomic
variation across a species’ range. In addition, dividing spe-
cies subject to IBD into distinct MUs can increase sustainable
yield for harvested taxa and avoid overexploitation and pop-
ulation collapse, especially when highly mobile organisms are
faced with spatially disproportionate fishing and/or poaching
pressure (Spies et al. 2015).

Case study: Population assignment tests provide
insight into stock boundaries in Pacific cod (Gadus
macrocephalus)

The Pacific cod case study (Box 1C) illustrates how pop-
ulation assignment tests can be leveraged to aid the desig-
nation of MUs in highly mobile taxa structured by IBD. To
inform stock boundaries in the Pacific cod, Drinan et al.
(2018) use RAD sequencing to identify 6,425 SNPs from
276 individuals across the species range in the eastern Pacific
Ocean (Fig. 1.3A). The authors use a simple Mantel test to
estimate the magnitude of IBD, documenting a strong pattern
of IBD among coastal samples (R? = 0.81). In addition, they
carry out a discriminant analysis of principal components
(DAPC) to visualize genomic relationships among spawning
locations. The DAPC indicated that the samples formed 3 ge-
nomic clusters, one comprised of individuals from the Salish
Sea and 2 other clusters along the coast (Fig. 1.3B). However,
given the strong pattern of IBD, clustering among the coastal
samples was likely due to uneven geographic sampling rather
than true genetic differentiation among isolated populations.
These results thus highlight the importance of appropriate
sampling design when examining population structure in
organisms subject to IBD.

The authors then use BayeScan and OutFLANK, 2 outlier
detection methods, to identify candidate loci under selection.
Sixty-five SNPs were identified as putatively under selection
across the sampled coastal range using both outlier detection
approaches. Finally, the authors use a number of different
assignment methods (GeneClass2, Assigner, and SCAT) to
assess the power of all loci to accurately assign individuals
to their sample of origin. SCAT (Smoothing and Continuous
AssignmenTs), leverages information in patterns of IBD to
assign individuals to a geographic location of origin, rather
than a discrete population. The authors point to successful
population assignment rates despite the strong pattern of
IBD exhibited by coastal populations as evidence that estab-
lished MUs in Pacific cod may not reflect true stock structure
(Fig. 1.3A). However, carrying out this population assign-
ment analysis separately with putatively neutral and outlier
SNPs would allow the authors to distinguish between AUs
and MUs.

Conclusions

The accurate delineation of CUs is essential to maximize
adaptive potential and ensure the effective protection and
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management of biological diversity. Current guidelines for
designating CUs largely neglect information found in patterns
of IBD; however, clinal genomic variation in continuously dis-
tributed species often contains important information that
can be used to aid conservation efforts and identify partic-
ular areas across a species’ range that should be prioritized
for protection. We explore the ways in which researchers can
extract information relevant to conservation from patterns of
IBD and highlight additional data that can be incorporated to
ensure that conservation efforts capture unique genetic var-
iation necessary to maintain evolutionary potential. While
emphasis is often placed on drawing clear lines to divide
populations into discrete CUs that can be separately man-
aged, some organisms may be characterized by subtle patterns
of genomic variation and lack obvious boundaries across
their geographic range. CUs are merely a tool to achieve
the ultimate goal of protecting the distribution of genomic,
phenotypic, and ecological variation in a species. Therefore,
all genomic information, whether useful for drawing clear
boundaries across a species’ range or not, should be used to
inform conservation and management decisions.
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