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Abstract

One of the most critical threats to biodiversity is the high extinction rate driven by
human activities. Reducing extinction rates requires the implementation of conserva-
tion programmes based on robust scientific data. Elasmobranchs are important eco-
logical components of the ocean, and several species sustain substantial economic
activities. Unfortunately, elasmobranchs are one of the most threatened and under-
studied animal taxa. The Mexican Pacific Coast (MPC) is a region with high elasmo-
branch diversity and is the seat of major elasmobranch fisheries. But it is also a
developing region with several conservation and management challenges which
require national and international attention. Here, we review the conservation genetics
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literature of elasmobranchs from the MPC. We present a synthesis of the works using
samples from the region and emphasize the main gaps and biases in these data. In
addition, we discuss the benefits and challenges of generating genomic information
to improve the management and conservation of an elasmobranch biodiversity
hotspot in a developing country. We found 47 elasmobranch genetic articles that
cover <30% of the elasmobranch diversity in the region. These studies mainly used
mitochondrial DNA sequences to analyse the genetic structure of commercially impor-
tant and abundant species of the order Carcharhiniformes. Some of these papers also
assessed mating systems, demographic parameters, and taxonomic uncertainties, all of
which are important topics for efficient management decisions. In terms of conserva-
tion genetics, elasmobranchs from the MPC remain understudied. However, high-
throughput sequencing technologies have increased the power and accessibility of
genomic tools, even in developing countries such as Mexico. The tools described here
provide information relevant for biodiversity conservation. Therefore, we strongly
suggest that investment in genomic research will assist implementation of efficient
management strategies. In time, this will reduce the extinction risk of the unique
elasmobranch biodiversity from the MPC.

1. Background

Biological extinctions are natural phenomena, and five mass extinc-

tions have occurred before human existence. However, the current rate

of diversity loss is higher than pre-human rates (Ceballos et al., 2017). This

is considered one of the most critical threats to ecosystem health and services

and consequently to human well-being (Ceballos et al., 2017; Young et al.,

2016). Several species and innumerable populations of animals are already

extinct as direct or indirect consequence of human actions, while many

more are being driven to extinction (Ceballos et al., 2015; Young et al.,

2016). Reducing anthropogenic defaunation rates requires the implementa-

tion of conservation and management programmes based on robust scien-

tific data about the taxonomy, ecology and conservation status of the global

fauna. However, our understanding of the basic biology of most animal

species is inadequate. Moreover, the existing information is both taxonom-

ically (Donaldson et al., 2016) and geographically biased (Beheregaray,

2008; Meijaard et al., 2015). These biases are particularly true for sharks

and rays. Despite the fact that several elasmobranchs are large, charismatic

and economically important, the taxonomic group is underrepresented in

the scientific literature (Domingues et al., 2018; Dulvy et al., 2014; Heupel

and Simpfendorfer, 2010; McClenachan et al., 2012; IUCN). This lack of

information about elasmobranchs is more evident in developing nations
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(Bester-van der Merwe and Gledhill, 2015; Dulvy et al., 2014; Reis et al.,

2016;White andKyne, 2010), where elasmobranch diversity is relatively high

(see chapter “Biodiversity and Conservation of sharks in Pacific Mexico” by

Saldaña Ruiz et al. this volume; Stein et al., 2018) and is coupled with greater

fishery pressures and management challenges (Davidson et al., 2016; Dulvy

et al., 2017; Kyne et al., 2012; Worm et al., 2013; Worm and Branch, 2012).

Despite this lack of information, elasmobranchs have been and remain of

particular interest to conservation researchers. They have a unique evolu-

tionary history, with long-term high diversity due to several radiations span-

ning the last �400 million years (Compagno, 1990; Stein et al., 2018). The

group has sophisticated morphological, ecological and behavioural adaptive

specializations, which have allowed colonization of several freshwater and

almost all marine habitats (Compagno, 1990). As predators, elasmobranchs

have important roles as connectors throughout food webs, across habitats

and ecosystems (see chapter “Shark ecology, the role of the apex predator

and current conservation status” by Galván-Magaña et al. this volume;

Wetherbee and Cort�es, 2004), where they export and import energy and

nutrients between different level of the trophic webs, or between different

ecosystems. They can also be key in shaping community and ecosystem

structures, and changes in their abundance could have strong ecological

effects, especially in the marine realm (Bond et al., 2019; Bornatowski

et al., 2018; Grubbs et al., 2016; Stevens et al., 2000). Historically, elasmo-

branchs have been an important income and food resource for humans

(Applegate et al., 1993; Rick et al., 2002), and in the last decades we have

witnessed themajor expansion of shark and ray fisheries at a global scale (Dent

and Clarke, 2015; see chapter “Fisheries interactions and the challenges of

both targeted and non-targeted take in shark conservation” by Sosa-Nishizaki

of volume 84). More recently, wild elasmobranch sighting tourism has also

increased around the word. This activity has the potential to generate

increased economic, conservation and social benefits (Mieras et al., 2017).

However, this industry is underdeveloped and focuses on few species, leaving

fisheries as themain economic importance of elasmobranchs (see chapter “The

economy of shark conservation: The role of ecotourism and citizen science”

by Cisneros-Montemayor of volume 84; Plata Zepeda et al., 2018). Unfortu-

nately, many elasmobranchs show extreme life histories, including late matu-

rity, long gestation periods and low fecundity, making them intrinsically

susceptible to overexploitation (Dulvy et al., 2017). Hence, numerous elas-

mobranch populations have diminished due to overfishing (see chapter

“Biodiversity and Conservation of sharks in Pacific Mexico” by Saldaña Ruiz
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et al. this volume; Camhi et al., 2009; Dulvy et al., 2017; Oliver et al., 2015;

see chapter “Fisheries interactions and the challenges of both targeted and

non-targeted take in shark conservation” by Sosa-Nishizaki of volume 84).

In fact, around 31% of elasmobranch species are threatened with the risk of

extinction, making them globally one of the most threatened animal taxa

(Dulvy et al., 2014; IUCN).

The intrinsically limited accessibility of marine habitats makes problem-

atic the collection of direct biological observations for marine animals, an

issue which is emphasized in highly mobile and low-density species such as

elasmobranchs. Molecular approaches provide a unique tool to solve these

problems. With relatively few small tissue samples collected from live or

dead animals, we can extract genomic data and obtain biological informa-

tion that might be unreachable by other means (Frankham et al., 2010).

From individual relationships (parentage or relatedness) and population

demography (migration, population size, demographic history, population

structure and mating systems), to phylogenetic relationships (taxonomic

status) and evolutionary processes (adaptation, introgression, responses to

climatic change), the potential information generated by genomic methods

is fundamental to the development of efficient conservation plans (Allendorf

et al., 2010; Frankham et al., 2010; Primmer, 2009). The use of genetic data

to assist conservation and management has been so important in recent

decades that conservation genetics has emerged as a new research discipline

(Frankham et al., 2010). This discipline integrates evolutionary genetic

theory and molecular tool technologies with the main goal of preventing

population extirpations and consequent species extinctions, therefore pre-

serving the ecological and evolutionary processes in which these biological

entities are involved (Frankham et al., 2010;Hedrick andMiller, 1992). The

increasing use of and advances in conservation genetic approaches have

been reflected by better conservation management of some elasmobranch

species in the last decade (Dudgeon et al., 2012; Larson et al., 2017). Despite

the potential benefits of genetic information on shark and ray conservation,

genetic data is absent for most elasmobranch species. Furthermore, most con-

servation efforts currently do not consider existing studies (Domingues et al.,

2018; Ovenden et al., 2015). For example,<20% of elasmobranch species in

Mexico haven been investigated in terms of genetic/genomics analyses, and

the current elasmobranch fisheries management law (NOM-29-PESC-2006;

DOF 2018) does not include any reference to these investigations.

To date, some reviews have described the approaches and findings of

elasmobranch conservation genetics (Domingues et al., 2018; Dudgeon

et al., 2012; Larson et al., 2017), however, none of them have focussed
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on Mexican elasmobranch fauna. Mexico is recognized as an elasmobranch

biodiversity hotspot, a major source of elasmobranch products and a priority

region for the conservation of sharks and rays (Dulvy et al., 2017; Stein et al.,

2018). This is particularly true for the Mexican Pacific Coast (MPC), where

�120 species of sharks and rays have been identified (Ehemann et al., 2018)

and over 5000 tonnes of elasmobranch catches are reported every year

(see chapters “Biodiversity and Conservation of sharks in Pacific Mexico”

by Saldaña Ruiz et al. this volume; “Fisheries interactions and the challenges

of both targeted and non-targeted take in shark conservation” by Sosa-

Nishizaki of volume 84). Here, we provide a long-needed review of elas-

mobranch genetic conservation from the MPC based on literature available

previous to February 2019. This review has three broad objectives: First,

we attempt to present a numerical synthesis of the work done with samples

from the MPC, including species, markers, geographic area, and main

research questions. Second, we emphasize the strong taxonomic, geographic

and institutional bias in conservation genetic research, which, although not

exclusive to the MPC, is highly evident in the region. Third, we highlight

the enormous gap in elasmobranch conservation genetics of the MPC and

discuss the benefits and challenges of generating genomic information to

assist with the management and conservation of an elasmobranch biodiver-

sity hotspot in a developing country. We expect the review will promote

collaborative research efforts intended to reduce bias and fill gaps in elasmo-

branch conservation genetic research from the region.

2. Studies to date

For this review we compiled a database by searching in Web of

Science and Google Scholar using the terms ‘genetics’, ‘genomics’, ‘elasmo-

branch’, ‘shark’, ‘ray’, ‘Pacific’, and ‘Mexico’ in the title, abstract and key-

words section of all articles published before February 2019. From there, we

scanned all results and selected papers where samples from MPC were used.

This resulted in a list of 47 scientific papers on which we base our review.

2.1 Markers
The use of molecular methods in elasmobranchs from the MPC has

followed the development of the field at the global scale. This chapter is

by no means an exhaustive review of conservation genetics methodologies

used in elasmobranchs, since other recently published reviews have

described them extensively (Dudgeon et al., 2012; Larson et al., 2017).
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Rather, we discuss these approaches as they have been specifically applied

in the MPC, as well as their context within the broader research.

Allozyme markers dominated genetic studies of sharks around the world

during the 1980s and 90s (Dudgeon et al., 2012). However, this was not the

case in the MPC. Only a single study, and the first published example of

shark genetic research in the MPC, used allozymes to distinguish between

species of thresher sharks (Eitner, 1995). The later development of polymer-

ase chain reaction (PCR) technology facilitated the use of specific regions

from both the nuclear and the mitochondrial genomes in genetic research.

Due to the ease of isolation and its relatively lowmutational rate, mitochon-

drial DNA (mtDNA) markers were extensively used in MPC elasmobranch

research. Particularly in phylogeographic and population structure analyses

either with sequences (F�elix-López et al., 2019; Kitamura et al., 1996) or

restriction fragment length polymorphisms (RFLP’s; Grijalva-Chon et al.,

2002). Meanwhile, the use of nuclear markers has allowed for higher resolu-

tion analyses and the exploration of more recent evolutionary and ecological

forces. These range from contemporary connectivity between populations

to individual relatedness. Research using amplification of nuclear frag-

ments included one sequence-based (Castillo-Páez et al., 2017), two

RFLP-based (P�erez Jim�enez et al., 2005; P�erez-Jim�enez et al., 2013) and
several microsatellite-based (Bernard et al., 2018; Byrne and Avise, 2012;

Schultz et al., 2008; see Table 1) studies. Additionally, an unpublished work

used amplified fragment length polymorphism (AFLPs; Sandoval-Castillo and

Beheregaray, 2019). It should be noted that a combination of both nuclear and

mitochondrial markers can allow the integration of contemporary and histor-

ical perspectives, providing greater power for interpretation of evolutionary

and ecological patterns.However,<30%of the listed studies incorporate both

types of markers (Table 1).

The most recent advances in sequencing technologies are now allowing

massive sequence data production at a very affordable cost, even for non-

model species (Luikart et al., 2019). This has shifted genetic analysis in two

main ways. First, there has been a shift from the use of only a few markers

per study, to the use of thousands of markers distributed genome-wide, to

the use of entire genomes (Attard et al., 2018) which have changed radically

the possibilities of genomic analyses. Second, there has been a shift from the

use of only putatively neutral markers to the exploration of adaptive genetic

variation (Sandoval-Castillo et al., 2018). This transition has been slow

within the study of elasmobranchs but has been demonstrated in at least

three studies from the MPC, including the use of the whole mitochondrial
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Table 1 Genetic studies in elasmobranchs from the Mexican Pacific Coast.

Family Species Genetic markers

Locality within the
Mexican Pacific
Coast

Geographic
extension mtDNA diversity

nDNA
diversity Citation

Alopidea Alopias pelagicus mtDNA(COI) Mexican TNP Pacific Ocean h¼0.59 π¼0.10 Cardeñosa et al. (2014)

Alopias spp. 13 Allozymes Mexican TNP Northeast Pacific Eitner (1995)

Alopias spp. mtDNA(CR) Mexican TNP Global Trejo (2005)

Carcharhinidae Carcharhinus

brachyurus

mtDNA(CR) Baja California

Peninsula

Global h¼0.76 π¼1.60 Benavides et al. (2011)

Carcharhinus

falciformis

mtDNA(CR) Mexican Pacific

Coast

Pacific Ocean h¼0.48 π¼0.09 Galván-Tirado et al.

(2013)

Carcharhinus

falciformis

mtDNA(CR) Mexican Pacific

Coast

Global h¼0.93 π¼0.61 Clarke et al. (2015)

Carcharhinus

galapagensis

SNPs Revillagigedo

Islands

Interoceanic h¼0.69 π¼3.08 He¼0.21 Pazmiño et al. (2018)

Carcharhinus

galapagensis

Carcharhinus obscurus

mtDNA(ND2) 900 exons Gulf of California

Revillagigedo

Islands

Mexican Pacific

Coast

h¼0.89 π¼0.5 Corrigan et al. (2017)

Carcharhinus leucas mtDNA(CR/Ctb) Mexican TEP Interoceanic Kitamura et al. (1996)

Carcharhinus limbatus mtDNA(CR) Gulf of California Global h¼0.84 π¼0.41 Keeney and Heist

(2006)

Carcharodon carcharias mtDNA(CR) Guadalupe Island Pacific Ocean h¼0.79 π¼0.31 Jorgensen et al. (2009)

Negaprion brevirostris mtDNA(CR)/9 Mst Mexican TNP Global h¼0.78 π¼0.58 Ho¼0.73

He¼0.81

Schultz et al. (2008)

Prionace glauca 14 Mst Baja California

Peninsula

Pacific Ocean Ho¼0.62

He¼0.60

King et al. (2015)

Continued



Table 1 Genetic studies in elasmobranchs from the Mexican Pacific Coast.—cont’d

Family Species Genetic markers

Locality within the
Mexican Pacific
Coast

Geographic
extension mtDNA diversity

nDNA
diversity Citation

Gymnuridae Gymnura marmorata

Gymnura

crebripunctata

mtDNA (Ctb) Mexican TNP Mexican TNP Smith et al. (2009)

Hexanchidae Hexanchus griseus mtDNA(CR/Ctb/16S) Mexican TNP Global h¼0.83 π¼0.10 Vella and Vella (2017)

Lamnidae Carcharodon carcharias mtDNA(CR) Guadalupe Island Global h¼1 π¼0.04 Gubili et al. (2012)

Carcharodon carcharias MtDAN(CR) Mexican TNP Interoceanic h¼0.77 π¼0.18 Oñate-González et al.

(2015)

Carcharodon carcharias mtDNA(Genome) Baja California

Peninsula

Baja California

Peninsula

h¼0.73 π¼0.13 Dı́az-Jaimes et al.

(2016)

Carcharodon carcharias 10 Mst Guadalupe Island Pacific Ocean He¼0.58 Bernard et al. (2018)

Megachasmidae Megachasma pelagios mtDNA(Cox1)/1 Mst Baja California

Peninsula

Pacific Ocean h¼0.33 π¼0.06 Liu et al. (2018)

Myliobatidae Rhinoptera

steindachneri

mtDNA(ND2) Mexican TNP Mexican TNP h-0.54 π¼5.30 Sandoval-Castillo and

Rocha-Olivares (2011)

Mobulidae mtDNA(Whole Genome)

1000 exons

Mexican TNP Global White et al. (2017)

Pristidae Pristis pectinata Pristis

pristis

eDNA Mexican TEP Mexican TEP Bonfil (Personal

communication)



Rhincodontidae Rhincodon typus mtDNA(CR) Gulf of California Interoceanic h¼0.96 π¼0.61 Castro et al. (2007)

Rhincodon typus mtDNA(CR) Gulf of California Gulf of California h¼0.90 π¼0.50 Ramı́rez-Macı́as et al.

(2007)

Rhincodon typus 8 Mst Gulf of California Global Ho¼0.66

He¼0.69

Schmidt et al. (2009)

Rhincodon typus mtDNA(CR)/14 Mst Gulf of California Global h¼0.92 π¼1.2 Ho¼0.64

He¼0.60

Vignaud et al. (2014)

Rhinobatidae Pseudobatus productus RFLP Mexican TNP Mexican TNP h¼0.77 π¼1.19 Sandoval-Castillo et al.

(2004)

Zapteryx exasperata mtDNA(ND2/CR/CAT) Mexican TNP Mexican TNP h¼0.76,

0.39,0.84

π¼0.13, 0.07,

0.11

Castillo-Páez et al.

(2013)

Zapteryx exasperata

Zapteryx xyster

mtDNA(ND2, CR, CR)

nDNA (RAG1)

Mexican Pacific

Coast

Mexican Pacific

Coast

Castillo-Páez et al.

(2017)

Pseudobatus productus mtDNA(CR/ND2) 500

AFLP

Mexican TNP Mexican TNP Sandoval-Castillo and

Beheregaray (2019)

Sphyrnidae Sphyrna lewini mtDNA(CR) Mexican TNP Global h¼�0.51

π¼0.09

Duncan et al. (2006)

Sphyrna lewini mtDNA(CR)/15 Mst Mexican TNP Northeast Pacific h¼0.53 π¼0.11 Ho¼0.77

He¼0.79

Nance et al. (2011)

Sphyrna lewini mtDNA(CR)/5 Mst Mexican Pacific

Coast

Mexican Pacific

Coast

h¼0.49 π¼1.10 Castillo-Olguı́n et al.

(2012)

Sphyrna lewini 6 Mst Baja California

Peninsula

Global Ho¼0.70

He¼0.75

Daly-Engel et al.

(2012)

Sphyrna zygaena mtDNA (CR) Mexican TNP Mexican TNP F�elix-López et al.
(2019)

Continued



Table 1 Genetic studies in elasmobranchs from the Mexican Pacific Coast.—cont’d

Family Species Genetic markers

Locality within the
Mexican Pacific
Coast

Geographic
extension mtDNA diversity

nDNA
diversity Citation

Squatinidae Squatina californica RFLP Gulf of California Gulf of California h¼0.14 π¼0.08 Grijalva-Chon et al.

(2002)

Squatina spp. mtDNA(COI/16S) Mexican TNP Global Stelbrink et al. (2010)

Squatina californica mtDNA(CR) Mexican TNP Mexican TNP h¼0.97 π¼1.3 Ramı́rez-Amaro et al.

(2017)

Triakidae Mustelus albipinnis RFLP/ITS1 Mexican TNP Mexican TNP P�erez Jim�enez et al.
(2005)

Mustelus californicus 4 Mst Gulf of California Gulf of California Tarula-Marin and

Saavedra-Sotelo (2019)

Mustelus henlei 4 Mst Baja California

Peninsula

Baja California

Peninsula

Byrne and Avise (2012)

Mustelus henlei 4 Mst Mexican Pacific

Coast

Northeast Pacific Chabot and Haggin

(2014)

Mustelus henlei mtDNA(CR)/6 Mst Mexican TNP Northeast Pacific h¼0.77 π¼0.40 Ho¼0.45

He¼0.56

Chabot et al. (2015)

Mustelus henlei mtDNA(CR)/6 Mst Mexican TNP Mexican TNP h¼0.84 π¼0.33 Ho¼0.71

He¼0.68

Sandoval-Castillo and

Beheregaray (2015)

Mustelus spp RFLP/ITS2 Mexican TNP Mexican TNP P�erez-Jim�enez et al.
(2013)

Ttriakis semifasciata mtDNA (CR)/5 Mst Baja California

Peninsula

Northeast Pacific Ho¼0.80

He¼0.81

Barker et al. (2015)

Urolophidae Urobatis halleri 7Mst Mexican TNP Northeast Pacific He¼0.88 Plank et al. (2010)

AFLP¼ amplified fragment length polymorphisms; CO1¼cytochrome oxidase 1; CR¼control region; Ctb¼cytochrome b; eDNA¼environmental DNA; ITS1¼ Internal transcribed spacer 1; Mst¼microsatellites;

mtDNA¼mitochondrial DNA; NCR¼non-coding region; nDNA¼nuclear DNA; ND2¼NADH-dehydrogenase 2; RAG1¼ recombination activating gene 1; RFLP¼ restriction fragment length polymorphisms;

SNP¼ single nucleotide polymorphisms; WG¼whole genome; 16S¼16S ribosomal RNA; TNP¼Temperate Northern Pacific; TEP¼Tropical Eastern Pacific; h¼haplotype diversity; π¼nucleotide diversity;

Ho¼observed heterozygosity; He¼expected heterozygosity.



genome (Corrigan et al., 2017), hundreds of exons (White et al., 2017) and

thousands of single nucleotide polymorphisms (SNPs) (Pazmiño et al.,

2018). Not only do these changes improve resolution for delimitations

of taxonomic units, but they also allow the development of management

plans that consider adaptive potential under scenarios of future climatic

change.

2.2 Applications
As elasmobranch conservation genetics is a relatively young area of research,

we briefly review how molecular methods have been applied to studies of

sharks and rays from the MPC. We discuss applications ranging from the

broad taxonomic to the intraspecific level, and their relevance for elasmo-

branch conservation.

2.2.1 Taxonomic delimitation and species identification
Accurate species identification is fundamental for the implementation of effi-

cient management and conservation plans. Often, morphology is the easiest

approach for species identification. However, there are many circumstances

where genetic techniques are more efficient, including the identification of

morphologically cryptic species, as well as morphologically different life

stages, body parts or hybrids.

Morphologically similar or cryptic elasmobranch lineages have been

identified in the MPC using genetic approaches. The single study in this

region to use allozymes suggested the existence of a cryptic lineage (lineages

that are morphologically impossible or extremely difficult to delimit) of the

thresher shark Alopias (Eitner, 1995). While thresher shark samples col-

lected from the Pacific Coast of the Baja California Peninsula were mor-

phologically similar to A. superciliosus, they were found to be genetically

more similar to A. vulpinus. Similarly, cryptic allopatric lineages separated

by the Baja California Peninsula were described first in the shovelnose gui-

tarfish Pseudobatus productus (Sandoval-Castillo et al., 2004) and then in the

Pacific cownose ray Rhinoptera steindachneri (Sandoval-Castillo and Rocha-

Olivares, 2011). In both cases, high genetic distance (FST>0.5) between

two mitochondrial lineages suggested the existence of cryptic species.

Other cryptic lineages have been found in samples of the banded guitarfish

from the North and South MPC (Castillo-Páez et al., 2017). In this group,

the morphological plasticity of the northern lineages partially overlaps

with that of the southern lineages and suggests that morphologically diag-

nostic characteristics of already described lineages are uninformative.

125Conservation genetics of elasmobranchs of the Mexican Pacific Coast



Later works suggest the existence of disparate evolutionary units (populations

that are historically isolated and likely to have distinct evolutionary potential)

in the pelagic thresher shark A. pelagicus from the North Pacific (Cardeñosa

et al., 2014), in the great white shark Carcharodon carcharias from the Pacific

Ocean (Oñate-González et al., 2015) and in the shovelnose guitarfish from

the Gulf of California (Sandoval-Castillo and Beheregaray, 2019). In these

examples, additional phenotypic and genetic studies are needed to determine

the taxonomic status of the cryptic lineages. However, all examples clearly

show cryptic evolutionary significant units that would have likely remained

unnoticed without the use of genetic approaches. To date, the only compel-

ling genetic evidence that resulted in the description of a new species in the

MPC is the work by P�erez Jim�enez et al. (2005) and P�erez-Jim�enez et al.
(2013) They combined RFLPs of nuclear genes with morphological and

reproductive data to describe a new species of smooth-hound shark,Mustelus

albipinnis. While such outcomes have been so far limited, all studies revealing

cryptic lineages are important for identifying underestimated biodiversity, and

for attributing the correct life history, ecological and demographic traits for

improved management of either cryptic species or populations.

Delineation of taxonomic groups is impractical if they cannot be empir-

ically identified. Globally, there are several examples of the use of genetic

barcodes on shark body parts and processed fisheries products to identify

individuals to the level of species, population or geographic region of origin

(Hanner et al., 2016; Rodrigues-Filho et al., 2012; Ward et al., 2008). This

approach has proved to be an excellent tool in the management and con-

servation of elasmobranchs, in two main ways. First, in the international

trade of elasmobranch products, visual identification of species is practically

impossible.Whole bodies of organisms are not typically available, and, when

they are, the necessary taxonomic skills of border protection authorities

may be lacking. The use of genetic barcodes has allowed the otherwise

impossible identification of international trades of elasmobranch species

controlled under the Convention of International Trade in Endangered

Species. These include species found in the MPC such as hammerheads

sharks Sphyrna spp. (Abercrombie et al., 2005), the basking sharkCetorhinus

maximus (Magnussen et al., 2007) and manta rays Mobula spp. (Steinke

et al., 2017).

From a more local perspective, correct species identification of catch and

by-catch is essential for defining the species composition of fisheries and the

delineation and assessment of fishery stocks. However, one of the biggest

problems in the management and monitoring of elasmobranch fisheries is
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the lack of species-specific data on catch and landings (Dulvy et al., 2014; see

chapter “Fisheries interactions and the challenges of both targeted and non-

targeted take in shark conservation” by Sosa-Nishizaki of volume 84).

This problem is highlighted in developing countries like Mexico, where

fisheries andmanagement officers, who directly implement the management

policies, have limited legal, economic and educational resources necessary to

enforce the identification of target or by-catch species on board. For exam-

ple, in several parts of the MPC, most species of the genus Carcharhinus are

reported as one species (Sandoval-Castillo personal communication).

Worse, juveniles of this genus are reported as ‘cazon’ together with species

from a different family with very different life history and demographic char-

acteristics (Triakidae) and thus with different conservation management

priorities. Affordable and efficient genetic assays for elasmobranch species

identification have been developed using species-specific primers on a mul-

tiplex Polymerase Chain Reaction (PCR), some of which can differentiate

and assign samples to up to 21 species (Caballero et al., 2012; Hanner et al.,

2016; Rodrigues-Filho et al., 2012). These are rapid, low-cost techniques

that require minimum technology, and as such they are suitable for use in

developing countries where both economic and technological resources

are limited. Unfortunately, none of these techniques have been applied in

the MPC, but recent efforts to implement them have been conducted

in the Baja California Peninsula (Flores-Ramirez personal communication,

2019). Their routine application in the monitoring of elasmobranch fisheries

would provide baseline information necessary for improved management

and conservation decisions in the region.

2.2.2 Geographic patterns of genetic structure
Exploring the spatial patterns of genetic differentiation within lineages is

important for identifying appropriate management units within a geo-

graphic jurisdiction (Ovenden et al., 2015). It is also imperative to identify

and understand the historical and contemporary processes which create and

maintain global biodiversity (Beheregaray, 2008; Ovenden et al., 2015;

Rodrı́guez-Correa et al., 2017). This is vital for effective management of

exploited species. Due to the relatively high mobility of most species, it

may be anticipated that elasmobranchs would show low genetic differen-

tiation within species’ geographic distributions. However, several studies

have shown that elasmobranchs vary widely in levels of genetic subdivision,

depending on taxonomic group and spatial scale (Dudgeon et al., 2012;

Larson et al., 2017). These range from low genetic differentiation between
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ocean basins in large pelagic species (e.g. Bernard et al., 2018; Jorgensen et al.,

2009;King et al., 2015), to strong genetic subdivision at narrow regional scales

in small coastal species (e.g. Castillo-Páez et al., 2017; Lewallen et al., 2007;

Sandoval-Castillo and Beheregaray, 2015; Sandoval-Castillo et al., 2004).

Another general pattern in population studies of elasmobranchs is that

nuclear markers tend to show greater genetic connectivity, while mito-

chondrial markers tend to show stronger genetic differentiation due in part

to differential evolutionarymutation rates, inheritance and selection for var-

iability. Since mtDNA is matrilineally inherited while nuclear DNA

(nDNA) is both maternally and paternally inherited, the frequently greater

genetic divergences inmtDNA is suggestive of a general sex-biased dispersal

in elasmobranches. This has been associated with stronger female philopatry

and a higher male migratory potential (Dudgeon et al., 2012; Feldheim

et al., 2014; Portnoy and Heist, 2012). However, these patterns are not

inexorable; even codistributed and closely related species can have very

different dispersal patterns (Corrigan et al., 2015a; Phillips et al., 2017).

At present, population structure studies represent the vast majority of the

genetic literature from the MPC (see Table 1). Many of these works are at

global, interoceanic or oceanic scales, where a few samples from one or two

localities on the MPC are included, of relatively large pelagic species. But

there are also several papers of a regional scale (Northeast Pacific; NEP),

national scale (MPC) or subregional scale (Mexican Northern Temperate

Pacific; MNTP; Mexican Tropical Easter Pacific; MTEP), focussed on

the genetic populations of mainly coastal epibenthic species and some coastal

pelagic species.

2.2.2.1 Global and interoceanic:
At the largest geographic scale, sharks from the Carcharhinidae family dom-

inate research in the MPC, perhaps because many of these species are com-

mercially important and relatively abundant worldwide. Few papers show

interoceanic or even global connectivity when using nuclear markers. For

example, using eight microsatellites, Schmidt et al. (2009) reported a single

population of the whale shark Rhincodon typus at global scale. However,

when using the mtDNA control region, Vignaud et al. (2014) found a sig-

nificant differentiation between the Atlantic and Indo-Pacific populations.

Similarly, the scalloped hammerhead Sphyrna lewini shows mtDNA genetic

structure, while nuclear markers show connectivity across the Indian and

Pacific Oceans (Daly-Engel et al., 2012; Duncan et al., 2006). These results

highlight the importance of incorporating both nuclear and mitochondrial
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information, to disentangle not just sex-biased, but also demographic and

time scale dependent ecological processes which are relevant to the genetic

structure of elasmobranchs.

2.2.2.2 The Pacific Ocean:
Three other species show extensive connectivity within the Pacific Ocean,

even when using mtDNA; the silky shark Carcharhinus falciformis (Clarke

et al., 2015; Galván-Tirado et al., 2013), blue shark Prionace glauca (King

et al., 2015) and megamouth shark Megachasma pelagios (Liu et al., 2018).

Moreover, the blue shark and the megamouth shark show no apparent divi-

sion between Atlantic and Pacific Oceans with either mitochondrial or

nuclear data (Liu et al., 2018; Verı́ssimo et al., 2017). However, a lack

of genetic structure can be found in two very different demographic sce-

narios: one with relatively small populations with very high demographic

connectivity, and the other with very large but demographically indepen-

dent populations (Gagnaire et al., 2015). The blue shark is perhaps the most

abundant pelagic shark (Compagno et al., 2005), and modelling data have

suggested that the lack of genetic differentiation in this species is due to

large population size rather than high demographic connectivity (Bailleul

et al., 2018). Conversely, the megamouth shark is rarely observed

(Compagno et al., 2005), and the low genetic diversity of the species is sug-

gestive of a small population size (Liu et al., 2018). The observed lack of

genetic differentiation across ocean basis is therefore most likely due to high

connectivity in the megamouth shark. Distinguishing between these two

possible scenarios is important for determining patterns of evolutionary

resilience due to local adaptation (Allendorf et al., 2010) that should be

considered in any long-term management plan.

Most of the population studies show genetic breaks at oceanic level, espe-

cially between the Western and Eastern Pacific. The open Pacific Ocean

appears to be an effective biogeographic barrier, even for relatively large

and highly mobile species such as the great white shark Carcharodon carcharias

(Bernard et al., 2018; Jorgensen et al., 2009;Oñate-González et al., 2015), the

Galapagos shark Carcharhinus galapagensis (Pazmiño et al., 2018), and the

pelagic thresher shark Alopias pelagicus (Cardeñosa et al., 2014). These species

show moderate but significant genetic differentiation between Mexico and

the Southwest Pacific, a pattern consistent among studies using mtDNA

(Cardeñosa et al., 2014; Oñate-González et al., 2015; Vella and Vella,

2017), microsatellites (Bernard et al., 2018; Cardeñosa et al., 2014) and SNPs

(Pazmiño et al., 2018). Ambient temperature directly affects the physiological
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processes of any organism, including elasmobranchs (Gervais et al., 2018;

Pouca et al., 2019). At the same time, the thermal environment influences

the biological interactions experienced by these organisms, from parasitism

(Dallar�es et al., 2017) to competition and predation (Yates et al., 2015).

Indeed, temperature gradients have been considered important biogeographic

barriers, limiting not just the distribution of species (Aguilar et al., 2019;

Goodman et al., 2019), but also the gene flow between populations

(Sandoval-Castillo et al., 2018). Warm equatorial waters are also considered

an important biogeographic barrier for several marine species, including some

sharks (Chabot and Allen, 2009). Genetic differentiation between the MPC

and South American Pacific coast has so far been suggested only in the copper

shark Carcharhinus brachyurus (Benavides et al., 2011). However, there is not

more comparative analysis with samples from both regions, highlighting the

need for more collaborative work between North and South American

researchers.

2.2.2.3 Mexican Pacific region:
When reviewing the works at a more regional scale, most species studied at

this geographic level are benthic or epibenthic species. The most frequent

pattern is the ‘allopatric’ isolation between the Gulf of California (GC)

and the Pacific Coast of the Baja California Peninsula (PBC), which have

been reported in the shovelnose guitarfish Pseudobatos productus (Sandoval-

Castillo et al., 2004); the California butterfly ray Gymnura marmorata

(Smith et al., 2009); the cownose ray Rhinoptera steindachneri (Sandoval-

Castillo andRocha-Olivares, 2011); the banded guitarfishZapterix exasperate

(Castillo-Páez et al., 2013); and the California angel shark Squatina californica

(Ramı́rez-Amaro et al., 2017). The congruent pattern among these species

highlight the importance of the Baja California Peninsula as a biogeographic

barrier and the need to consider different evolutionary units for the manage-

ment of these species.

Two species of sharks form the family Triakidae show genetic separation

between North Santa Barbara (California) and the PBC and the GC. These

are the leopard shark Triakis semifasciata (Barker et al., 2015) and the brown

smooth-hound shark Mustelus henlei (Chabot et al., 2015). Barker et al.

(2015) also report a small differentiation betweenMexico and Southern Cal-

ifornia, but the number of samples used was very small, which can bias the

level of genetic differentiation estimated. These sharks have relatively higher

mobility than benthic rays from the family Urotrygonidae, however the

round stingray Urobatis halleri shows genetic homogeneity from the GC
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to the Southern California coast (Plank et al., 2010). More interestingly,

both the round stingray and the brown smooth-hound shark have high con-

nectivity over 2500km, but also both species show genetic differentiation

between Santa Catalina Island and the California Coast (�40km distance).

Both studies suggested that currents and bathymetry play fundamental roles

in this separation, stressing the importance of oceanographic conditions to

the population structure of elasmobranchs. Unfortunately, most of the

works at national scale are based on samples from the PBC and the GC,

while theMTEP is significantly less explored. Few comparative papers with

coastal species show an interesting separation between tropical and temper-

ate lineages. Separation occurs at a population level in the scalloped ham-

merhead shark S. lewini (Castillo-Olguı́n et al., 2012) and at a phylogenetic

level in the bedded guitarfishZapteryx spp. (Castillo-Páez et al., 2017). This

supports the imperative of developing more extensive research around

the MTEP.

2.2.2.4 Finer scale:
Finally, there are a few works at a finer geographic scale (<100km among

several sampling sites), with two patterns arising from these studies. First,

the species studies show clear isolation by geographic distance, suggesting

that the mobility of costal elasmobranchs is more limited than previously

believed. For example, Sandoval-Castillo and Beheregaray (2015) reported

high connectivity in the smooth-hound shark from the Northern PBC to

the Upper GC (>2000km). However, they also found low genetic differ-

entiation correlated with geographic distance, and that this correlation is

stronger in females than in males. The authors suggest the management

of the species should consider a metapopulation with subpopulations and

migratory corridors that should be preserved in order to reduce the extir-

pation or even extinction of the heavily exploited species. Isolation by

distance was also found in a more pelagic species, the smooth hammerhead

Sphyrna zygaena, with adult females and juveniles showing a stronger

spatial autocorrelation (F�elix-López et al., 2019). These highlight the need
for studies that use high-resolution geographic sampling to understand

migration patterns relevant for the management of coastal species.

Second, high geographic resolution combined with oceanographic data

could allow testing of the adaptive effects of oceanographic factors on the

genetic structure of elasmobranchs. More recently, Sandoval-Castillo and

Beheregaray (2019) have shown isolation by ecological distance (genetic

and environmental distances are directly correlated, independent of
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geographic distance, Shafer and Wolf, 2013) in one species within the GC.

In this region, the shovelnose guitarfish Pseudobatos productus has lower

genetic connectivity, and, differences in temperature and bathymetry are

correlated with the genetic differentiation between three subpopulations.

The geographic distribution of each of these three subpopulations overlap

with three biogeographic regions previously defined based on the complex

oceanography of the GC (Ortega et al., 2010). The authors suggest that

these populations are independent management units with demographic

differences potentially associated with local adaptations. This should be

considered in the management plan for the species, and perhaps, the same

pattern could be present in other commercially important species in the

region.

2.2.3 Demography
The significant population declines and increasing extinction risks over sev-

eral species of sharks and rays around the world have become a major con-

cern for conservation biologists in the last decade (Dulvy et al., 2014, 2017;

Worm et al., 2013). The genetic diversity loss associated with population

declines could lead to excessive genetic drift and inbreeding depression.

Potentially severe consequences include compromised evolutionary per-

sistence and resilience of species to environmental changes (Frankham,

2015). Genetic studies aiming to elucidate demographic parameters such

as connectivity, population size, and genetic diversity are essential for

identifying the risks associated with population size declines (Allendorf

et al., 2013), and consequently for the management and conservation of

elasmobranchs.

Several works in theMPC have used genetic diversity as a rough estimate

of population size, however very few have used coalescent or linkage dis-

equilibrium analyses which are better able to infer genetic signals of demo-

graphic events. Regardless, a common pattern in theMPC is the effect of the

last glacial maximum. For example, Ramı́rez-Macı́as et al. (2007) suggested

that whale sharks in the GC have passed through a recent population expan-

sion, based only on high haplotype diversity but low nucleotide diversity of

sequences in the mitochondrial control region. Coalescent analyses support

the idea of a moderately large global population (Castro et al., 2007; Schmidt

et al., 2009) with a recent demographic expansion (Vignaud et al., 2014).

Sandoval-Castillo and Beheregaray (2015) report a geographic expansion

from the GC to the PBC, possibly associated with the function of the

GC as refuge during the last glacial maximum. Using a couple of coalescent
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approaches King et al. (2015) report historical and contemporary small effec-

tive population size on the blue shark from the Pacific Ocean. This is an

unexpected result for a pelagic shark with high abundance, vagility, and

fecundity that comprises a single breeding unit across a wide geographic

range in the North Pacific Ocean. However, the authors attribute the

low effective population size (Ne), to a population bottleneck during the

last glacial maximum and posterior geographic expansion during the actual

interglacial period. On the other hand, the scalloped hammerhead in the

Eastern Pacific shows evidence of a population bottleneck related with geo-

graphic expansion and population subdivisions during the Holocene

(Castillo-Olguı́n et al., 2012; Nance et al., 2011). Meanwhile, the pelagic

silky shark has a historically stable population in the NEP, but shows local

demographic expansions possibly associated with the onset of warmer cur-

rents following the last glacial maximum (Galván-Tirado et al., 2013).

Finally, the smooth hammerhead in the North Mexican Pacific has expe-

rienced a recent population expansion from a bottleneck which occurred

during the Late Pleistocene (F�elix-López et al., 2019).
Most of these studies have estimated historical Ne based on coalescent

theory and mtDNA sequence. Although the demographic history of a

population can determine the relative consequences of modern population

declines (van der Valk et al., 2019), contemporary Ne reflects current

genetic health and can approximate recent numbers of breeding individ-

uals (Frankham et al., 2010). Contemporary Ne is more relevant for

the conservation and management of existing populations. Using genetic

data to estimate contemporary abundance relies on the genetic signal asso-

ciated with inbreeding to calculate Ne, and the equivalence between Ne

and abundance (e.g. census size or Nc). This equivalence depends largely

on several life history characteristics, which may be difficult to obtain

(Ovenden et al., 2016). While no consistent relationships exist across taxa,

larger species with long-lived individuals, low fecundity, late maturity and

high survivorship of adults more often than not show Ne/Nc ratios

approaching one (Dudgeon and Ovenden, 2015; Portnoy et al., 2008)

facilitating the demographic interpretation of genetically estimated Ne.

These are life history characteristics of most elasmobranchs, making Ne

a promising method for assessing trends in population sizes important for

the management of sharks and rays (Dudgeon and Ovenden, 2015). As

such, an increase in studies estimating and monitoring contemporary Ne

in elasmobranch populations should be helpful for improving management

decisions in the MPC.

133Conservation genetics of elasmobranchs of the Mexican Pacific Coast



2.2.4 Reproductive strategies
Different reproductive strategies result in different recruitment efficien-

cies. In the long-term, this can influence population stability and evolu-

tionary resilience to population declines (Lowerre-Barbieri et al., 2017).

Thus, knowledge of reproductive strategies is important for implementing

management plans, including recovery plans for elasmobranch populations

depleted by human activity. Unfortunately, direct observation of the

reproductive biology of elasmobranchs is difficult due to their biological

characteristics (Compagno et al., 2005; Portnoy and Heist, 2012). Cur-

rently, a wide variety of molecular approaches can be used to provide

information about the reproductive biology of elasmobranchs, with several

examples around the world (Portnoy and Heist, 2012), including a few

within the NEP (Larson et al., 2017).

Two main reproductive strategies have been explored in elasmobranchs

using genetic data, with the first being female philopatry to mating or nurs-

ery areas. The occurrence of this behaviour has been shaped by selective

pressures associated with juvenile survival and generational recruitment,

and therefore has a significant impact on species resilience (Portnoy and

Heist, 2012). The study of genetic female philopatry in elasmobranchs orig-

inally emerged because it was the easiest explanation for incongruences in

genetic structure between nuclear and mitochondrial markers (Dudgeon

et al., 2012). However, the idea was later supported by more complex ana-

lyses including comparative analyses between females and males (Sandoval-

Castillo and Beheregaray, 2015), and relatedness analyses combined with

parental analyses (Feldheim et al., 2014).

In theMPC, several papers studying the population structure of different

elasmobranch species have suggested some level of female philopatry, even

in species with remarkably different dispersal potentials. Most of these

findings have been based solely on the presence of mitochondrial genetic

structure (e.g.Castillo-Olguı́n et al., 2012; F�elix-López et al., 2019;Ramı́rez-

Amaro et al., 2017; Sandoval-Castillo and Rocha-Olivares, 2011; Sandoval-

Castillo et al., 2004) or the discrepancy between signals of mitochondrial and

nuclear differentiation (Castillo-Páez et al., 2017; Daly-Engel et al., 2012).

However, these results could also be explained by the intrinsic evolutionary

characteristics of mtDNA (Avise et al., 1987). As such, more ad hoc statis-

tical analyses and sampling designs are required to estimate the effect of sex-

biased dispersal on the observed population structure (Dudgeon et al., 2012;

Portnoy and Heist, 2012). One exception in the MPC is the work by

Sandoval-Castillo and Beheregaray (2015), who integrated high geographic
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resolution sampling and individual-level genetic analysis to determine

effective dispersal on the smooth hound shark. The authors used the rela-

tively lower effective dispersal of females compared with males to infer

female philopatry. Although these approaches still can confuse between

philopatry (actively selecting a site) and limited home range (limited mobil-

ity), the authors combine genetic seascape analyses and the presence of mat-

ing and nursery aggregation in the GC to support their hypothesis. Perhaps

the best proof of philopatry in any shark from the MPC is the work by

Jorgensen et al. (2009). In this paper, genetic data was combined with sat-

ellite tag data to demonstrate that both sexes preferentially return to a small

subset of available coastal sites. However, molecular tools can be powerful

enough to be used as permanent identification tools in long-term mark and

recapture experiments. If sample size is large enough, kinship and parentage

analysis can discriminate as to whether female philopatry occurs in a few

individuals or in a whole population (Feldheim et al., 2014; Verı́ssimo

et al., 2017), providing more valuable and reliable information relevant

to the management of elasmobranchs.

The second main reproductive strategy that has been analysed with

molecular data is polygamy, or more specifically polyandry (multiple mat-

ing by females). It is important to determine the prevalence of polyandry,

because it can change the effective population size and genetic diversity of a

population, with significant demographic consequences (Byrne and Avise,

2012; Karl, 2008). However, due to inherent logistical difficulties, polyan-

dry has been directly observed in few species of elasmobranchs (Pratt and

Carrier, 2001; Snelson et al., 2009). Molecular techniques have allowed

assessment of the frequency of polyandry by calculating the multiple pater-

nity levels in litters. In fact, polyandry detected using genetic approaches

has been reported in over 20 species of elasmobranch (Boomer et al.,

2013; Corrigan et al., 2015b; Fitzpatrick et al., 2012; Rossouw et al.,

2016) including a few from the NEP (Larson et al., 2017). However, the

occurrence and prevalence of multiple paternities in elasmobranchs varies

between species, populations, individuals and even reproductive seasons.

Polyandry in samples from the MPC has been reported just in the brown

smooth-hound shark. Analysing 14 litters and their respective mothers col-

lected from the PBC, Byrne and Avise (2012) report one of the highest

occurrence of multiple paternity of any shark (93%). However, depending

of the year of collection, only a 0–40% incidence of multiple paternity was

observed in 18 litters of the same species collected from California (Chabot

and Haggin, 2014). Moreover, Tarula-Marin and Saavedra-Sotelo (2019)
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determined that genetic monogamy is prevalent in the young grey smooth-

hound shark, a very closely related species. It was previously suggested that the

differences in polyandry frequency depend on factors such as mother’s size,

individual behaviour, home rage, philopatric tendencies, population size

and post copulatory mechanisms (Boomer et al., 2013; Byrne and Avise,

2012; Chabot and Haggin, 2014; Green et al., 2017; Larson et al., 2011;

Lyons et al., 2017). But more comparative analyses (between populations,

reproductive seasons and species) are necessary to not just understand these

differences in frequency, but also understand why polyandry is present in

elasmobranchs.

Intuitively, polyandry has multiple benefits; it can increase fertilization

success, counteract inbreeding issues, elevate the genetic diversity of the

offspring and therefore relative fitness, and it can increase the effective pop-

ulation size (see Byrne and Avise, 2012; Green et al., 2017). However, the

few studies comparing genetically polyandrous against monogamous litters

of sharks did not find evidence of higher fertilization success (Portnoy et al.,

2007), nor an increase in survival rate or genetic diversity of offspring

(Dibattista et al., 2008). Moreover, instead of increasing Ne, polyandry

can reduce it when the parental contribution per litter is highly skewed

and variable (Karl, 2008). This is the case in most empirical data for elas-

mobranchs (Chabot and Haggin, 2014; Green et al., 2017; Larson et al.,

2011; Rossouw et al., 2016). These apparent contradictions have given

support to the convenience polyandry theory, which suggests that females

increase receptivity to mating when the relative costs of resistance over-

come the cost of mating (Boulton et al., 2018). More empirical testing is

needed to rule out other possible evolutionary benefits of polyandry. How-

ever, understanding the reasons for polyandry and its demographic effects

in elasmobranchs is fundamental to implementing appropriate fisheries

management plans, and currently there are few efforts towards the evalu-

ation of mating systems in rays and sharks from the MPC (Saavedra-Sotelo

personal communication, 2019).

2.3 Taxonomic and geographic bias
We found 47 scientific research articles on elasmobranch genetics using sam-

ples from the MPC (Table 1). Below, we describe a few of the most notable

patterns regarding the nature of this work. Temporally, a clear exponential

growth in genetic research occurs in the last decade, when >69% of the

works were produced. This follows the same pattern of increase across
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the entire Pacific Ocean, but at a smaller scale (Fig. 1A). The works are dom-

inated by analysis of mtDNA sequences, followed bymicrosatellites (Fig. 1B);

unfortunately, few papers combine the power of bi-parental and matrilineal

markers (26%). The dominance of mtDNA sequences is similar to that

observed at a global level for phylogeographic analyses >10 years ago

(Beheregaray, 2008). In the MPC, this dominance is still present and reflects

the limited availability of economic and technological resources in the region.
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More concerning is that half of the genetic research using samples from the

MPC includes null or minimal participation of local researchers (Table 1).

We strongly believe that investment in the development of new and support

of existent local skills (Mexican molecular ecologists and elasmobranch biol-

ogists), and international collaborations would catalyse the production of

genomic research in the region. In time, thiswill improve our ability to imple-

ment efficient management plans for elasmobranchs at a local, international

and perhaps even global scale.

The genetic research in the MPC is also taxonomically biased; in the

47 works reported here, 35 species from 14 families were analysed, rep-

resenting <30% of the species diversity in the MPC (Ehemann et al.,

2018). If we remove the species that were analysed with only a few samples

for systematic studies (light grey in Fig. 1C), and from where we cannot

obtain intraspecific inferences, this number decreased to 27 species, rep-

resenting just over 22% of the elasmobranch fauna in the region. The family

Carcharhinidae dominates the representation with eight species, followed by

sharks from the family Triakidae with seven species (Table 1 Fig. 1C). This is

expected, since both families are highly diverse and contain commercially

important and abundant species in the MPC, especially from the genera

Carcharhinus and Mustelus (see chapter “Fisheries interactions and the chal-

lenges of both targeted and non-targeted take in shark conservation” by

Sosa-Nishizaki of volume 84). However, per species, the analyses have a

different bias. While most species are the main subject of one study, only

13 species were analysed in two or more studies (Table 1 Fig. 1C). More

interestingly, there are three species that were the focus in more than three

studies with intraspecific analyses, the white sharkCarcharodon carcharias, the

whale shark Rhincodon typus and the scalloped hammerhead shark Sphyrna

lewini (Fig. 1C). These are arguably three of the most charismatic elasmo-

branchs in the world. However, no studies exist for the largetooth sawfish

Pristis pristis or the smalltooth sawfish Plebejus acmon (but see Section 3), the

most critically endangered species (CITES 2019) in the region (Ehemann

et al., 2018). The same is true for the Cortez skate Beringraja cortezensis, a

species endemic to the GC with a very narrow distribution and uncertain

conservation status (Last et al., 2016). These patterns reflect a strong bias

for large charismatic and/or commercially important species in the field,

as occurs in other types of conservation research (McClenachan et al.,

2012). We do not promote a reduction in research for charismatic or

economically important species; rather, we draw attention to the fact that

conservation genetic research has either completely ignored or only
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partially analysed around 90% of the elasmobranch fauna in the region. In

fact, although all these genetic studies focus on economically important

species, no genetic data exist for the other 30 species caught as target or

by-catch in the region (CONAPESCA-INP, 2004; see chapter “Fisheries

interactions and the challenges of both targeted and non-targeted take in

shark conservation” by Sosa-Nishizaki volume 84). We believe that to

move from the current overexploitation and high extinction risk to a

long-term sustainable management of MPC elasmobranch fauna, genetic

research should have a taxonomically broader focus This will require a con-

siderable investment in basic and applied national research, from both local

and international entities (e.g. FAO, CONACYT), in addition to the

implementation of national and international collaborations. We especially

recommend fomenting the use of new sequencing technologies which

facilitate the application of traditional and modern genetic approaches,

mainly by dropping the cost per sample per locus, decreasing the number

of samples necessary for efficient analysis (e.g. Gaughran et al., 2018), and

reducing the logistic difficulties implicated with elasmobranch sampling

(see Section 3).

Another notable pattern was a geographic bias. First, there are more stud-

ies in coastal areas than oceanic regions (Table 1; Fig. 1D). There were just

two oceanic sampling sites; the Revillagigedo Archipelago is 390km south-

west from Baja California Peninsula and is considered a hotspot of elasmo-

branch diversity (Sandoval-Castillo unpublished data), while Guadalupe

Island is 260km offshore of Baja California and is an important aggregation

for white sharks ( Jorgensen et al., 2009). This bias was expected due to the

considerable logistic difficulties implicated in sampling from oceanic areas.

But more concerning is the second geographic bias, the difference between

the northern and southern MPC. The MPC includes two marine biogeo-

graphic realms, the Temperate Northern Pacific (TNP) and the Tropical

Eastern Pacific (TEP). Both realms have relatively high elasmobranch diver-

sity (Carrillo-Briceño et al., 2018; Ehemann et al., 2018), supporting impor-

tant fisheries and tourism activities (see chapters “The economy of shark

conservation: The role of ecotourism and citizen science” by Cisneros-

Montemayor of volume 84; “Fisheries interactions and the challenges of both

targeted and non-targeted take in shark conservation” by Sosa-Nishizaki of

volume 84). However, the number of genetic works using samples from

the TEP is much smaller than those using samples from the TNP (Table 1;

Fig. 1D). The southwest of Mexico has the lowest social and technological

development in the country, which restricts the scientific productivity in
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the Mexican TEP (Dı́az-Gómez et al., 2018). But also, the geographic close-

ness of theMexican TNPwithUSA has promoted the elasmobranch research

in the region and this is reflected by the number of papers by or in collabo-

rationwith American institutions (Table 1). The TEP is an important biogeo-

graphic region with high diversity of elasmobranchs (Carrillo-Briceño et al.,

2018) and it is evident than the different oceanographic conditions between

the TNP and the TEP can separate populations of the same species (Castillo-

Olguı́n et al., 2012) or sister species (Castillo-Páez et al., 2017). Thus, expan-

ding elasmobranch research to the Mexican TEP is imperative not just for

delimiting variation among stock, but also for understanding the evolutionary

and ecological processes that maintain and produce elasmobranch diversity.

With genetic knowledge expanding and sequence technology costs decreas-

ing, conservation genetic/genomic research in the MPC should more easily

cover more species and localities, and therefore improve the development

of efficient management plans.

3. Future Work

In the last decade, high-throughput sequencing technologies (HST)

have facilitated genomic research of non-model species. This has made it

possible to genotype hundreds of individuals at thousands of loci. It has also

allowed the study of variation in gene expression and epigenetic variation

without the need for a reference genome. Even whole-genome analysis is

now feasible for non-model organisms (Luikart et al., 2019; Primmer,

2009). Large, genome-wide datasets have drastically changed conservation

genetics research, reducing its relative cost, expanding the questions it can

address, and boosting its power and accuracy (Primmer, 2009). However,

these technological advantages have not yet been widely exploited in the

MPC, and in fact have not yet been extensively used in elasmobranch

research at a global level (but see Corrigan et al., 2017; Pazmiño et al.,

2018). Although HST have a lot of potential, we describe below what

we believe could be the most relevant applications for conservation biology

of sharks and rays in the MPC.

3.1 Forensic genomics
Since DNA barcoding can efficiently discriminate between species and even

populations of elasmobranchs (Hanner et al., 2016; Rodrigues-Filho et al.,

2012; Ward et al., 2008), the approach can be used to help to trace fishery

products (including fins and meat) and identify illegal trade of protected
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species or populations. Conventionally, these approaches use one or two

loci sequences (normally the mitochondrial COI and the nuclear ITS2

genes) obtained through PCR amplification from individual specimen

genomic DNA (Ward et al., 2008). However, this approach has several chal-

lenges. For instance, it requires high concentrations of the DNA template

(100–500ng), and PCR can coamplify pseudogenes (imperfect paralogous

copies of a gene) or intracellular endosymbiotic genomes (bacterial, fungal

or viral), which can produce spurious variations (Smith et al., 2012). Addi-

tionally, intra-individual variability can be present (e.g. heteroplasmy; two

or more different organelle genomes in the same individual), and the same

genotype can sometimes be detected in sister species due to the presence of

foreignDNA (introgressive hybridization) or very recent divergence (incom-

plete lineage sorting) (Parmentier et al., 2013;Ward et al., 2008). Any of these

occurrences can lead to ambiguous or false identification when traditional

DNA barcode methods are used. High-throughput sequencing can help to

overcome some of these limitations, becausemillions of sequences from thou-

sands of DNA templates can be generated in parallel. This reduces the

required quantity of original DNA template (5–20ng), allowing analysis of

degraded or very small tissue samples (e.g. Sigsgaard et al., 2017). It also facil-

itates the generation of multiple barcodes for several individuals simulta-

neously, making the process faster and cheaper (Shokralla et al., 2015). But

perhaps most importantly, the analysis of larger numbers of loci can help to

identify pseudogenes, endosymbiotic genes, gene introgression, and apparent

incomplete lineage sorting (Coissac et al., 2016; Shokralla et al., 2015). This

will also increase power to discriminate not just species but also populations or

even individuals. This can improve traceability of fishery products including

the identification of illegal trades or catch, a key requisite for the better

management of elasmobranchs stocks.

3.2 Environmental DNA (eDNA)
Most of the research described in this review was done using opportunistic

sampling from the by-products of commercial fisheries catches. However,

active sampling was used for the two most studied species, the whale shark

and the white sharks (Oñate-González et al., 2015; Ramı́rez-Macı́as et al.,

2007). These protocols involve a spear or a dart with a core modified to take

biopsies from free-ranging animals tracked by boat, or sometimes

approached by divers. These methods usually require special permits that

are not always easy to obtain. For these reasons, active sampling is logistically
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difficult, expensive and time consuming. Moreover, this sampling can inflict

high levels of stress and physical damage to the sampled animals. Fortunately,

organisms leave traces of DNA in their environment via faeces, saliva, urine,

blood, and skin cells. Environmental DNA (eDNA) is usually degraded and

found in low concentrations, making it extremely difficult to recover any

signal with traditional genetic methods (Rees et al., 2014). The massive

amount of sequence data obtained fromHST has made it possible to recover

DNA data directly from environmental samples (Shokralla et al., 2012). The

use of eDNA removes the need to capture, injure or even observe the target

species, making genetic surveys easier, cheaper and faster. In the MPC, this

approach can be used in elusive, rare or critically endangered species for

simple presence/absence surveys, such as that currently being done in

largetooth and smalltooth sawfish (Pristis pristis and P. pectinata) from theMex-

ican TEP (Bonfil et al. unpublished data). Recent papers have also shown that

eDNAhas the potential for population level analyses, such as the estimation of

abundance and genetic diversity of shark aggregations (Lafferty et al., 2018;

Sigsgaard et al., 2016). This information will help to identify possible aggre-

gation sites, seasonal movements, and perhaps evaluate fisheries interactions;

all of which are essential information for better protection, monitoring, and

recovery plans of elasmobranch species in the MPC.

3.3 Seascape genomics
Seascape genomics is a relatively new research field, which integrates geo-

graphic environmental and genomic variation in marine systems to under-

stand the effects of environmental factors on microevolutionary process such

as migration, genetic drift and selection (Balkenhol et al., 2019; Riginos

et al., 2016). High-throughput sequencing technologies have increased

the power of seascape genomics to resolve genetic structure at very fine

geographic scales and taxonomic levels. Analysing thousands of markers pro-

vides greater resolution of demographic parameters (e.g. migration rates),

and facilitates the identification of candidate adaptive loci (Grummer

et al., 2019; Riginos et al., 2016). This information can enable identification

of cryptic population boundaries associated with breaks in genetic flow due

to adaptive divergences, which could be key for the future adaptability of

fisheries resources (Grummer et al., 2019; Riginos et al., 2016). Seascape

genetic analysis has so far been used to describe cryptic lineages of elasmo-

branchs from theGC (Sandoval-Castillo and Beheregaray 2019). In the same

study, the authors also identify environmental factors driving major adaptive
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divergences, as well as the oceanographic barriers limiting connectivity

between lineages. This information can be integrated with future climate

models to predict the effect of environmental change on the evolutionary

potential of the species, as has been done in other taxa (e.g. Razgour

et al., 2019). We suggest that the power of seascape genomics can be further

applied to not just to elucidate species distributions and geographic popula-

tion structure in the MPC, but also to clarify the relative role of oceano-

graphic factors influencing microevolutionary processes in the region. As

such, it will be useful for determining elasmobranchs’ evolutionary potential

to respond to fisheries pressure and climatic change.

3.4 Demographic analysis
The use of HST to produce genome-wide or even whole-genome data will

revolutionize the application of genetics to estimate demographic parame-

ters, including effective population size (historical and contemporary) and

inbreeding. Inbreeding increases homozygosity, which can cause inbreeding

depression (reduced fitness of inbred individuals; Frankham, 2015). Geno-

mic data can directly measure patterns of homozygosity across the genome,

providing more precise estimates of individual inbreeding. Moreover, the

use of thousands of genetic variations mapped to relative positions in the

genome has allowed implementation of new approaches. For example, with

whole-genome sequences we can detect runs of homozygosity (ROH),

which are long tracts of homozygosity in an individual produced by identical

haplotypes inherited from each parent. ROH can be used to estimate

inbreeding with very high precision, and also identify inbreeding depression

by testing for associations between the presence of ROH and individual fit-

ness traits (Luikart et al., 2019). Even when fitness data are not available,

evolutionary constraints can serve as an approximation of genotypic fitness

(see van der Valk et al., 2019). This can be applied in elasmobranches to not

just estimate inbreeding depression, but also to develop genetic rescue

programmes for populations with extremely low evolutionary potential.

As previouslymentioned, contemporaryNe is a very important parameter

for conservation genetics, and its calculation has always been challenging.

However, the use of genomic data has improved the accuracy, precision,

and efficiency compared to previous genetic approaches for estimates of

contemporary Ne (Larson et al., 2014; Nunziata and Weisrock, 2018). In

addition, several methods for demographic history reconstruction, such

as approximate Bayesian computation (ABC; Cornuet et al., 2008) or
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diffusion approximations for demographic inference (∂a∂ i; Gutenkunst
et al., 2009), show drastically improved statistical power when used with

genomic data, even with few individual samples (�5–15). In fact, historical
patterns of Ne can be inferred with the whole-genome sequence of a single

individual using pairwise sequential Markovian coalescence (PSMC; Li and

Durbin, 2011). Genomic data have been used to estimate Ne in two species

of sharks from the Pacific Ocean (Pazmiño et al., 2017; Reid-Anderson

et al., 2019). However, they have never been used in MPC populations,

despite the importance of estimating Ne and its fluctuations for assessing

extinction risk. This knowledge will improve conservation management

of endangered species and will help to prioritize efforts in a region with very

limited resources for conservation.

3.5 Gene expression and epigenetics
High-throughput sequencing technologies can be used to sequence all the

messenger RNA within a tissue (RNAseq) in order to analyse the expressed

fraction of the genome (transcriptome; Wang et al., 2009). This data can be

applied de novo (without any genome reference) to any species to capture

functional genomic variation, making it a very useful tool for conservation

biology. A population comparative transcriptomic approach can help to

identify genes responsive to environmental stresses, and at the same time

identify genes and gene pathways that are candidates for local adaptation

(Brauer et al., 2017; Sandoval-Castillo et al., 2019). This can improve under-

standing of genetic activity related to habitat fragmentation and environmen-

tal change. As gene expression can vary without any molecular change in the

genome (phenotypic plasticity), it can also provide a completely different

view of the evolutionary effects of small population sizes (Brauer et al.,

2017) and acclimation potential (Healy and Schulte, 2018). There are a

few studies that usedRNAseq to characterize the transcriptome of shark spe-

cies (Chana-Munoz et al., 2017; Goshima et al., 2016; Machado et al., 2018;

Onimaru et al., 2018; Richards et al., 2013). Although these works are

important resources for future research, there is only one study that exploited

the potential of comparative transcriptomic analyses in elasmobranchs

(Lighten et al., 2016; see below).

Some changes in expression can be transgenerational, and therefore even

more relevant for conservation. Heritable variations in ecologically impor-

tant phenotypic traits can occur in the absence of DNA sequence variation

via epigenetic modifications of the genome, including DNA methylations
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and histone modifications (Goldberg et al., 2007). These modifications are

expected to appear at a much faster rate than genetic mutation, potentially

allowing organisms to adapt to different habitats or respond to climatic

change, even in populations with depleted genetic variation and apparently

low evolutionary potential. For example, Lighten et al. (2016) showed dif-

ferential expression between two populations of winter skate Leucoraja

ocellata. The authors demonstrated that these differences have an epigenetic

basis (the differences in expression are correlated with differences in meth-

ylation in the genome) and suggested that they have allowed the rapid adap-

tation of one population to warmer waters. Although it is still unclear as to

how far epigenetic adaptations could help to ameliorate population decline,

epigenetics is likely to be an important research topic in conservation

genomics for elasmobranchs.

3.6 Genomic of fisheries
The MPC is a hotspot of elasmobranch biodiversity (Ehemann et al., 2018)

but is also one of the most important regions in the world for elasmobranch

fisheries (see chapter “Fisheries interactions and the challenges of both

targeted and non-targeted take in shark conservation” by Sosa-Nishizaki

of volume 84). There are at least 65 species of sharks and rays that are caught,

either as target species or by-catch (CONAPESCA-INP, 2004; see chapter

“Fisheries interactions and the challenges of both targeted and non-targeted

take in shark conservation” by Sosa-Nishizaki of volume 84). However, the

genetic data reported here covers just over 50% of these species; moreover,

the existing information has not been implemented into any management

plan in the region. Considering the global increase in pressure on marine

resources, a failure to incorporate genetic information into future manage-

ment and conservation of elasmobranches from theMPC puts this biodiver-

sity at high risk. Based on the information presented in this review, we

suggest focusing genetic efforts in four fundamental areas:

Species identification: Develop forensic genomics protocols that allow

identification of species and population of origin of fisheries products

(meat and fins). This would reduce inherent uncertainty of landing data

and would also help to identify illegal trade of protected species.

Fisheries stock delimitation: Identify the number of genetic stock and

management units of elasmobranches in the MPC to estimate appropri-

ate demographic parameters. This will allow the development of species-

and even stock-specific sustainable exploitation plans.
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Abundance: Calculate modern Ne and migration rates, which are nec-

essary to determine demographic parameters. This will allow us to esti-

mate not just the abundance of a species, but also its harvesting rate and

demographic resilience.

Evolutionary response: Develop long-term seascape genomic, compar-

ative expression and genomic diversity studies, which are necessary to

understand the evolutionary response of stocks, populations and species

to fisheries pressure and climatic change. This information is necessary to

estimate evolutionary potential.

These four suggestions will enable the identification of extinction risk, and

the implementation of efficient management strategies a regional and

global scale.

4. Conclusion

The last decade has borne witness to unprecedented growth in con-

servation genetic research of MPC elasmobranchs, however the field

remains understudied and has enormous potential for further development.

The genetic tools described here demonstrate the potential to provide

information extremely relevant for conservation, and which is unlikely

to be obtained by other methods. This should be enough to justify

increased investment in genomic research in the region. With HST costs

decreasing, genomic applications are now more accessible (see Glenn,

2011, with updates from Glen, 2016 NGS Field Guide: Overview http://

www.molecularecologist.com/2016/03/2016-ngs-field-guide-preview/),

even to developing areas such as theMPC. In addition, the analysis of thou-

sands of independent markers also reduces the number of samples required

to archive high-precision genetic estimates (Gaughran et al., 2018; Li and

Durbin, 2011; Willing et al., 2012), and some methods (e.g. eDNA) even

avoid the logistic complications intrinsic to sampling elasmobranches,

potentially reducing cost even further (Lafferty et al., 2018; Sigsgaard

et al., 2016). The implementation of genomicmethods will not just increase

our power, precision and accuracy for acquiring conservation-related infor-

mation: it could also change our perspectives regarding the evolutionary

potential of small populations, the use of genetic rescue as a conservation

tool and the importance of gene expression plasticity in wild populations.

This information will be critical for implementing efficient management

plans for elasmobranch populations in the face of climatic change, habitat

degradation and overexploitation.
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However, conservation genomics can be highly technical, making the

understanding and communication of basic concepts challenging. Therefore,

developing communication strategies that maximize the appropriate uptake

of research outcomes by fishery managers and politicians is a fundamental

priority. This will enable the translation of genomic data into applicable con-

servation and management plans. In summary, we encourage investment in

genomic research, and the development of conservation geneticists who are

not only able to produce genomic results, but also correctly interpret and

translate them in plain terms. This will increase our chances of implementing

efficient management and conservation strategies that will reduce the extinc-

tion risk of the unique elasmobranch biodiversity in the MPC.
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