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Abstract

Coastal marine environments are subject to a variety of anthropogenic pressures that can
negatively impact habitats and the biodiversity they harbor. Conservation actions such asmarine
protected areas, marine reserves, and other effective area-based conservation measures, are
pivotal tools for protecting coastal biodiversity. However, to be effective, conservation area
networks must be planned through a systematic conservation planning (SCP) approach.
Recently, such approaches have begun to orient their goals toward the conservation of different
biodiversity facets and to integrate different types of data. In this review, we illustrate how genetic
data and molecular techniques can bring useful knowledge for SCP approaches that are both
more comprehensive (sampling the full range of biodiversity) and more adequate (ensuring the
long-term persistence of biodiversity). With an emphasis on coastal organisms and habitats, we
focus on phylogenetic analysis, the estimation of neutral and adaptive intraspecific genetic
diversity at different spatial levels (alpha, beta, and gamma), the study of connectivity and
dispersal, and the information obtainable from environmental DNA techniques. For each of
these applications, we discuss the benefits of its integration into SCP for coastal systems, its
strengths and weaknesses, and the aspects yet to be developed.

Impact statement

Genetic data provide useful information to guide the siting and design of conservation areas in
coastal systems, such as marine protected areas. For example, reconstructing the evolutionary
relationships between species through a genetic-based phylogenetic tree can inform on the
presence of evolutionarily distinct species and orient the creation of marine protected areas
toward sites where these species are present. Another useful application of genetic data is
parentage analysis, where juveniles can be assigned to their parents and the distance between
them can be used to infer the dispersal capacities of these individuals in the larval stage. These
data, in turn, can be used to define the spacing between different marine protected areas, so that
larvae can disperse between themwhileminimizing the risk of being transported to areas open to
fishing. We review how applications of genetic data (including phylogenetic inference, study of
intraspecific genetic variation, estimation of dispersal, and sequencing of environmental DNA)
can be fruitfully used to plan networks of marine conservation areas that are more effective,
meaning that they protect all facets of biodiversity in the long term. The integration of genetic
data into marine spatial conservation planning can thus help reach global goals of biodiversity
conservation.

Introduction

The biodiversity of coastal ecosystems is subject to a variety of human pressures, such as water
pollution, overfishing, and coastal development (Andrello et al., 2022b; Herbert-Read et al.,
2022). Marine conservation areas (MCAs), which include marine protected areas (MPAs),
marine reserves, and other effective area-based conservation measures (OECMs), can partially
mitigate the impacts of these pressures (Maxwell et al., 2020; Grorud-Colvert et al., 2021; Gurney
et al., 2021). The Kunming–Montreal Global Biodiversity Framework of the Convention on
Biological Diversity recognizes that conservation areas are pivotal for biodiversity conservation;
specifically, the framework prescribes all member states to effectively conserve and manage at
least 30% of coastal and marine areas “through ecologically representative, well-connected and
equitably governed systems of protected areas and other effective area-based conservation
measures” (CBD, 2022).
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To positively impact coastal biodiversity and ecosystems, MCAs
should be placed and designed following clear conservation object-
ives, ideally within a systematic spatial conservation planning
framework (Alvarez-Romero et al., 2018; Balbar and Metaxas,
2019). Systematic conservation planning (SCP; here used as a
synonym of spatial conservation planning and spatial conservation
prioritization) is a process whereby limited resources are allocated
to conservation actions (such as the creation of protected areas or
ecosystem restoration) that are distributed on the seascape follow-
ing a criterion of optimality (Margules and Pressey, 2000; Margules
and Sarkar, 2007; Moilanen et al., 2009b). The seascape under
consideration is subdivided into planning units (PUs) of adequate
size, usually dictated by the spatial scale at which the study is
conducted. Each PU can be assigned to one or more conservation
actions and each conservation action has a cost of implementation.
In the case of MCA planning, the conservation actions are the
creation of a MCA, or the zoning of a MCA into different statuses
(e.g., fully protected or partially protected; Zupan et al., 2018). Costs
can be quantified in monetary terms (e.g., direct costs to create and
manage a marine reserve or opportunity costs representing loss of
previous seascape use) or set proportional to PU size.

The criteria guiding the selection of PUs for protection are
usually those of comprehensiveness, adequacy, and efficiency
(Kukkala and Moilanen, 2013). Comprehensiveness is the degree
to which a set of MCAs samples the full range of biodiversity taking
into account different biodiversity facets (e.g., species diversity,
phylogenetic diversity, and intraspecific diversity), structure (e.g.,
habitat types), and functions (e.g., dispersal processes) (Wilson
et al., 2009; Pollock et al., 2020). Adequacy means ensuring the
long-term preservation of biodiversity: a common approach to
address adequacy is to set conservation goals in the form of a
minimum portion of species ranges covered by protected areas,
but should also consider connectivity and evolutionary processes
(Wilson et al., 2009; Andrello et al., 2022a). Efficiency means that
comprehensiveness and adequacy should be fulfilled at the min-
imum possible cost or within a predefined budget. These criteria
can be expressed in mathematical terms and formulated as a
problem with explicit objectives and constraints, which can be
solved using different approaches (Moilanen et al., 2009a). The
solution of the SCP problem is a list of PUs chosen for protection,
which constitutes the network of MCAs for the region under study.

Molecular ecology techniques provide different types of genetic
data that can inform the process of SCP in coastal marine systems
(Andrello et al., 2022a; Jeffery et al., 2022; Nielsen et al., 2022;
Riginos and Beger, 2022). First, manymarine ecosystems are highly
biodiverse, making it important, but challenging, to detect andmap
the distribution of all facets of biodiversity and resolve the evolu-
tionary history of species. Genetic data can help resolve the phylo-
genetic relationships between marine species and elucidate genetic
diversity within species. Second, marine environments are often
challenging to sample in, leaving much biodiversity unknown.
Sequencing of marine environmental DNA (eDNA; terms in italic
are defined in the glossary in Table 1) is increasingly employed to
complement data on the spatial distribution of species, and has the
potential to lead to more comprehensive SCP solutions. Third,
genetic data can inform on the existence and distribution of locally
adapted populations that can be more resistant to some anthropo-
genic selective pressures, for example, warming waters created by
climate change. Finally, planning well-connected systems of MCAs
requires knowledge of dispersal of marine organisms. Genetic data
can play an important role in estimating dispersal, where other
approaches (such as biophysical models of larval dispersal ) may fail,

even if their applications to marine organisms must address the
additional difficulties posed by high gene flow and large effective
population sizes. With a focus on the properties of coastal marine
systems, we review how four major genetic techniques (phylogen-
etic inference, estimation of intraspecific genetic diversity, estima-
tion of dispersal, and environmental DNA sequencing) can be
fruitfully used in SCP.

Leveraging genetic data for marine spatial
conservation planning

Phylogenetic inference

A comprehensive view of biodiversity includes multiple facets
(Mace et al., 2003; Purvis et al., 2005), one of which is the evolu-
tionary history or evolutionary change represented by a set of taxa,
usually quantified using metrics of phylogenetic diversity. Several
reasons justify the consideration of evolutionary history in conser-
vation decisions. First, conservation actions that preserve a greater
amount of evolutionary history are to be favored because evolu-
tionary history has intrinsic value like all other aspects of biodiver-
sity. In addition, more evolutionary information is lost when a
highly differentiated species from an old, species-poor clade
becomes extinct than when a weakly differentiated species from a
young, species-rich clade becomes extinct: this is often considered a
sufficiently strong argument to prioritize phylogenetically distinct
or unique species for conservation (Winter et al., 2013). Phylogen-
etic relationships inferred from genetic data also can help conserve
biodiversity when taxonomic status is uncertain (Rosauer et al.,
2018). From an anthropocentric point of view, conserving more
evolutionary history means conserving more phenotypic diversity,
which in turn can translate into enhanced benefits from ecosystem
processes and potential future use of biodiversity, increased evolu-
tionary potential, decreased extinction rates, and enhanced human
experience due to a preference for nature’s variety or novelty
(Tucker et al., 2019). A fundamental assumption underlying this
point of view is that phylogenetic diversity can be a proxy for
functional diversity, and is therefore linked to ecosystem function-
ing and services. However, the strength of the relationship between
phylogenetic diversity and functional diversity varies greatly (Mazel
et al., 2018, 2019; Owen et al., 2019) and stronger evidence is needed
to use phylogenetic diversity as a surrogate for functional diversity
in making conservation decisions (Tucker et al., 2019).

High quality species-level phylogenetic trees are available for
major groups of coastal organisms, including reef corals (Huang
and Roy, 2015), cartilaginous fishes (Stein et al., 2018), ray-finned
fishes (Rabosky et al., 2018), and marine mammals (Faurby et al.,
2018; Upham et al., 2019), while the phylogenies of other marine
taxa remain less known. These unresolved phylogenies will likely
benefit from the development of new sequencing technologies that
have enabled “phylogenomic” approaches, in which large numbers
of sequenced genes in many taxa can be used to infer phylogenetic
trees (Kapli et al., 2020). Eventually, data from the EarthBiogenome
project will allow estimating the phylogenetic tree of all eukaryotic
species (Lewin et al., 2022).

Gap analyses have shown that many existing systems of MCAs
do not cover phylogenetic diversity adequately (Mouillot et al.,
2011; Guilhaumon et al., 2015; May-Collado et al., 2016; Robu-
chon et al., 2021; Mouton et al., 2022). For example, Mouillot
et al. (2016) found that the global MPA system secured only 1.7%
of the tree of life for corals, and 17.6% for fishes. Moreover,
spatial analyses have shown that areas with high phylogenetic
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diversity are also those with high taxonomic richness (Mouillot
et al., 2011; Albouy et al., 2017), but do not always overlap with
areas with high functional diversity (Mouillot et al., 2011; Mazel
et al., 2018; Ng et al., 2022), highlighting the need to consider
these biodiversity facets explicitly in SCP (Pollock et al., 2020). A
common method to maximize phylogenetic diversity in SCP is to
use the branches of the phylogenetic tree as biodiversity features
(Rodrigues and Gaston, 2002).

Finally, although we have emphasized species-level phylogenies,
we note that considerable genealogical variation exists within

species, so the phylogenetic approach can also be applied to inte-
grate within-species genetic diversity into SCP (Carvalho et al.,
2017).

Estimation of intraspecific genetic diversity

Intraspecific phenotypic diversity, in the form of phenotypic dif-
ferentiation between individuals and populations, can be an
asset allowing species to adapt to novel environmental conditions
(Donelson et al., 2019). Such intraspecific phenotypic diversity

Table 1. Glossary of terms used in the text

Adaptive genetic diversity. The genetic diversity that is estimated at adaptive genes, that is, those that have an effect on fitness (Holderegger et al., 2006).

Adult spillover. Outward net emigration of adults from marine protected areas (Di Lorenzo et al., 2020).

Assignment test. A statistical approach to match an individual recruit to its source population on the basis of the expected frequency of its multi-locus genotype in
alternative putative sources (Manel et al., 2005; Christie et al., 2017).

Biodiversity feature. A component of biodiversity (e.g., species, alleles, and ecosystems) that can be mapped in a seascape.

Biophysical models of larval dispersal. Mathematical models that simulate dispersal of marine larvae by accounting for physical processes (e.g., buoyancy and
advection by marine currents, waves, and tides) and biological processes (e.g., swimming, orientation, diel vertical migration, and mortality).

Connectivity. The flow of materials, energy, organisms, genes, etc. among habitat patches or regions of interests (Beger et al., 2022).

Cryptobenthic fishes. Adult fishes of typically <5 cm that are visually and/or behaviorally cryptic, andmaintain a close association with the benthos (Depczynski and
Bellwood, 2003).

Demographic connectivity. The relative contribution of dispersal to population dynamics.

Effective population size. The size of an ideal population experiencing the same rate of genetic drift or inbreeding as the population under study. The ideal
population is usually a closed population of constant size with discrete generations and a Poisson variance in reproductive success between individuals
(Charlesworth, 2009).

Environmental association analysis. A statistical approach to identify genetic variants strongly associated with specific environmental conditions.

Environmental DNA. DNA that can be extracted from environmental samples (such as soil, water, or air), without first isolating any target organisms (Taberlet et al.,
2012)

Functional diversity. The diversity of functional forms in a species set (or community) measured by a variety of metrics that use dendrograms or representations in
multidimensional space (Pollock et al., 2020).

Gene flow. The transfer of genetic material from one population to another.

Genetic connectivity. The degree to which gene flow affects evolutionary processes within populations (Lowe and Allendorf, 2010).

Genetic rescue. A decrease in population extinction probability owing to gene flow.

Haplotype diversity. Probability that two randomly sampled individuals in a population differ in their haplotypes (i.e., mitochondrial DNA allele types).

Larval export. Outward net emigration of larvae from marine protected areas (Di Lorenzo et al., 2020).

Microsatellite. A set of short repeated DNA sequences at a particular locus on a chromosome, which vary in number in different individuals.

Molecular operational taxonomic unit (MOTU). A group of organisms identified from sequence identity, usually through the use of cluster algorithms and a
predefined percentage sequence similarity (Blaxter et al., 2005; Deiner et al., 2017).

Neutral genetic diversity. The genetic diversity estimated at putatively neutral genes, that is, those that do not have any direct effect on fitness. This type of genetic
diversity is selectively neutral and is useful to estimate dispersal (Holderegger et al., 2006).

Nucleotide diversity. Average number of nucleotide differences per site between any two DNA sequences chosen randomly from a population.

Outlier test. A statistical approach to identify loci involved in local adaptation by screening for alleles that show unusually high genetic differentiation among
populations, that is, outside of the distribution expected under neutrality.

Parentage analysis. A statistical approach to match an individual recruit with a parent or parent-pair from a pool of candidate parents by resolving the Mendelian
pattern of shared alleles between the parent and offspring (Christie et al., 2017).

Phylogenetic diversity. Ameasure of the total evolutionary history represented by a set of taxa, calculated by summing the branch lengths connecting a set of taxa
on a phylogeny (Tucker et al., 2019).

Phylogenetic tree. A diagrammatic representation of the evolutionary relationships among various taxa.

Representation target. Minimum portion of a biodiversity feature that must be included in a system of protected areas.

Species distribution model. A statistical model linking the spatial occurrence of a biodiversity feature to a set of environmental variables. It is often used to predict
species occurrences in places where no data are available (spatial prediction) or in the future (forecasting).

Target capture. Targeted capture (or hybridization capture) is a strategy that relies on the development of probes of pre-selected genomic regions used to capture
and enrich eDNA by hybridization (Jones and Good, 2016; Sigsgaard et al., 2020).
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emerges from the interaction between environmental variability
and genetic diversity. The importance of genetic diversity has now
been recognized in applied conservation (Hoban et al., 2020, 2022).
For example, the Kunming–Montreal Global Biodiversity Frame-
work commits parties to preserve the genetic diversity of all species
(CBD, 2022), including all wild species and not only crops or
domestic animals as was prescribed by the Aichi targets (CBD,
2010). This objective is also motivated by mounting evidence of
large declines in intraspecific genetic diversity in wild species (Leigh
et al., 2019; Exposito-Alonso et al., 2022).

In the context of SCP, intraspecific genetic diversity can be
partitioned into an alpha component, measuring genetic diversity
within PUs, and a beta component, measuring genetic differenti-
ation between different PUs (Gaggiotti et al., 2018; Jost et al., 2018).
This partitioning is relevant to understanding how different popu-
lations contribute to the genetic diversity of the species at the
seascape scale, the so-called gamma diversity (Donati et al.,
2021). When gene flow is sufficiently high and effective population
sizes are large, as in most marine species, PUs will be weakly
differentiated and beta diversity will be close to zero, while alpha
and gamma diversity will be similar (Donati et al., 2021). In such
cases, protecting a relatively small number of PUs could be suffi-
cient for protecting a high level of gamma diversity. In some cases,
though, stronger levels of genetic differentiation can persist when
oceanographic features act as barriers to gene flow (Pascual et al.,
2017; Vilcot et al., 2023), or when life history traits (e.g., lack of a
pelagic larval stage) limit species’ dispersal capacity (Puritz et al.,
2017). In these cases, the beta component of genetic diversity will be
of significant consideration in SCP.

Different metrics and approaches can be used to measure the
alpha, beta and gamma components of genetic diversity and to
prioritize sites for protection. For example, Nielsen et al. (2017) used
haplotype diversity and nucleotide diversity as metrics of alpha diver-
sity in five coastal marine species to build an MCA system encom-
passing PUs with different levels of local genetic diversity. An
alternative approach is to use the spatial distribution of alleles as
biodiversity features and to define conservation objectives for the
gamma level of genetic diversity. For example, Paz-Vinas et al. (2018)
used SCP to reach regional-level targets of representation for differ-
ent alleles at microsatellite loci in six species of freshwater fishes.

A further distinction can be made between neutral genetic diver-
sity and adaptive genetic diversity according to the effects of genetic
variation on individual and population fitness (Holderegger et al.,
2006). Partitioning of genetic diversity into neutral and adaptive
components is commonly achieved using outlier tests and environ-
mental association analyses (Hoban et al., 2016; Manel et al., 2016).
These techniques have suggested the existence of genetically based
local adaptations to environmental conditions (e.g., water tempera-
ture, salinity, and oxygen concentration) despite extensive gene flow
and lack of neutral genetic structure (e.g., Sandoval-Castillo et al.,
2018; Xuereb et al., 2018; Boulanger et al., 2022; Dorant et al., 2022).
Indeed, coastal environmental conditions are expected to change in
the future and in many cases have already seen dramatic shifts,
including temperature, salinity, and pH, in conjunction with local
anthropogenic stressors (He and Silliman, 2019). Consequently,
characterizing genetic adaptation is likely to be important for con-
servation in a climate change context by identifying populations that
may harbor pre-adapted genetic variants and that may be able to
contribute to the genetic rescue of other vulnerable populations (Bay
and Palumbi, 2014; Bay et al., 2017; Matz et al., 2020).

Neutral and adaptive loci, and sets of loci associated with
different environmental variables, can have markedly different

spatial distributions (Barbosa et al., 2018; Sandoval-Castillo et al.,
2018); therefore, spatial protection priorities identified through
SCP can vary (Hanson et al., 2020). For example, Xuereb et al.
(2021a) identified different sets of priority PUs for protection of
genetic diversity for the sea cucumber Parastichopus californicus in
coastal British Columbia (Canada) depending on whether they
considered neutral or putatively adaptive loci. The choice ofmetrics
to measure adaptive genetic diversity also led to different spatial
conservation priorities (Xuereb et al., 2021a).

Estimation of dispersal

The importance of connectivity for the conservation and manage-
ment ofmarine species has long been recognized and prescribed as an
important criterion for siting, sizing, and designing MCAs (Palumbi,
2003;Alvarez-Romero et al., 2018; Balbar andMetaxas, 2019). Indeed,
determining whether the set of prioritized MCAs truly represents a
connected “network” depends on the strength of connectivity
between them. This criterion is emphasized in both the Aichi targets
and the Kunming–Montreal Global Biodiversity Framework of the
ConventiononBiologicalDiversity, which requires thatMCAs forma
“well-connected” system (CBD, 2010, 2022).

Networks of MCAs should satisfy different connectivity-related
objectives (Beger et al., 2022; Riginos and Beger, 2022). In particu-
lar, MCAs should be strategically designed, placed and spaced to
protect foraging movements in the home range of species and
ontogenetic migrations between habitats for different life cycle
stages (Grüss et al., 2011; D’Aloia et al., 2017). Furthermore,
MCA networks should ensure demographic connectivity, including
replenishment of “sink” populations and recolonization of empty
habitat patches (Almany et al., 2007; Saenz-Agudelo et al., 2011;
Harrison et al., 2020), and genetic connectivity, particularly the
spread of advantageous genetic variants allowing for genetic rescue
of imperiled populations (Webster et al., 2017; Bell et al., 2019).
Finally, connectivity allows marine reserves to support fisheries
outside their borders through adult spillover and larval export
(Andrello et al., 2017; Di Lorenzo et al., 2020; Medoff et al.,
2022). Various operational approaches have been developed to
integrate these aspects of connectivity into SCP (Daigle et al.,
2020; Beger et al., 2022). These methods use node-based or link-
based connectivity metrics (Table 2): PUs are represented as nodes
(vertices) of a network, and connections (in the form of larval
dispersal probabilities, gene flow or spatial distances between pairs
of PUs) are the links (edges) between the nodes (Xuereb et al.,
2020).

Genetic data can be used to estimate aspects of connectivity
through the effects of dispersal (an individual-level process linked
to connectivity; Baguette et al., 2013) on population genetics. More
precisely, genetic data are used to estimate both noneffective dis-
persal (where the dispersing agent moves into another habitat
regardless of whether it successfully reproduces and transmits its
genes) and effective dispersal (when the disperser successfully
transmits its genes) (Cayuela et al., 2018).

Noneffective dispersal can be estimated by individual-level gen-
etic approaches such as population assignment tests and parentage
analysis (Broquet and Petit, 2009; Cayuela et al., 2018). Assignment
tests can inform on dispersal when individuals are confidently
assigned to genetically differentiated groups or populations
(Manel et al., 2005; Christie et al., 2017). Given these requirements,
assignment tests are impractical for manymarine species with large
population sizes, high mobility, and weak population structure;
however, they have been successfully applied to detect long-
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distance dispersal in a coral reef fish (D’Aloia et al., 2022).
In contrast, parentage analysis has been repeatedly used to estimate
dispersal in coastal fishes, including studies on dispersal between
MPAs and larval supply from marine reserves to fished areas (e.g.,
Harrison et al., 2012; Almany et al., 2013; Baetscher et al., 2019).
With appropriate marker panels, these methods are highly accur-
ate, but usually only assign a small percentage of sampled individ-
uals (Christie et al., 2017): therefore, they require extensive
sampling of possible offspring and parents, which can limit their
applications to relatively small populations and/or study areas. To
date, parentage studies have also been taxonomically biased toward
fishes, but there is promise in their application to invertebrates,
such as corals (Dubé et al., 2020).

Effective dispersal can be estimated through simple relationships
between migration rates and indices of genetic differentiation
between populations (e.g., FST), but the assumptions of these rela-
tionships (such as equal size across populations; Whitlock and
McCauley, 1999) are rarely met in natural populations, making this
approach unreliable. Patterns of isolation-by-distance (IBD), where
genetic similarity between individuals or populations decreases with
spatial distance, can be used to estimate dispersal distances under the
assumption of migration–drift equilibrium and knowledge of effect-
ive population density (e.g., Puebla et al., 2012; Benestan et al., 2021).
When applied to two coral reef fishes with limited dispersal potential,
IBD approaches provided estimates of effective dispersal distances
that were very similar to estimates of noneffective dispersal obtained
through parentage analysis (Pinsky et al., 2017; Naaykens and
D’Aloia, 2022). Future work on other taxa will reveal whether these
relationships hold for more dispersive species.

To date, only onemarine SCP study has incorporated genetically
derived estimates of dispersal rates (Beger et al., 2014). However, in
recent years, genetic studies of marine dispersal have increased in
number (Xuereb et al., 2020), widened in scope (from single species

to multi species (Benestan et al., 2021); from a single year to
multiple years (Catalano et al., 2021); and from the detection of
few dispersal events to the estimation of full connectivity matrices
(Dedrick et al., 2021)), and seemingly improved in accuracy, as
demonstrated by the concordance of dispersal estimates obtained
with different approaches (D’Aloia et al., 2015, 2018, 2022; Pinsky
et al., 2017; Bode et al., 2019). Moreover, there is potential to gain
additional dispersal data from other genetic approaches such as
clinal analyses (Gagnaire et al., 2015; VanWyngaarden et al., 2017),
spatial analyses of close kin (Rueger et al., 2020; Benestan et al.,
2021; Jasper et al., 2022), and machine learning (e.g., Smith et al.,
2023). If these trends continue, more datasets on marine dispersal
rates and distances will become available for SCP applications.

Environmental DNA sequencing

Environmental DNA metabarcoding is a recently developed
method to detect the presence of species and/or molecular oper-
ational taxonomic units (MOTUs) from DNA fragments released
by organisms into their environment (Taberlet et al., 2018). A
genetic marker (metabarcode) is chosen to target a taxonomic
group (e.g., eukaryotes and teleosts), identify MOTUs, and assign
MOTUs to known species if the species’metabarcode is sequenced
(Miya, 2022). eDNA metabarcoding is recognized to outperform
traditional techniques for detecting elusive species such as crypto-
benthic fishes (Boulanger et al., 2021; Mathon et al., 2022) and rare
species such as nonindigenous (Comtet et al., 2015; Duarte et al.,
2021) or threatened species (Weltz et al., 2017; Juhel et al., 2022).
For example, eDNA metabarcoding was able to detect 44% more
shark species than underwater visual censuses and baited remote
underwater video station survey methods, even with a much lower
sampling effort (Boussarie et al., 2018).

Table 2. Methods to integrate connectivity into spatial conservation planning (SCP)

Method Description

Connectivity as biodiversity feature
(node-based)

Connectivity metrics, calculated for each planning unit (PU) and, possibly, for each species, are used as biodiversity
features, possibly in addition to species as biodiversity features, in representation-based SCP (e.g., D’Aloia et al., 2017;
Magris et al., 2018). However, setting representation targets for connectivity metrics poses difficulties both
conceptually and practically.

Connectivity to split taxa (node-based) Connectivity metrics are calculated for each PU, and possibly for each species, while species are the biodiversity
features. The spatial distribution of each species is then split into several spatial layers grouping PUs sharing similar
connectivity attributes (as in Beger et al., 2014). For example, distinct layers are used to represent sites with low,
medium, and high local retention. Each layer is then assigned a spatial representation target. A limitation of this
approach is that the number of distinct spatial layers and the boundaries between them are usually arbitrary.

Promoting connectivity by adding
penalties (node-based)

Species are the biodiversity features and connectivity metrics are calculated for each PU and, possibly, for each
species. Penalties are calculated as a function of these PU-specific connectivity metrics (Weeks, 2017). For example,
PUs with lower local retention (thus, less likely to be self-persistent) might be given higher penalties to favor the
selection of PUswith higher local retention (more likely to be self-persistent). Aweightmust be chosen tomeasure the
relative importance of connectivity-based penalties and monetary costs.

Promoting connectivity by adding
penalties (link-based)

Species are the biodiversity features and connectivity metrics are calculated between each pair of PUs (possibly for
each species). Penalties are calculated as functions of pairwise connectivitymetrics. One approach is to formulate the
SCP problem to penalize solutions that have a high total amount of exposed boundary length by defining connectivity
as adjacency between PUs (Ball et al., 2009). Another approach is to formulate the SCP problem to promote the
selection of functionally connected PUs by defining connectivity as directional or nondirectional flows of organisms
or matter (Beger et al., 2010). In both cases, a weight must be chosen to measure the relative importance of reducing
the exposed boundary or promoting connectivity relative to the primary objective of minimizing overall cost.

Promoting connectivity by adding
constraints (link-based)

Species are the biodiversity features and connectivity metrics are calculated between each pair of PUs. Various
approaches ensure that prioritizations exhibit certain structural characteristics, for example, selected PUs form a
contiguous MCA (Önal and Briers, 2006) or each selected PU has a certain number of neighbors surrounding it
(Billionnet, 2013). Species-specific functional connectivity metrics can also be integrated to ensure protected area
connectivity is achieved for each species (Hanson et al., 2019a). These approaches sometimes lead to formulation of
complex SCP problems that require long computation times to be solved.
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As SCP requires extensive spatial occurrence data, eDNA is
emerging as the method of choice to complete existing occurrence
data at large spatial scales (Bani et al., 2020; Table 3). To this end,
eDNA metabarcoding has recently been used to improve species
distribution models of lake fishes (Pukk et al., 2021), deep sea fishes
(McClenaghan et al., 2020), and tropical coral reefs (Jaquier et al.,
under review). eDNA metabarcoding is also a good method to
complement distributional data for multiple biodiversity facets, as
shown by the similarities of phylogenetic and functional diversity
measurements obtained through eDNA metabarcoding to those
obtained through underwater videos (Marques et al., 2021).

eDNA has also started to be used to study intraspecific genetic
diversity (Sigsgaard et al., 2020; Table 3). While intraspecific appli-
cations of eDNA are currently limited by the nature, number, and
length ofmarkers used (see Table S1 in the SupplementaryMaterial),
they open important perspectives to the use of eDNA for estimating
intraspecific genetic diversity and connectivity when tissue sampling
is problematic, as for mobile, cryptobenthic or threatened species
(Dugal et al., 2022). The first intraspecific applications of eDNAwere
based on the metabarcoding of a single mitochondrial sequence
(Sigsgaard et al., 2016; Macé et al., 2022). The challenge is now to
extend the use of eDNA to multiple markers, including nuclear
markers, to obtain more accurate estimates of intraspecific genetic
diversity than with one single longer sequence. Andres et al. (2021)
developed nuclear microsatellites from eDNA and applied it to the
estimation of unique genetic contributors in an experimental meso-
cosm of Neogobius melanostomus, showing the potential of this
technique to estimate population size. The next step toward obtain-
ing finer spatial genetic structure estimates with eDNA is to get
nuclear SNP data. Target capture is thus starting to be developed
on eDNA for this purpose. In one recent example, Jensen et al. (2021)
applied target capture of nuclearmarkers forwhale sharksRhincodon

typus on eDNA samples, but they obtained low read coverage of the
targeted nuclear regions, and sequences were confounded by the
highly abundant mackerel tuna Euthynnus affinis.

Successful applications to study interspecific and intraspecific
diversity show that analysis of eDNA provides a potentially powerful
tool to overcome the lack of spatial biodiversity data for marine SCP
(Bani et al., 2020). To the best of our knowledge, only one study has
used eDNA metabarcoding in a SCP framework (Mathon et al.,
unpublished results): the authors combined marine fish occurrence
data from acoustic, video and eDNA metabarcoding to prioritize
conservation units in a three-dimensional space across 15 seamounts
and deep island slopes in the Coral Sea. eDNA metabarcoding
identified almost twice as many families as baited remote underwater
video stations, and 596 MOTUs versus 190 species (Mathon et al.,
unpublished results).

Conclusions and future perspectives

The studies reviewed here show that genetic data can help meet the
overarching goals of comprehensiveness, adequacy, and efficiency
that inspire SCP (Nielsen et al., 2022). Inclusion of phylogenetic
diversity and intraspecific genetic diversity in addition to taxo-
nomic diversity can increase the comprehensiveness of systems of
MCAs, while the characterization of taxonomic diversity, itself, will
benefit from the rapid generation of complementary information
from eDNA techniques. The integration of connectivity and adap-
tive genetic diversity can help create networks of MCAs that better
satisfy the adequacy criterion, because they ensure greater long-
term persistence of biodiversity. In terms of economic efficiency,
genetic data has the potential to both generate benefits and incur
additional costs. For example, using genetic data to promote con-
nectivity between MCAs and fished areas can increase the

Table 3. Potential use of information gained from eDNA in spatial conservation planning (SCP), and future developments

Interspecific level Intraspecific level

Information from
eDNA with potential
SCP applications

Estimation of species richness (Boulanger et al., 2021).
Estimation of phylogenetic diversity (Marques et al., 2021).
Complete species spatial distributions (Juhel et al., 2022).
Detection of elusive, rare, invasive, or threatened species (Juhel
et al., 2022).

Haplotype detection (Dugal et al., 2022).
Estimation of genetic diversity (Székely et al., 2021).
Estimation of genetic differentiation/connectivity (Parsons et al.,
2018).

Methods Metabarcoding (e.g., Boulanger et al., 2021).
qPCR or ddPCR (Weltz et al., 2017; Baker et al., 2018).

Metabarcoding (Sigsgaard et al., 2016).
Target capture (Jensen et al., 2021).
Shotgun sequencing (Székely et al., 2021).

Limits and
developments

Limited to short sequences because longer sequences are more easily degraded. Shorter sequences only provide limited resolution to
distinguish species/individuals.

Errors in the amplification and sequencing of eDNA prevent the correct estimation of the number and frequency of haplotypes present in
an eDNA sample. Target capture (Jensen et al., 2021) or the use of uniquemolecular identifiers (Yoshitake et al., 2021) shows potential to

overcome some of these biases.

Need complete reference database to assign MOTUs/sequences
to known taxa (Marques et al., 2021).
Obtaining accurate estimates of species biomass and abundance
requires further investigations of the relationships between eDNA
read abundance and species abundance/biomass (Rourke et al.,
2022).

Need reference database of haplotypes to design taxa-specific
primers for sequencing.
Estimates of the number of individuals contributing to an eDNA
sample are necessary to accurately characterize population-level
genetic diversity (Andres et al., 2021).
Currently limited to singlemtDNA sequences. In the future, need to
extend to multiple markers and to nuclear DNA (Jensen et al.,
2021).

Advantages Noninvasive.
Cost and time efficient.

Applicable at large spatial and temporal scales.
Better species detection than traditional visual surveys.

Multispecies and multi-taxon applications from a single sample.
Does not always require taxonomic assignation (use of MOTUs).

6 Marco Andrello et al.

https://doi.org/10.1017/cft.2023.16 Published online by Cambridge University Press

http://doi.org/10.1017/cft.2023.16
https://doi.org/10.1017/cft.2023.16


economic efficiency of MCAs thanks to the economic benefits that
fisheries derive from increased catches. More generally, however,
the integration of new facets and processes may increase the total
area required to satisfy additional conservation targets and thus
total conservation costs.

There are still few examples of the integration of genetic data in
marine SCP, especially with regards to intraspecific genetic data
(Table 4). This is mainly due to the low number of species for which
spatial genetic data are available. While molecular ecology studies
are being carried out on an increasing set of species, it will be

Table 4. List of published spatial conservation planning (SCP) studies for marine and coastal habitats integrating genetic data

Reference Species, region, and genetic data Type of analysisa Objectives Main results

Beger et al., 2014 Boring giant clam Tridacna crocea
Coral Triangle
8 microsatellites

Intraspecific genetic diversity:
genetic clusters, allelic
richness, and local genetic
differentiation.
Dispersal

Representing 30% to 60% of
each genetic feature and
ensuring dispersal between
conservation units

Inclusion of genetic data and
genetic diversity metrics led to
selection of planning units
(PUs) that were not prioritized
using habitat data only.
Different metrics of genetic
diversity resulted in different
spatial conservation priorities.

Nielsen et al., 2017 5 rocky-shore species
West coast of South Africa
mtDNA

Intraspecific genetic diversity:
haplotype diversity,
nucleotide diversity, number
of private haplotypes, and
local genetic differentiation

Representing 30% of each
genetic feature for each
species individually and
across all five species
combined

All four genetic metrics
selected similar sets of PUs.
Single species had different
sets of priority PUs and no
single species was a good
proxy for multispecies genetic
patterns.

Mazel et al., 2018 1,536 species of tropical fishes
Global
Published phylogenetic tree

Phylogenetic inference:
maximization of phylogenetic
diversity

Maximizing phylogenetic
diversity (sum of all branch
lengths) for different groups
of species and regions

The sets of PUs that
maximized phylogenetic
diversity did not always
ensure a maximization of
functional diversity.

Nielsen et al., 2020 5 rocky-shore species
West coast of South Africa
mtDNA for all species and SNPs for
two species

Intraspecific genetic diversity:
nucleotide diversity, percent
of private alleles, percent of
outlier SNPs

Representing 20 to 80% of
each genetic feature for
different sets of species,
marker types (mtDNA vs.
SNPs) and genetic diversity
metrics (neutral vs. adaptive)

The sets of PUs selected using
neutral genetic diversity
metrics from mtDNA for the
five species were similar to the
sets of PUs identified using
adaptive genetic diversity
metrics from SNPs for the two
species with SNPs data.

Xuereb et al., 2021a California sea cucumber
Apostichopus californicus
Coast of British Columbia (Canada)
3,699 SNPs

Intraspecific genetic diversity:
expected heterozygosity
(neutral and adaptive), FST
(neutral and adaptive),
population adaptive index
(Bonin and Bernatchez, 2009),
adaptive score (Manel et al.,
2018)

Representing 30% of each
genetic feature

Different metrics led to
different sets of priority PUs.
In particular, adaptive
heterozygosity and
population adaptive index led
to completely nonoverlapping
sets of priority PUs.

Phair et al., 2021 Seagrass Zostera capensis
Coast of South Africa
SNPs

Intraspecific genetic diversity:
nucleotide diversity, expected
heterozygosity, allelic
richness, proportion of shared
SNPs, proportion private
SNPs, proportion of outlier
SNPs

Representing 30 to 50% of
each genetic metric

Inclusion of genetic data and
genetic diversity metrics led to
selection of planning units
(PUs) that were not prioritized
using habitat data only.
Different metrics of genetic
diversity led to highly
overlapping sets of priority
PUs.

Sala et al., 2021 4,242 marine species including
fishes, reptiles, birds, mammals,
and others
Global
Published phylogenetic trees

Phylogenetic inference:
evolutionary distinctiveness
was used to weight species in
a multispecies biodiversity
benefit function

Maximizing a biodiversity
benefit function and
comparing it to other benefit
functions defined for food
provisioning and carbon
storage

There were synergies and
trade-offs between different
objectives. Multi-objective
prioritization identified
priority areas across the
global ocean.

Ng et al., 2022 805 coral species
Global
Published phylogenetic tree

Phylogenetic inference:
maximization of phylogenetic
diversity

Maximizing phylogenetic
diversity (sum of all branch
lengths) for different groups
of species and regions

In most regions, the sets of
PUs that maximized
phylogenetic diversity were
highly overlapping with sets of
PUs that maximized
functional diversity.

aThis column indicates which of the four applications of genetic data presented in the main text (phylogenetic inference, intraspecific genetic diversity, dispersal, or eDNA) was used in the study.
In the case of intraspecific genetic diversity, the genetic metrics are indicated. Note that there is no published SCP study integrating eDNA data.
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important to assess whether environmental variables that are easier
to obtain can be used as proxies for intraspecific genetic diversity.
The few studies testing such hypotheses have yielded mixed results
(Hanson et al., 2017, 2021;Manel et al., 2020) and predictivemodels
relating environmental variables to genetic distance using isolation-
by-resistance models (e.g., Boussarie et al., 2022) remain rare in
seascape genetics and seldom tested in an SCP setting (Hanson
et al., 2019a). eDNA represents a promising alternative, as readily
available material could be used to obtain information on intraspe-
cific genetic diversity and connectivity for multiple species from a
single sample.

In cases where species-level genetic data already exist, it is
important to account for uncertainty when integrating these data
into SCP. In particular, uncertainty can arise from (i) genotyping
errors (Pompanon et al., 2005), (ii) information content of different
molecular markers (D’Aloia et al., 2020), (iii) identification of
putatively adaptive and neutral loci (de Mita et al., 2013; Dalonge-
ville et al., 2018), (iv) estimation of seascape genetic parameters
from samples of finite size, obtained from a portion of a species’
range (parameter uncertainty; Balkenhol and Fortin, 2015; Foster
et al., 2021), (v) differences between statistical approaches used to
infer seascape genetic parameters and spatial planning algorithms
(model uncertainty; Hanson et al., 2019b), (vi) prediction of sea-
scape genetic parameters in unsampled sites (Manel and Holder-
egger, 2013), and (vii) availability of only a small number of species
with genetic data that are used as a representative surrogate for the
genetic biodiversity of all the species present in a region (Nielsen
et al., 2020). Recent studies have begun to integrate some of these
aspects of uncertainty into genetically informed SCP (Nielsen et al.,
2020, 2022; Xuereb et al., 2021a). Moreover, forward-in-time simu-
lations are promising approaches for predicting spatial genetic
patterns relevant for SCP and could be used to test the potential
impact of conservation actions under complex eco-evolutionary
scenarios (Xuereb et al., 2021b), although there remains consider-
able uncertainty in the estimation of genetic and demographic
parameters required for such simulations for themajority ofmarine
species.

In spite of their low number, the published SCP studies in
marine and coastal systems show that genetic data provide infor-
mation that cannot be gained without them. For example, in some
taxonomic groups, phylogenetic distances between species are only
partially congruent with distances in functional traits, showing that
genetic data are necessary to capture and prioritize the evolutionary
relationships between species (Mazel et al., 2018). Another import-
ant review ofmarine species showed that genetic-based estimates of
larval dispersal can be an order of magnitude smaller than those
obtained using biophysical models (Manel et al., 2019). Such dis-
crepancies have direct consequences for setting optimal distances
between MCAs. More generally, expanding the taxonomic, phylo-
genetic, geographical, and temporal scope of seascape genetic stud-
ies will confirm or refute the generality of these patterns and their
consequences on the optimal design of effective MCA networks to
protect coastal biodiversity. Given the ongoing increases inmolecu-
lar data collection across diverse marine taxa and habitats, we
anticipate that genetic and genomic data will play an increasingly
prominent role in coastal SCP.
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