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10.1 Introduction

Molecular approaches in ela smobranch research have been used predominantly for phylo-
genetic inference or to define population structure. However, a variety of high-resolution
molecular markers allow for the interpretation of complex patterns of molecular variance
as well as the fast and accurate reconstruction of individual molecular profiles. Such tech-
niques can be useful in augmenting current understanding of the reproductive biology of
elasmobranchs and, where experimental or observational approaches may be difficult, can
provide novel insights. The increased access and ease of utilizing molecular approaches
makes the techniques and concepts discussed in this chapter useful for any elasmobranch
researcher interested in the study of reproductive biology.

/

10.2 Molecular Markers

The first step toward utilizing a molecular approach to augment reproductive studies i
informed selection of appropriate markers. Many choices exist but the following disct
sion will be limited to three types: microsatellites, single nuclear polymorphisms (SE
and direct DNA sequence data. All three are desirable because they can be highly p
morphic, making them more informative than markers such as restriction fragmentl I
polymorphisms (RFLPs) and allozymes. They also are easier o interpret than amg
fragment length polymorphisms (AFLPs) and more reproducible than randomly a

fied polymorphic DNAs (RAPDs). However, there are strengths and weaknesse

of these marker types and the decision to use one or the other will be based on the:
questions being asked and the resources available to the researcher.

10.2.1 Microsatellites

Microsatellites are short stretches of repetitive DNA found in the nuclear gen
times referred to as short tandem repeats (STRs) or variable number tanden
(VNTRs). An individual microsatellite is composed of a motif up to six base
repeats n times, for example CACACACA, which often is expressed as (CA)y
repetitive sections of DNA (flanking regions) on either side of the microsate
Individual microsatellites and their flanking regions can be amplified usin
merase chain reaction (PCR) and appropriate primers, which are sequence
to 24 base pairs long and designed to be complementary to areas in the fla
Individual alleles at a microsatellite are scored as size polymorphisms that
differences in the number of individual repeats [e.g., (CA), versus (CA)l
matkers have the desirable properties of being highly polymorphic, codo
ited, and widely distributed throughout genomes (Weber 1990).

However, use of microsatellite markers relies on the assumption that
is due to changes in the number of repeat units. Changes in repeat numb
occur via “slip-strand mispairing” where the repetitive segment aligns imy
DNA replication, resulting in excision or addition of a repeat unit (Levin:
1987; Weber and Wong 1993). This simple model of mutation is knowit
mutational model or SMM (Kimura and Ohta 1978) and is appealing b
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ationship between individual alleles easy to understand and model. However, this is
generally an oversimplification, as most loci undergo some percentage of mutations that
involve more than one repeat unit. The degree to which the SMM is violated depends on

individual microsatellite; consequently, analysis of microsatellite data often requires
e of the more complicated two-phase model (TPM) that takes into account both step-
se and larger repeat additions and/or deletions (Di Rienzo et al. 1994; Ellegren 2004).
reover, many microsatellites feature mutations that do not involve the repetitive unit
(Angers and Bernatchez 1997), causing shifts in size that may or may not correspond to
the repeat unit. Other mutations may affect the binding affinity of a PCR primer for the
target sequence, leading to amplification failure during PCR (Chapuis and Estoup 2007).
Loci that are highly polymorphic may feature several of these confounding problems and
risk of homoplasy (where two alleles appear identical but have different genealogical
tory) may be high (Balloux et al. 2000). Finally, microsatellites frequently exhibit PCR
rtifacts, such as stutter bands and allele size changes, which further complicate scor-
g (Figure 10.1). For studies where the goal is individual identification, as in parentage,
kinship, or genetic tagging, the nature of mutational events is usually unimportant (as
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FIGURE 10.1

olor version of this figure Jfollows page 336. A comparison of microsatellite data and SNP data. Top panel
gel image generated on a LiCor 4200 Global TR? system. Each band is a different allele detected in an array
uvenile Carcharhinus plumbeys and each column is one individual. The relationship between alleles marked
»and c is assumed to be the result of either the loss or gain of repetitive motif units but is only scored as a
e polymorphism 50 one cannot be sure. Allele d shows a strong stutter band, which is a PCR artifact that
y make accurate scoring difficult. Bottom panel is an image of a 20 base pair read that differs by one base
L substitution. In this case the relationship between alleles is clear; 1 has a G at site 10 and 2 has an A at site

hen scored as an SNP all individuals sampled will show one state or the other for each allele at this locus.
provides less information than a polymorphic microsatellite locus.
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mutational rates tend to be low). Genotyping error, however, has the potential to seriously |
confound results. For other types of studies such as population genetics, where the muta- i
tional model may be more important, researchers who are aware of these problems can f

screen and select loci to avoid them.

Another potential pitfall associated with the use of microsatellites is the expense and |
time associated with creating enriched libraries and designing species-specific markers. |
This problem can be circumvented by the use of microsatellites designed for one spe-
cies on a closely related species. The opportunity to do this is increasing in elasmobranch
research, as markers are becoming available for an ever widening range of species across |
taxa [e.g., Carcharadon carcharius (Pardini et al. 2001); Carcharhinus limbatus (Keeney and
Heist 2003); Stegostoma fasciatum (Dudgeon et al. 2006); Raja clavata (Chevolot et al. 2007)]. |
While this type of approach is useful, it is important to note that many microsatellites are
most polymorphic in the species for which they have been isolated. For some applications
where high levels of polymorphism are important, such as parentage, species-specific
markers are likely to be preferable (for a more complete review of microsatellites and their
use, see Goldstein and Schlotterer 1999 and Ellegren 2004).

10.2.2 SNPs (Single Nuclear Polymorphisms)

satellite distribution in the genome is nonrandom and dependent on both motif and organ-
ism of interest (Chakraborty et al. 1997), SNPs are densely distributed throughout genomes
(Vignal et al. 2002). Because SNPs are single base pair substitutions, they have a very simple
mutational model and a low probability of homoplasy, due to the low frequency of these
substitutions at a given site (Li, Gojobori, and Nei 1981; Martinez-Arias et al. 2001). However,
this slow mutational rate means that most SNPs have only two alternate states, making
them diallelic. For this reason, datasets must be composed of large numbers of SNPs or
panels of linked SNPs to gain the same level of resolution available from a modest number
of microsatellites (Glaubitz, Rhodes, and DeWoody 2003; Jones et al. 2009). Finally SNPs are
easy to score and interpret, making experimenter error less common (Figure 10.1).

There are many cost-effective and reliable methods for amplifying and scoring SNPs
(reviewed in Kwok 2001), but designing and optimizing these markers may require signifi-
cant sequencing and cloning that can be cost prohibitive (methods of design are reviewed
in Vignal et al. 2002). A more cost-effective strategy involves screening large numbers of
sequences present on web resources such as GenBank (available at http://www.ncbi.nlm.
nih.gov/). This strategy works best for researchers working on either model organisms
or intensely studied taxa. Currently, this approach may be problematic for elasmobranch
researchers due to the paucity of available materials; however, some exceptions exist (see
Nazarian et al. 2007). In addition, much of the available sequence data have originated
from functional segments of the genome, meaning that the acquisition of SNPs from neu-
tral parts of the genome (desirable for some types of analysis) may be difficult. While these
markers have not yet found wide application in elasmobranch behavioral ecology, as the
number of web-available sequences increases, their use may become more common (for a
more complete review of SNPs and their use, see Kwok 2001 and Vignal et al. 2002).

|
SNPs are single base pair polymorphisms, generally in the nuclear genome. Whereas micro- ‘
|
|

10.2.3 DNA Sequence Data

DNA sequence data combines many of the positive aspects of the previously dis-
cussed molecular markers and can be nuclear or mitochondrial. Sequences are typically
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polymorphic, because mutations at multiple sites along the sequenced segment are
assayed, and scoring the base changes is easy and accurate. Because the exact muta-
tions that define different haplotypes can be observed directly, modeling relationship(s)
between or among sequences is generally straightforward (Goldman 1993). The amount
of information available from sequence data, however, is highly dependent on the portion
of the genome sequenced. Coding regions (e.g., exons in nuclear genes or protein-coding
mitochondrial genes) may be too conserved to be useful in behavioral ecology. Noncoding
regions (e.g, introns in nuclear genes or the mitochondrial control region) are generally
not constrained by selection and thus are more variable. While these regions may be more
useful in behavioral ecology, too much variation may make the relationship(s) between or
among sequences problematic for some applications.

There are two major concerns with sequence data. The firstinvolves the design of appropri-
ate primers that amplify the correct target region. This is especially important when ampli-
fying nuclear DNA where there may be multiple, nonorthologous copies of the same gene
or pseudogenes (Hillis et al. 1996). In addition, nuclear mitochondrial DNAs (numts; Lopez
etal. 1994), mitochondrial DNA that has been transposed into the nuclear genome, can con-
found analysis of mitochondrial loci. Identification of these artifacts may require significant
cloning and sequencing. The second and related concern is price. Although improved tech-
nology has made sequencing relatively inexpensive and time efficient, sequencing a large
number of individuals is still far more expensive than using either microsatellites or SNPs.
In addition, elasmobranchs exhibit an extremely slow rate of mtDNA sequence evolution
(Martin, Naylor, and Palumbi 1992). Researchers interested in using mtDNA may therefore
need long sequences to capture enough variation, further increasing expense (for a more
complete review of sequence data and their use, see Avise 1987 and Ellegren 2004).

For elasmobranch researchers interested in using DNA sequence data, a variety of prim-
ers and sequences are available online for both nuclear and mitochondrial DNA. Using
these resources to design primers to amplify target sequences in a species of interest may
prevent some of the problems (e.g,, decreasing the time needed to optimize primers) listed
previously. This type of approach has been utilized for multiple phylogeographic studies
involving sharks, all of which used the same primer set to amplify the mtDNA control
region (Duncan et al. 2006; Keeney and Heist 2006; Schultz et al. 2008; Portnoy 2008).

10.3 Mating System Analysis
10.3.1 Introduction

The use of highly polymorphic molecular markers has revolutionized our understanding
of mating systems. Polygynandry (in which both sexes mate with multiple partners) had
long been considered the dominant mating system in aggregate spawners with external
fertilization and molecular inquiry has confirmed this assumption (DeWoody and Avise
2001; Myers and Zamudio 2004). However, in species with internal fertilization (e.g., mam-
mals and birds), monogamy or polygyny (in which males mate with multiple partners)
were considered the dominant mating systems. Studies using high-resolution molecular
markers have revealed that polyandry (in which females mate with multiple partners) is
common in these species even when observational study suggested female monogamy
(Gibbs et al. 1990; Carling, Wiseman, and Byers 2003; Goetz, McFarland, and Rimmer 2003;
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Yamaguchi et al. 2004). That females are capable of producing offspring sired by multiple
males should not be a surprise, as most animals, even humans, that ovulate multiple eggs
have the potential to be inseminated by multiple males (Girella et al. 1997).

There are two major categories of benefits (direct and indirect) that can be used to
explain female polyandry. Direct benefits increase the number of offspring a female can
produce. These benefits may take the form of nutritive gifts that can be invested in the
production of ova, increased sperm volume, or shared parental care (Gray 1997, Avise et
al. 2002; Gosselin, Sainte-Marie, and Bernatchez 2005). For species where fecundity is fixed
and sperm is not a limiting factor, indirect benefits that increase survivorship and even-
tual reproductive success of offspring have been invoked to explain polyandrous behavior
(Zeh and Zeh 2001). Indirect benefits include increased additive genetic variance in prog-
eny, bet-hedging in unstable environments, precopulatory or postcopulatory trading-up,
and postcopulatory defense against genetic incompatibility (Zeh and Zeh 1997, Newcomer,
Zeh, and Zeh 1999; Jennions and Petrie 2000; Tregenza and Wedell 2000). While these
are appealing explanations for female behavior, they are extremely hard to demonstrate
(Byrne and Roberts 2000; Garner and Schmidt 2003). Detecting indirect benefits is even
more difficult in long-lived species with late maturity because such benefits can only be
measured by reproduction of an individual’s offspring. What's more, there is some doubt
that indirect benefits can balance costs often associated with mating (Yasui 1998). This
has led researchers to suggest that sometimes there may be no benefit to female remating,
Instead, females remate to avoid costs associated with resistance, a phenomenon known as
convenience polyandry (Alcock et al. 1978).

10.3.2 Methods

Kinship analysis, using highly polymorphic molecular markers, is a straightforward way

to assess mating systems (Blouin et al. 1996; Fiumera et al. 2001; Jones and Ardren 2003).
The general strategy involves collecting tissues from large numbers of juveniles of known
age. Preferably, tissues also will be collected from known parents (for live-bearing animals,
this is usually the mother). Arrays of multilocus genotype data can then be collected using
microsatellites or SNPs (due to expense, sequencing is likely not practical). When knowl-
edge of parental genotypes is not possible, the basic principle underlying analysis derives
from Hamilton’s (1964) original formulation of the genetic relatedness between relatives.
Put simply, full siblings share one quarter of their mother’s genes and one quarter of their
father’s genes, meaning they have half of their genome in common. Half siblings related
maternally still share one quarter of their mother’s genes but none of their father’s genes.
Just like full siblings, offspring and parents share half of their genome. However, offspring
directly inherit genes from their parents meaning they will share one allele at every locus
examined. Siblings on the other hand may share no alleles at a particular locus. This means
that despite the fact both pairings share half of their genome, offspring—parent relation-
ships are always easier to detect than sibling relationships. Individuals who are unrelated
also share parts of their genome due to common inheritance in generations past and hom-
plasy. This creates noise that can lead to incorrectly inferred relationships among juveniles.
In order to account for this, algorithms must correct for the probability that shared alleles
may be identical by state but not identical by descent. Increasing the number of markers:
and their level of polymorphism further helps increase the accuracy of assignment (see
Blouin 2003 for a full review). Individuals can then be grouped by their relatedness of
assigned to categories such as full sibling or half-sibling, taking into account allele fre=
quencies, and statistical confidence can be generated for these groupings using Bayesian Of
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FIGURE 10.2

The probability of detecting multiple paternity (PrDM) increases as the number of loci analyzed increases.
The effect is greatest when litter size is small. The three trend lines represent litters of 5, 10, and 20 pups each.
PrDM was calculated using PrDM software (Neff and Pitcher 2002). Each locus was assigned five alleles of equal

frequency and females were assigned a homozygous condition. Tf females were he terozygous PrDM would be
smaller. A similar affect will occur if the variability of all loci is increased.

maximum likelihood approaches (Goodnight and Queller 1999; Emery et al. 2001). When
the maternal genotype is known, reconstructing male genotypes is quite simple. Maternal
alleles are identified in progeny and the remaining alleles assigned to males. The algo-
thms available for this type of analysis either search for the minimum number of sires or
e most likely combination of sires based on allele frequencies in the population (Wang
04; Jones 2005; Kalinowski, Taper, and Marshall 2007). Parental genotypes can also be
constructed without knowledge of either parent’s genotype but these methods rely on
i€ assumption that one sex has greater contribution to the array of progeny than the other
dheim, Gruber, and Ashley 2004).
hin a litter, polyandry can be detected by looking for half-siblings that are related
inferred maternal genotype. This conclusion will be aided if mothers have been
otyped previously. If not, the assumption that maternally related offspring are more
mmon than paternally related offspring must be justified. This approach works well if
mber of breeders contributing to offspring in a given location is small and most of
uveniles can be sampled (Feldheim, Gruber, and Ashley 2004; DiBattista et al, 2008b),
vill be difficult if the number of breeders is large and only a small fraction of juveniles
sampled (Portnoy 2008).
1y, the maternal multilocus genotypes will be known when litters are analyzed. In
uations, a litter from a monogamous mating will have no more than four alleles
tata given locus. The detection of extra-paternal alleles at one or more loci can be
infer genetic polyandry. Various algorithms have been constructed that can return
likely multilocus genotypes of the unsampled parents (Jones 2005; Kalinowski,
1d Marshall 2007). When the number of offspring is small, using multiple polymor-
rkers (four or more) will increase the probability of detecting extra-pair matings
102). Using multiple markers also ensures that PCR artefacts at a single marker,
iy identified as extra paternal alleles, do not lead to a conclusion of polyandry.

8 Systems in Elasmobranchs

Is have been used widely in studies of elasmobranch mating systems. So
' Where multiple litters have been examined have shown genetic polyandry.
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TABLE 10.1
Prevalence of Genetic Polyandry in Elasmobranch Species

Species N P L Study

1.00 280 Ohtaetal 2000

1.00 320 Savilleetal. 2002

1.00 NA  Heist 2004

Triakis scyllium 000 170 Ohtaetal 2000
Carcharhinus plumbeus 20 0.85 94  Portnoy et al. 2007
Carcharhinus plumbeus 20 0.40 55 Daly-Engel et al. 2007
Carcharhinus galapagensis 1 0.00 7.0  Daly-Engel et al. 2006
Carcharhinus altimus 1 1.00 90 Daly-Engel et al. 2006

Sphyrna tiburo 22 0.19 85 Chapman et al.2004
Feldheim et al. 2004

Ginglymostoma cirratum

Ginglymostoma cirrafum
Ginglymostorma cirratum

e i

Negaprion brevrirosrris 45 086 NA

Negaprion brevrirosrris 46* 0.81 NA  DiBattista etal. 2008
Squalus acanthias 10 0.30 50 Lageetal 2008

Squalus acanthias 29 017 50 Portnoy unpublished data
Raja clavata 4 1.00 430 Chevolot et al. 2007

Nofe: N is the number of litters examined, P is the percentage of litters that
showed polyandry, L is the average litter size calculated from the cita-
tion, For studies where polyandry was detected via inferred multilo-
cus parental genotypes (¥) no average litter size is presented. Litter

sizes were also not reported in Heist (2004) for the two females.

However, the prevalence has differed greatly among species (Table 10.1). The major
litters examined were genetically monogamous in bonnethead sharks, Sphyrna tiburo
(N = 22), Chapman et al. 2004] and spiny dogfish, Squalus acanthias [30% (N = 10) a
(N = 29), Lage at al. 2008; Portnoy, unpublished data]. By contrast, the majority of
in lemon sharks, Negaprioin brevirostris, nurse sharks, Ginglymostoma cirratum, ans
bar sharks, Carcharhinus plumbeus, had multiple sires (Saville et al. 2002; Ohta et a
Feldheim, Gruber, and Ashley 2004; Portnoy et al. 2007).

These studies were designed to detect genetic polyandry, the presence of m
in a single litter. Females may engage in behavioral polyandry, mating with multi
without producing a multiple-sired litter. In addition, in iteroparous species, fer
engage in serial monogamy, a type of polyandry in which females mate with o1
reproductive effort but change mates across years (Sugg and Chesser 1994; Kar
latter is likely a general feature of elasmobranch reproduction even when it
ters are sired by a single male because females almost certainly do not mate w
male in successive reproductive seasons.

Given the high cost associated with reproduction in elasmobranchs (Pr:
2001), the presence of genetic polyandry has led to questions about the
behavior. Portnoy et al. (2007) found no increase in female fecundity (@
for genetically polyandrous female Carcharhinus plumbeus in the western
DiBattista et al. (2008a) could not detect indirect benefits, measured as i

of pups to age two, in Negaprion brevirostris. In both cases, convenience p!
the best explanation for multiple paternity. However, future studies are T&
are multiple types of indirect benefits and they will be difficult to detec
long generation times. In Carcharhiniis plumbeus, the prevalence of gen
between populations with high prevalence in the western North Atl
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2007) but less than 50% prevalence in Hawaii (Daly-Engel et al. 2007), suggesting that envi-
ronment or demography may have an effect on female remating rate. In Negaprion breviro-
stris, however, the prevalence of genetic polyandry is consistent among nursery grounds
with different environmental characteristics, within the same population (DiBattista et
al. 2008a). Our understanding of patterns of genetic polyandry in elasmobranchs is still |
in its infancy and further study examining possible indirect benefits is necessary. Large '
comparative studies across multiple populations with different environmental and demo-

graphic characteristics as well as long-term studies will be needed to further examine

these questions.
Parentage analysis has found an alternate application in examining apparent virgin

births in captive sharks. Parthenogenesis had been suggested for both Sphyrna tiburo and
Carcharhinus limbatus when single females of each species gave birth in captivity, appar-
ently without access to males. In both cases molecular analysis failed to turn up paternal
alleles, suggesting that these animals produced viable offspring with no paternal contri- |
bution (Chapman et al. 2007; Chapman, Firchau, and Shivji 2008). The relevance of these ‘

findings in wild populations, however, is unclear.

10.4 Female Philopatry |

10.4.1 Introduction
me animals male and female reproductive strategies may lead to differing disper-
otential. In particular, females, which in live-bearing animals tend to show greater |
tal investment in offspring than males, may show philopatry to specific areas if it will il
ase survival of their offspring (Perrin and Mazalov 2000). There are two main reasons |
' concerned with this behavior. First, strongly philopatric animals may be at greater |
of localized extinction when exploited (Hueter 1998), making definition of the presence |
ictness of philopatry important. Second, adaptive genetic variation is carried in the
E genome, so the presence or absence of nuclear gene flow should be used to define :
tions. When population structure is examined using only mtDNA, misidentification
88 likely in highly philopatric animals featuring male-mediated gene flow.
tional observational and tagging studies have demonstrated thatindividual females
ly return to the same nursery grounds over multiple years in both Ginglymostoma
and Negaprion brevirostris (Pratt and Carrier 2001; Feldheim, Gruber, and Ashley
oustic monitoring data also suggests that female Carcharhinus plumbeus may return
€ nursery ground in multiple years (Portnoy, unpublished data). Tagging stud-
ing Carcharhinus limbatus and Carcharhinus plumbeus have shown the tendency
S to return to the same nursery grounds in the summer months (Heupel and
1; Grubbs et al. 2007).
approaches may be important when the ability to tag and resample individu-
tomised by characteristics of the environment or the animal’s behavior, In addi-
approaches can be used to augment tagging and observational studies, as
earchers to examine patterns of philopatry over wider spaces and longer
> than tagging or observational studies may allow. The researcher’s inter-
behavior versus patterns of philopatry present over time and space will

1€ methodology employed.
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10.4.2 Methods
10.4.2.1 Individual Identification

For researchers interested in studies of individual behavior, molecular markers, specifically
microsatellites and SNPs, can be used to generate “unique” multilocus genetic identifiers
for individuals (genetic fingerprinting). This approach works by genotyping individuals
at a modest to large number of markers. As additional markers are assayed, the probabil-
ity of catching two individuals with identical genotypes rapidly approaches zero. To give
a simplified example, consider a study where a researcher employs 10 microsatellites each
with 10 equally frequent alleles to genotype individual animals. The probability of sampling
an unrelated individual with the same genotype as a previously genotyped individual is
L.0*10". While having a panel of markers that behave this way is highly unlikely, the example
demonstrates the power of this methodology. This type of approach can be used to identify
and track individuals when traditional tagging is not possible, or if tag shedding is a problem
(Palsbell et al. 1997; Amos, Schlétterer, and Tautz 1993) but requires resampling individuals.
The problem with the above approach is that resampling adult individuals may be inher-
ently difficult, which is why traditional tagging approaches could not be used in the first
place. Using the kinship approach, discussed in the previous section, researchers can iden-
tify philopatric females by catching and genotyping their progeny. Because this approach
can be used to infer maternal genotypes, it negates the need to catch and handle adults,
However, the inference of unsampled adult genotypes from juveniles will always requirea
greater number of markers than the detection of previously sampled adult genotypes from
juveniles. In addition, a larger number of SNPs, relative to microsatellites, will be required
for this type of analysis because they are diallelic (Glaubitz, Rhodes, and DeWoody 2003),

10.4.2.2 Phylogeographic Approaches

While kinship and genetic fingerprinting are powerful approaches to examining individ-
ual philopatry over short periods of time, a phylogeographic approach is needed to exam-
ine philopatry over larger geographic areas and across many generations. For this type of
application the use of molecular markers with different modes of inheritance is necess
(Karl, Bowen, and Avise 1992; Palumbi and Baker 1994). Specifically, comparisons shouls
be made between patterns of variation across samples with maternally inherited mtDN.
versus bi-parentally inherited nuclear genes (microsatellites or SNPs). To accomplish thi
the F-statistic or Fg, derived from the inbreeding coefficient (Wright 1965), can be used to
detect population structure. This is commonly expressed by examining variance in allele’
frequency within and between subpopulations as defined by (Weir and Cockerham 1984):

I (10)
) 4

where p is the average sample frequency of allele A and s? is the variance of that allels
across populations. The values obtained can be tested against the expectation of the nu
model (H,), a population with panmictic mating, using permutation testing (Exco
Laval, and Schneider 2005).

Both mtDNA and microsatellite analyses may be enhanced by the use of Fs; analog
@s; (Excoffier, Smouse, and Quattro 1992), and Ry (Slatkin 1995), respectively. Th
measures incorporate assumptions more appropriate for the inheritance patterns a
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mutational properties of the respective markers when calculating an Fg; value. Statistical
procedures can examine variance in a pairwise fashion or at different hierarchical levels.
When @g; estimates, calculated as both the variance within and between groupings, are
tested for significance the procedure is analogous to an analysis of variance (ANOVA). For
this reason it is referred to as analysis of molecular variance (AMOVA). @4 is an unbiased
analogue of F,, that takes into account both the divergence of alleles as well as their fre-
quencies. It can be defined as (Excoffier, Smouse, and Quattro 1992):

2 2
@, = L“gf—" (10.2) .

where o2 is the variance component among groups of population, 6} is the variance
component among populations within groups, and ¢?is the total variance (the sum of the
first two elements plus the variance component between individuals within populations).
Discordance between results obtained with these markers, in which mtDNA data suggest
population structure and nuclear data do not, could be indicative of female philopatric
behavior and male-mediated gene flow. i

10.4.3 Female Philopatry in Elasmobranchs |

The approaches discussed above have been used to explore patterns of female philopatry

in elasmobranchs. Genetic tagging, using nine polymorphic microsatellite loci, was used

to accompany a traditional tagging study of Negaprion brevirostris in Bimini, Bahamas

(Feldheim et al. 2002). The results showed that the tagging study failed to detect 12% of the

returning animals due to tag shedding. Using the same set of markers, individual adults

and juveniles were genotyped across six years of sampling. By assigning juveniles back to

sampled females, philopatric behavior was detected in four females (Feldheim, Gruber, and

Ashley 2002). These results also were supported by a study in which 32 of 45 females, whose

genotypes had been reconstructed from sampled juveniles, gave birth at Bimini in multiple

years (Feldheim, Gruber, and Ashley 2004). Similar results were obtained using the same

methodology for Negaprion brevirostris at Marquesas Key, Florida (DiBattista et al. 2008b).

Despite evidence of strong philopatric behavior by individual female Negaprion brevirostris, i

analysis of population structure, using microsatellites, indicated no population structure for

this species in the western Atlantic, suggesting male mediated gene-flow (Feldheim, Gruber,

and Ashley 2001). For Carcharhinus plumbeus pupping in Chesapeake Bay, Delaware Bay, and

the Eastern Shore of Virginia, this same approach linked several females of known geno- ;

type to their offspring caught at different times (Figure 10.3). However, attempts to infer the

genotypes of nonsampled females from juveniles were largely unsuccessful. This may have

been caused by a relatively small sample size, about 100 juveniles per annum, compared to a ‘

relatively large effective number of breeders, 500 to 1000 per annum (Portnoy et al. 2008a). ‘
Several studies have used a phylogeographic approach to examine sex-biased disper-

sal. In white sharks, Carcharodon carcharias, significant divergence was found in mtDINA

sequences between samples from the eastern and western Pacific, while no divergence

was detected with microsatellites (Pardini et al. 2001). Likewise in mako sharks, Isurus oxi-

rinchus, population structure across the Atlantic was detected with mtDNA, while nuclear

microsatellite allele frequency distributions were homogeneous (Schrey and Heist 2003).

Patterns of variation obtained from mtDNA sequence data and microsatellites suggest

philopatry in female Carcharhinus limbatus to the western North Atlantic, Gulf of Mexico,
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FIGURE 10.3

A color version of this figure follows page 336. The reproductive output of females of known genotype can be
detected through the use of multilocus genetic fingerprinting. Here adult and juvenile Carcharhinus plumbeus
were sampled in the lagoons of the Eastern Shore of Virginia. A mother—offspring relationship was detected
using eight microsatellites between a sampled juvenile (small triangle) and a postpartum female (large triangle)
sampled two years later. A postpartum female (large circle) and two juveniles (small circles) identified as the
female’s progeny were caught several months apart in the same year.

and Caribbean Sea, with high levels of male dispersal (Keeney et al. 2005). Long-term
female philopatry also has been suggested for Negaprion brevirostris in the western Atlantic
(Schultz et al. 2008). Similar results with Carcharhinus plumbeus were obtained in the Indo-
West Pacific, where mtDNA divergence between samples taken from Taiwan and west-
ern Australia, and between western Australia and eastern Australia, were significant and
more than an order of magnitude greater than the nonsignificant measures of microsatel-
lite divergence (Portnoy et al. 2008a). It is important to remember that because different
marker types differ in mode of inheritance, ploidy, and mutation rate, some discordance
in results should be expected (see Buonaccorsi, McDowell, and Graves 2001). Sex biased
dispersal should only be inferred when the magnitude of this discordance is larger than
expected, as in the previous example.

10.5 Effective Population Size
10.5.1 Introduction

Small populations are of concern in conservation and management contexts because
they are more susceptible to processes (demographic and genetic) that lead to extinction
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FIGURE 10.4

The size of a population (N) and its relationship with the rate of evolutionary change, in this case drift (r). While
the change in N between ¢’ and b’ equals that between b’ and a, the resulting change in r between cand b is less
than between b and a. As populations shrink, r increases more rapidly, a phenomenon that leads to the fixation
of alleles and may rapidly lead to loss of adaptive genetic variation.

(Franklin 1980; Newman and Pilson 1997). In part this is due to the inverse relationship ‘
between the number of successful breeders and genetic drift (Figure 10.4). As driftincreases

so does the probability of the fixation of deleterious (harmful) alleles and loss of additive

adaptive variance. In addition, as the gene pool contracts the rate of inbreeding increases.

In total these processes may reduce individual fitness across a population that may in turn

lead to extirpation. Drift can be simply conceptualized as the sampling variance of gam-

etes during each round of reproduction (Falconer and MacKay 1996):

o2=-01 (10.3)

where p and ¢ are allele frequencies and N, is the census population size in a Wright-
Fisher ideal population (Wright 1931). Since true populations violate most assumptions of
an ideal population (equal reproductive success, nonoverlapping generations, equal num-
ber of males and females, and random mating; for a more complete review, see Caballero
1994), N.must be replaced with the measure effective population size (N,).

It is important to note that N, and N, are rarely equal and there is no direct relation-
ship between the two measures. In fact surveys of wild populations have found that the
two measures vary greatly across taxa, with N,/N, ratios from 10~ in many marine spe-
cies to nearly 1.0 in some terrestrial vertebrates (Frankham 1995; Hedrick 2005). Therefore,
N, must be estimated from demographic and/or genetic data. Difficulty in obtaining the
information required for demographic methods has led to interest in using genetic data
to estimate N, (Caballero 1994; Wang 2005). There are two broad types of N, that can be
estimated from genetic data: historical and contemporary. Understanding the distinction
is very important as the meaning and use of the two measures differ greatly.

10.5.1.1 Historical Effective Population Size

Historical or long-term effective size is a backward looking measure that can be defined as:
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(10.4)

for diploid autosomal loci or haploid mtDNA, respectively (Hartl and Clark 2007). The
parameter 0 is a function of DNA diversity (sequence data) or multilocus polymorphism
(microsatellites, SNPs), which can be calculated in a number of software packages [e.g,
MIGRATE (Beerli and Felsenstein 1999); DNASP (Rozas et al. 2003); ARLEQUIN (Excoffier,
Laval, and Schneider 2005)]. Put simply, populations that persist over long periods of time
at large size will accumulate large amounts of genetic diversity detectable in the present.
This, of course, is highly dependent on i, the mutation rate, because the larger the p, the
more quickly populations of any size accumulate diversity.

There are a number of problems with deriving and interpreting historical N, estimates.
To begin with, using an inappropriate i will greatly bias the estimate. Because the exact
mutation rate at a given locus, let alone across multiple loci, in a species of interest is sel-
dom known, L must be estimated from the fossil record or from known vicariant events.
For many species, this type of information is lacking, so mutation rates estimated for the
same locus from closely related species are used. While this does provide a rational “best
guess” it does not truly solve the problem. A better way to avert this problem may be to
assume that within a species W is a constant and therefore 0 can be left uncorrected. Using
this strategy, 6 compared across populations within a species will provide information on
relative sizes over long periods of time.

‘A second problem that this strategy cannot overcome is that demographic changes over
time, such as fluctuations in population size or past connectivity between or among popu-
lations, will lead to differences in historical N, making it hard to determine to what time
period and population the estimate applies (Crandall, Posada, and Vasco 1999; Schwartz,
Tallmon, and Luikart 1999). For example, if one were to estimate historical N, for a popula-
tion that is currently isolated but may have had significant immigration from unsampled
populations in the past, the N, estimated might be quite large, as it pertains to all of the
populations together instead of the population of interest. Without significant information
about connectivity in the past there is no way to tell. Past population bottle necks will
have the opposite effect, resulting in historical N, estimates that are much smaller than
contemporary N,. Finally, from a conservation and management standpoint, historical N,
provides little information about the current number of breeders in a population or that
population’s evolutionary potential.

10.5.1.2 Contemporary Effective Population Size

Contemporary estimates of N, apply to generations in the recent past and estimates of the
effective number of breeders (N,) apply directly to the parents of a sampled cohort (Waples
2005). Therefore, the information is more useful for conservation and management of elas-
mobranchs. There are three major types of contemporary estimates that differ in the type
of evolutionary change measured in order to estimate N,. Variance N, estimates are based
on measures of drift between and within generations and are the most commonly used:
estimates. Less commonly used are inbreeding N, estimates, based on the rate of inbreed=
ing within a population, and eigenvalue N, estimates, based on rates of allele loss withina
population. While researchers should be aware of these distinctions (see Crandall, Posada,
and Vasco 1999 for review), a more pressing concern is whether one sample (point esti
mates) or several temporal samples (temporal estimates) are required. Since contemporary.
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estimates are more useful to elasmobranch researchers interested in reproduction and
conservation, they will be the focus of the methods section below.

10.5.2 Methods
10.5.2.1 Heterozygote Excess

Heterozygote excess is a point estimate dependent on the idea that when the number of
breeders is small, allele frequencies in males and females will tend to be different because
of sampling error. This means the number of heterozygote progeny will be greater than
expected (Pudovkin, Zaykin, and Hedgecock 1996). N, can, therefore, be calculated from
equations that derive from the simple relationship (Luikart and Cornuet 1999):

&
=—"%° (10.5)
2(H0b5 - Hexp)

b

where H.,, is the expected heterozygosity and H,,, is the observed heterozygosity. The
method can be used to estimate N, if adults are sampled. However, heterozygote excess is
most accurate and easily differentiated from infinity when the true number of breeders is
relatively small, which is unlikely for a whole population (Balloux 2004). Instead, it will be
most useful for estimating N, from juveniles (Zhdanova and Pudovkin 2008). The ability
o sample individuals from known cohorts at specific nursery grounds should make this
‘method appealing to elasmobranch researchers interested in the magnitude of breeding
effort. Increased sample size and larger numbers of polymorphic loci will increase the
accuracy of estimates and shrink confidence intervals.

1 5.2.2 Linkage Disequilibrium

e linkage disequilibrium method is another point estimate based on the premise that
populations are small, alleles at independent loci will appear linked because of drift.
ulates the correlation among alleles at unlinked loci (#), which can be related to N, by
rmula (Hill 1981; Waples 1991):

(10.6)

2 1 sample size. As with the heterozygote excess method, the linkage disequilib-
ethod can be used to calculate N, or N, but performs best when N, or N, is small.
ntly, it also may be useful for estimating N, from samples of juveniles of known
ific nursery grounds. In addition, there may be downward bias associated with
le sizes (England et al. 2006). Though later formulations have accounted for this
2006), having large sample size (S > 0.1N,) is still advisable.

poral Estimates

| "I-'njnates require multiple samples separated in time and measure changes in
Cies caused by genetic drift. The magnitude of these changes will be affected
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N.=— or N,= (10.4)

for diploid autosomal loci or haploid mtDNA, respectively (Hartl and Clark 2007). The
parameter 8 is a function of DNA diversity (sequence data) or multilocus polymorphism
(microsatellites, SNPs), which can be calculated in a number of software packages le.g.,
MIGRATE (Beerli and Felsenstein 1999); DNASP (Rozas et al. 2003); ARLEQUIN (Excoffier,
Laval, and Schneider 2005)]. Put simply, populations that persist over long periods of time
at large size will accumulate large amounts of genetic diversity detectable in the present.
This, of course, is highly dependent on y, the mutation rate, because the larger the p, the
more quickly populations of any size accumulate diversity.

There are a number of problems with deriving and interpreting historical N, estimates.
To begin with, using an inappropriate p will greatly bias the estimate. Because the exact
mutation rate at a given locus, let alone across multiple loci, in a species of interest is sel-
dom known, p must be estimated from the fossil record or from known vicariant events.
For many species, this type of information is lacking, so mutation rates estimated for the
same locus from closely related species are used. While this does provide a rational “best
guess” it does not truly solve the problem. A better way to avert this problem may be to
assume that within a species | is a constant and therefore 0 can be left uncorrected. Using
this strategy, 6 compared across populations within a species will provide information on
relative sizes over long periods of time.

‘A second problem that this strategy cannot overcome is that demographic changes over
time, such as fluctuations in population size or past connectivity between or among popu-
lations, will lead to differences in historical N,, making it hard to determine to what time
period and population the estimate applies (Crandall, Posada, and Vasco 1999; Schwartz,
Tallmon, and Luikart 1999). For example, if one were to estimate historical N, for a popula-

tion that is currently isolated but may have had significant immigration from unsampled
populations in the past, the N, estimated might be quite large, as it pertains to all of the
populations together instead of the population of interest. Without significant information
about connectivity in the past there is no way to tell. Past population bottle necks will
have the opposite effect, resulting in historical N, estimates that are much smaller than
contemporary N.,. Finally, from a conservation and management standpoint, historical N,
provides little information about the current number of breeders in a population or that

population’s evolutionary potential.

10.5.1.2 Contemporary Effective Population Size

Contemporary estimates of N, apply to generations in the recent past and estimates of the
offective number of breeders (N,) apply directly to the parents of a sampled cohort (Waples
2005). Therefore, the information is more useful for conservation and management of elas-
mobranchs. There are three major types of contemporary estimates that differ in the type
of evolutionary change measured in order to estimate N,. Variance N, estimates are based
on measures of drift between and within generations and are the most commonly used
estimates. Less commonly used are inbreeding N, estimates, based on the rate of inbreed-
ing within a population, and eigenvalue N, estimates, based on rates of allele loss withina
population. While researchers should be aware of these distinctions (see Crandall, Posada,
and Vasco 1999 for review), a more pressing concern is whether one sample (point esti-
mates) or several temporal samples (temporal estimates) are required. Since contemporary,
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estimates are more useful to elasmobranch
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researchers interested in reproduction and
conservation, they will be the focus of the me

thods section below.

10.5.2 Methods
10.5.2.1 Heterozygote Fxcess

b can, therefore, be calculated from 1
P L equations that derive from the simple relationship (Luikart and Cornuet 1999): |
#

2(H obs — H, exp)

where H,,, is the expected heterozygosity and H

obs 18 the observed heterozygosity. The
‘method can be used to estimate N, if adults are sampled. However, heterozygote excess is

(10.6)

|
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by two parameters: the amount of time between sampling and the effective size of the
population. This relationship can be expressed simply as (Krimbas and Tsakas 1971; Nei
and Tajima 1981; Pollack 1983):

T

2{F—(1/25,+1/25/)} (107)

N, =

where T is the generation time between samples, F is an Fgr analogue that employs tempo-

rally separated samples instead of spatially separated samples, and S is sample size from

the first time period and S, is the sample from a time period ¢ generations later. In gen-

eral, this is the most widely used method because it tends to produce both accurate esti-
. mates and tight confidence intervals (Waples 1989). Another advantage of this method is
that, unlike the previous two methods, which require diploid data (microsatellites, SNPs),
one can use mitochondrial sequence data to estimate female effective size (N Laikre,
Jorde, and Ryman 1998). This approach requires samples be at least one generation apart to
ensure accuracy of the estimate (Waples 1991; Williamson and Slatkin 1999).

This may be problematic for elasmobranch researchers because generation times tend to
be long and samples that have been archived in a manner allowing for molecular analysis
are rare. Instead, a modified version of the temporal method, which examines shifts in
allele frequencies between consecutive cohorts, is preferable (Jorde and Ryman 1995). Drift
is then related to N, by the formula

C

N.=
¢ 2GF

(10.8)

where G is generation time, F” is the F-statistic averaged across cohorts, and C is a param-
eter used to account for the probability of survival to age (I;) and reproductive output
of each age class (b,). This methodology requires both samples from juveniles of known
age and fairly accurate life history data, but these may be easier to obtain than samples
separated by a generation or more. As with other methodologies, accuracy will increase
dramatically with increased sample size.

10.5.3 Effective Population Size in Elasmobranchs

Estimates of effective population sizes are generally lacking for elasmobranchs. Long-term
N, (female effective size) was examined in a phylogeographic context in whale sharks,
Rhincodon typus, scalloped hammerheads, Sphyrna lewini, and lemon sharks, Negaprion F
brevirostris and N. acutidens (Duncan et al. 2006; Castro et al. 2007; Schultz et al. 2008). In
these cases calculations were based on 0,, which is the long-term effective size after a pre-
sumed population expansion. In Rhincodon typus, N, was estimated to be between 119,000
and 238,000 worldwide (Castro et al. 2007) and expanded from an original N, estimate
between 13,000 and 26,000. For populations of Sphyrna lewini, N estimates varied from
550 up to 31,000,000 females (Duncan et al. 2006). For populations of N. brevirostris, Neg
estimates varied from 13,000 to 26,000 and from 17,000 to 26,000 for N. acutidens. Like other
forms of long-term N,, these estimates require the use of an assumed mutation rate and
are greatly affected by demographic processes in the past. In addition, these estimates are
highly dependent on the model used (Beaumont 2001), in this case a population expan=
sion model. This means that the actual estimates of N, must be treated very cautiously:
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However, conclusions regarding population increases in Rhincodon typus and the relative
population sizes in Sphyrna lewini and Negaprion are robust because they can be based on
0 alone and are not affected by uncertainty regarding mutation rates.
Estimates of contemporary N, and N, have been made for commercially exploited
Carcharhinus plumbeus, using linkage disequilibrium and the modified temporal method
(Portnoy et al. 2008b). Juvenile sharks of known age were collected from lagoons along the
Eastern Shore of Virginia and from the Delaware Bay. N, was estimated for each cohort
at each location and N, was estimated across cohorts at each location. The results showed
fairly consistent estimates of N, across years within the Delaware Bay and Eastern Shore
nursery grounds, with harmonic means of 1059 and 511, respectively. This suggests twice
the reproductive effort in the Delaware Bay, likely due to a larger number of females using
that nursery ground. In addition, estimate of the census number (N,) of breeders in the
Delaware Bay were compared to N, and N, resulting in ratios (N,,/N,) near 0.5. This closely
approximates the expected relationship between N, and N, for species with overlapping
generations where reproductive success is even (Nunney 1993). In addition, the estimated
ratio is orders of magnitude higher than ratios seen in exploited bony fishes (10 to 10-5;
Hoarau et al. 2005), typical of species that feature large variances in reproductive success
(Hedgecock 1994). This suggests that the relationship between N, and N, is more affected
by life history characteristics than exploitation.

0.6 Summary and Conclusions

se of molecular techniques to explore the reproductive biology of elasmobranchs has
ome a more viable option, even for researchers without genetics backgrounds, as the
ology and analysis have become easier and more affordable. These investigations
e the use of highly polymorphic markers, but each type has pros and cons that must
veighed, not the least of which will be the availability of resources.
th the appropriate markers, multiple aspects of reproductive behavior can be investi-
. Kinship and parentage analysis can be used to investigate mating systems or philo-
sbehavior. In addition, phylogeographic techniques available to investigate philopatry
cover long-term trends over wide geographic areas. Multiple formulations exist for
ating N, and N,. The most useful ones for elasmobranch researchers interested in
fiént reproductive behavior and conservation are contemporary estimates of N,and N,
uire either one sample or consecutively sampled cohorts.
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