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Abstract of the Dissertation

The Genetic Diversity of Endangered Fishes in the Northwest Atlantic

by

Shannon Joy O’Leary

Doctor of Philosophy
in

Marine and Atmospheric Sciences
Stony Brook University
2013

Genetic diversity is the fundamental building block of biodiversity, harboring the adaptive
potential of populations. The magnitude of the two main factors eroding genetic diversity,
inbreeding and genetic drift, increases as the effective population size (Ne) decreases. Ne
describes the number of reproductively mature adults effectively contributing to the next
generation. In populations with overlapping generations, the effective number of breeders (Nb).
Loss of genetic diversity has long been a concern for terrestrial and freshwater organisms, but
traditionally less so for fisheries management due to the paradigm that marine fish populations
are large, panmictic and thus resistant to the erosion of genetic diversity. Therefore, despite
widespread concern about the loss of marine fish biodiversity, there has been little concern
regarding the genetic biodiversity. However, recent studies have discovered that many marine
populations are in fact genetically structured and Ne is frequently several orders of magnitude
smaller than census population size. Thus, | assessed the genetic diversity, Ne/Nb and levels of
inbreeding in four populations of threatened or endangered species under the hypotheses that the
genetic diversity of marine fish populations may be eroding as quickly as in some terrestrial
animals and that in extreme cases inbreeding may occur. Indeed, evidence of genetic bottlenecks,
low Ne/Nb and inbreeding was found in all four species: The Key silverside inhabits small,
tidally restricted hypersaline pools. Extreme shifts in allele frequencies over 10+ generations and
loss of genetic diversity demonstrate that the colonization of inland habitats resulting in
fragmented populations has a significant impact on the genetic diversity of marine fish. Evidence
of severe inbreeding was detected in winter flounder, demonstrating that even historically
common marine fish can be prone to inbreeding as populations decline. First estimates of the
effective number of breeders Nb for three spawning populations of Atlantic sturgeon were
determined using juvenile fish captured at aggregation sites in New York Bight. DNA profiling
of white sharks demonstrates their heightened vulnerability due to genetic factors. In conclusion,
| place these studies within the context of a literature review of the genetic health of marine fish
populations and suggest new avenues for research and standard methods for assessing genetic
diversity in marine fishes.
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Counting fish is like counting trees, except they are invisible and they keep moving.

John Shepherd
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Preface

Small populations face a multitude of challenges, not the least of which are increased
susceptibility to inbreeding (i.e. mating between related individuals) and the stochastic loss of
genetic diversity. The former can directly reduce the fitness of individuals within the population
(“inbreeding depression”), while the latter can reduce the adaptive potential of the population or
species. Populations can lose genetic diversity if they experience a sudden and dramatic
reduction in size (“bottleneck’) but also do so naturally during the transmission of genetic
diversity between generations due to stochastic shifts in allele frequencies during recombination
(“genetic drift”). Genetic drift is inversely proportional to the effective population size (Ne),
which is the number of reproductively mature adults effectively contributing to the next
generation and conceptually defined as the number of individuals in an idealized Fisher-Wright
population experiencing the same amount of genetic drift as the study population. In a population
with overlapping generations, the effective number of breeders (Nb) describes the number of
reproductively mature adults that produced offspring during a certain time period. Recent
analytical advances have enabled accurate estimation of the effective number of breeders during
a given time period in small populations (< 500-1,000 adults), a parameter that can approximate
the number of breeding individuals within a given time frame.

Populations of endangered species are, by definition, small and therefore inbreeding,
therefore genetic drift and bottleneck effects are frequent issues of management concern. These
concerns are especially acute for terrestrial and freshwater organisms, but traditionally less so for
the management of marine fish. The overarching paradigm of marine fisheries management has
traditionally been that populations are panmictic, large and thus resistant to the erosion of genetic
diversity. These characteristics also dilute the risk of inbreeding. Hence, despite widespread
concern about the loss of marine fish biodiversity in terms of species extinction and population
extirpation, there has been much less concern about the trajectory of genetic biodiversity of
marine fish populations. Additionally, genetic approaches have only recently been used to
estimate Nb because previously it was assumed that marine fish populations are too large for
these methods to be accurate. Overlooking these methods has potentially robbed fisheries
managers of a means to estimate Nb and Ne, which is a critical parameter for conservation and
management plans.

Even though many marine fish populations are known to be in decline due to exploitation
they are still thought to be large and mixed compared to terrestrial or freshwater organisms. This
paradigm is flawed for several reasons. Genetic studies have shown that many marine
populations are far more structured than previously assumed, which is thought to be due to
processes such as natal homing and larval retention. Broadcast spawners also have high variance
in reproductive success, which means that Nb can be orders of magnitude smaller than census
population size (Nc). The genetic diversity of marine fish populations may therefore be eroding
as quickly as in some terrestrial animals. In extreme cases, marine fish may even be experiencing
high levels of inbreeding. In light of these developments, | assessed the genetic diversity, Ne and
levels of inbreeding in populations of marine fishes that are considered threatened or endangered.
These species are Acipenser oxyrinchus (Atlantic sturgeon), Carcharodon carcharias (white
shark), Menidia peninsulae/conchorum (tidewater and Key silversides) and Pseudopleuronectes
americanus (winter flounder). Evidence of genetic bottlenecks, low effective population size
and/or inbreeding was found in all of these species, confirming that these issues should also be
routinely considered in the management of marine fish. My dissertation concludes with a
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literature review of the genetic health of marine fish populations and suggestions of new avenues
for research and monitoring.

In Chapter 1, | developed novel microsatellite loci for two of my study species, white
sharks, Carcharodon carcharias and winter flounder, Pseudopleuronectes americanus. These
markers will enhance studies of genetic diversity, fine scale population structure, Ne and mating
behavior. Chapter 2 focuses on the characterization of genetic diversity and estimation of Ne in
isolated populations of a marine fish, Menidia conchorum, which has made incursions into
inland habitats (small hypersaline pools in the Florida Keys). | document extreme shifts in allele
frequencies over 10+ generations, low Ne, as well as evidence for loss of genetic diversity,
inbreeding and recent or ongoing bottlenecks. I conclude that the colonization of inland habitats
resulting in fragmented populations can have significant impacts on the genetic diversity of
marine fish. In Chapter 3, | show evidence for both severe inbreeding and small Nb in a formerly
abundant marine fish, Pseudopleuronectes americanus in 6 Long Island bays. | conclude that
even historically common marine fish can be prone to inbreeding as the population declines, a
factor that should be considered in fisheries management and conservation plans. In Chapter 4, |
assess Nb for the Hudson, Delaware Rivers and James River spawning populations of Acipenser
oxyrinchus. These were estimated using juvenile fish captured at marine aggregation sites of
subadults in the New York Bight. All three rivers also exhibit a genetic signature of a recent or
ongoing bottleneck and are each composed of Nb <200 effective breeders. These estimates were
comparable to the estimated number of spawning adults in each river based on non-genetic
method. This suggests that genetic estimates of Nb could be a useful tool for assessing spawning
population size in other endangered fish with similar life-history characteristics. In Chapter 5, |
investigate patterns of genetic diversity in two major white shark populations, the Northwest
Atlantic and southern Africa. The populations proved to be genetically isolated from one another
and all other previously surveyed white shark populations. There was strong evidence of recent
population bottlenecks and contemporary inbreeding. The effective number of breeders in the
Northwest Atlantic was estimated to consist of approximately 20-48 individuals. These results
demonstrate that this marine apex predator exhibits characteristics comparable to small,
fragmented populations of threatened terrestrial and freshwater species. In the final chapter, |
assess the genetic health of marine fishes by reviewing the currently available literature on Ne
estimates and evidence of inbreeding in marine fishes. | found that single-sample estimates of Ne
in marine fish have dramatically increased, with almost 80% published in the last five years and
encompassing 25 species. | attribute this to the availability of new estimators and a loosening of
the paradigm that marine fish populations have Ne that are too high to measure using these
approaches. Marine fish Ne estimates ranged from 10 to >10° individuals, 10% of study
populations had point estimates below which inbreeding is a concern (<50 individuals), a further
21% were in danger of losing adaptive potential (50-500 individuals) and only 21% of study
populations had sufficient effective population sizes to maintain long-term genetic stability.
Though I identified only five studies reporting evidence of inbreeding in marine fish, | found that
commonly reported deviations from Hardy-Weinberg Equilibrium (HWE) due to heterozygote
deficiencies rarely result in further investigation of the potential role of inbreeding. My review
indicates that low effective population size and inbreeding are valid concerns for marine fish
conservation and fisheries management.
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Chapter 1
Development of novel microsatellite loci for winter flounder, Pseudopleuronectes

americanus and white sharks, Carcharodon carcharias

Introduction

Microsatellites are highly variable molecular markers that are useful for studies on an
individual to population level. They are characterized by short tandem repeats (STRs), a motif of
1-6 basepairs that is repeated a variable number of times. This results in alleles which differ only
in the number of repeat units. Microsatellites are non-coding, selectively neutral and found
throughout the eukaryote genome. Once microsatellite loci have been isolated for a particular
species they can be amplified through PCR using primers designed to bind to the flanking
regions of the locus. Due to Mendelian inheritance, inferences can be made regarding the
relationships between sampled individuals. Thus, they are commonly used to determine Kinship
of individuals and pedigrees using DNA fingerprinting. Furthermore, they are the molecular
marker of choice to analyze demographic parameters of populations including migration patterns
and population structure, genetic diversity, levels of inbreeding, effective population size and the
occurrence of bottlenecks. Here, | report the development of 22 novel species-specific loci for
winter flounder, Pseudopleuronectes americanus, and ten loci for white sharks, Carcharodon
carcharias.

Winter flounder is a commercially and recreationally exploited flatfish that inhabits the
inshore bays and estuaries of the Northwest Atlantic coast from Labrador to Georgia (Buckley
1989, Hendrickson et al. 2006, McCracken 1963). It is currently managed as three designated
population segments (DPS) in the United States (the Gulf of Maine, New England/Mid Atlantic
Bight and Georges Bank) though there are indications of localized fine-scale population structure
(Hendrickson et al. 2006, McClelland et al. 2005). Winter flounder began declining in the late
1980s and commercial (NMFS 2007) and recreational landings
(http://lwww.st.nmfs.noaa.gov/recreational-fisheries/access-data/run-a-data-query/index) have
reached record low harvest levels. Despite management effort, there is little evidence of recovery

(Hendrickson et al. 2006). Previous population genetic studies have used a small number of



flatfish microsatellite loci to delineate population structure (Crivello et al. 2004, DeCelles et al.
2007, McClelland et al. 2005), though none have used loci isolated specifically from the winter
flounder genome. Additional microsatellite loci would enhance the accuracy of estimations of
population differentiation, effective population size, mating behavior and genetic diversity.

The white shark is one of the largest predatory fish in the world and is widely distributed
in temperate and subtropical waters (Compagno et al. 1997). Significant research efforts have
been made toward understanding white shark movements, both to improve conservation of this
relatively rare species and to elucidate its ecological role as an apex predator (Bonfil et al. 2005,
Joergensen et al. 2010). Even though white sharks are capable of oceanic migration, population
genetic studies based on sequencing of the mitochondrial control region have demonstrated
genetically distinct populations occur off the coast of California (Joergensen et al. 2010), South
Africa (Pardini et al. 2001), Australasia (Pardini et al. 2001, Blower et al. 2012) and Japan
(Tanaka et al. 2011). Only two studies also used nuclear microsatellites to examine genetic
population structure, one of which was disconcordant with mitochondrial results and has been
widely been cited as evidence of sex-biased dispersal in this species (Pardini et al. 2001, Blower
et al. 2012). Both studies relied on a small number of loci that have low to moderate
polymorphism. Additional loci with greater polymorphism would increase the power to detect
differentiation in the nuclear genome and enable more detailed studies of white shark population
structure and breeding biology.

Primer note

Genomic DNA was isolated from an individual winter flounder sampled in Shinnecock
Bay, New York, using the Qiagen Blood and Tissue extraction kit (Qiagen, Valencia, California,
USA) and from white sharks sampled in the US Atlantic. A microsatellite library was developed
from this DNA sample using an enrichment protocol, which employs streptavidin-coated
magnetic beads and biotin-labeled repetitive probes (Glenn & Schable 2005) to create bacterial
clones containing microsatellites. Primers were designed from cloned sequences containing a
microsatellite. DNA sequencing was performed using the BigDye® Terminator v3.1 Cycle
Sequencing Kit (Applied Biosystems, Foster City, California), and sequences were run on an ABI
3730 DNA Analyzer. We developed primers flanking core microsatellite repeats using Primer3

(http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi). Primer pairs were optimized for

locus-specific annealing temperatures and MgCl, concentrations (Table 1-1, 1-2, 1-3). Final
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reaction volume of 10ul contained 1x PCR buffer, 10x bovine serum albumin, 1.5 — 2.5 mM
MgCl,, 0.12 mM each of dNTP, 0.16uM reverse primer and fluorescently labeled M13 primer,
0.04uM species-specific forward primer and 1 unit of Taq polymerase. Thermal cycling profiles
were 4 min at 94°C, 30 cycles of 94°C for 15 seconds, primer specific annealing temperature T,
for 15 seconds, 72°C for 45 seconds and 5 cycles of 94°C, 15 seconds at 53°C and 45 seconds at
72°C with a final extension for 10 minutes at 72°C.

PCR products were amplified from genomic DNA templates extracted from 0.015 —
0.035g of fin tissue obtained from individual winter flounder captured in Shinnecock Bay
(N=67) and US Atlantic white sharks (N=23). PCR products were separated and sized using an
internal size standard (L1Z-500 Applied Biosystems) on a Genetic Analyzer (Applied
Biosystems ABI3730 sequencer) and scored using ABI PeakScan v10. FSTAT (Goudet 1995) was
used to determine the genetic diversity of the analyzed individuals for both species.

For winter flounder 22 loci were successfully amplified, nine of which were polymorphic
with the number of alleles observed ranging from 6 — 56 (Table 1-1). The remaining loci were
monomorphic for Shinnecock Bay (Table 1-2). The observed and expected heterozygosities of
the polymorphic loci ranged from 0.092 — 0.69 and 0.161-0.954, respectively (Table 1-1). No
evidence of stuttering or large allelic dropout was detected using MICROCHECKER (van
Oosterhout et al. 2004). We tested for linkage disequilibrium and Hardy-Weinberg equilibrium
(HWE) with the exact tests implemented in GENEPOP (Raymond & Rousset 1995; Rousset 2008).
No linkage disequilibrium was detected, though all polymorphic loci with the exception of WF06
showed significant deviations from HWE caused by excess homozygotes.

This pattern is most likely to have a biological explanation, such as inbreeding, rather
than null alleles given that it occurs at all of the loci rather than just a subset of them. Three
additional observations support this idea. First, all samples amplified at all loci, which means
there are no null homozygotes. This would be highly unlikely if the large excess of homozygotes
observed were due to null alleles. Second, we reamplified 8 homozygotes for each locus at lower
annealing temperatures (up to 3°C lower than the Ta given in Tables 1-1 and 1-2) to reveal null
alleles at lower stringency. None were observed. Lastly, we amplified these same samples with
other published primer sets where no heterozygote deficiencies were detected (A441, J42
(Crivello et al. 2004), Pam21, Pam27, Pam79 (McClelland et al.2005). All of them exhibited
similar strong heterozygote deficiencies in the study population (F;s = 0.159-0.367). Winter



flounder are at record low levels in Long Island estuaries due to overexploitation (Hendrickson et
al. 2006) and we hypothesize that these deviations are due to inbreeding, similar to some
freshwater fish, e.g. char (Castric et al. 2002) and heavily exploited marine flatfish (Hoarau et al.
2004).

For the white sharks 10 loci were identified with 2 -13 alleles per locus and expected and
observed heterozygosity ranged between 0.29-0.849 and 0-0.744, respectively (Table 1-3).
MICROCHECKER (van Oosterhout et al. 2004) did not detect evidence for stuttering or large allelic
dropout. Exact tests of Hardy-Weinberg Equilibrium (HWE) and linkage disequilibrium were
calculated as implemented in GENEPOP (Raymond & Rousset 1995, Rousset 2008). No evidence
for linkage disequilibrium was detected. Deviations from HWE were detected for 5 loci, due in
all cases to significant heterozygote deficiency. We re-amplified 8 homozygotes for all loci at (T,
- 3°C). Despite primers annealing less specifically at lower temperatures no additional alleles
were detected, suggesting that null alleles might not explain these deviations. Analysis of the
same 5 loci in white sharks from South Africa (N=27) did not exhibit the same deviations from
HWE for some of these loci (CCa9, CCal226, CCal273), again suggesting a biological rather
than technical explanation for these deviations. When combined with other microsatellite loci
available for these species (Pardini et al. 2001, Feldheim et al. 2007), the novel loci presented
here will enable higher resolution population genetic studies of these two threatened sharks, as
well as opening up the possibility of doing comprehensive studies of individual relatedness and
breeding biology.



Table 1-1: Characterization of polymorphic microsatellite loci developed from genomic
library for winter flounder, Pseudopleuronectes americanus.

Locus Primer sequences repeat T, [MgCl,] bp A Ho He GBno.

WF06  WF06-F: ATCAGGGGACTGTGTGTCCT  [GACA],, 45 15 246-268 9 056 0521 KC154215
WF06-R GGCAACTCAGGTCTGAGGAA

WF12  WF12-F: AGATGGGATGAAAACGTTGG [ATCT], 45 15 256-272 6 0592 0662 KC154218
WF12-R: GCCATGATCCTTCCCTTGTA

WF16  WF16-F: AAGGGCTGGTTTGGAAAAAT  [AC]y, 54 15 213-285 26 0.616 0.803 KC154221
WF16-R: GCTGCAGAGCAACTCACAAA

WF18  WF18-F: ATCTGCAGAATAGCCCTTGG  [TClss 52 2 100-111 11 0.616 0.655 KC154222
WF18-R: GCCGAGTAGGCTCTCTCTCTC

WF24  WF24-F: GTGAAGCAGCCGGACATTAT  [ATCT], 52 2 125-168 11 0427 0557 KC154224
WF24-R: GGGGAGATCCATCCCTACAT

WF27  WF27-F: TTCGACACTGCACTTCCTTG [GACA];s 56 1.5 234-394 56 0.803 0.964 KC154226
WF27-R: TGTGCACAATCGAATGACCT

WF31  WF31-F: AGAGTGCGGAGACATCTGAA  [AGlss 45 2 258-300 11 0.092 0.161 KC154229
WF31-R: TGTCTCGCACACACACACAT

WF32  WF32-F: AATGAGGACAGAGCGGAAAA  [GA], 54 15 180-280 20 0.364 0.759 KC154230
WF32-R: CGGCAAGTCATGATCAAAAA

WF33  WF33-F: TTCGACACTGCACTTCCTTG [GACA];s 56 1.5 248-376 48 0.69 0.954 KC154231

WEF33-R: TGTGCACAATCGAATGACCT

Ta: annealing temperature
[MgCI2]: MgClI2 concentration
bp: fragment size (base pairs)
A: Allelic richness

Ho: observed heterozygosity
He: expected heterozygosity
GB no.: Genbank accession no.



Table 1-2: Characterization of monomorphic microsatellite loci developed from genomic
library for winter flounder, Pseudopleuronectes americanus.

Locus primers repeat T, [MgCI2] bp GB no.

WF03 WFO03-F: TTGTGGCAATTCAGAACCAA [CTT]s 45 2 152 KC154213
WFO03-R: GGACTGTCGAGCTTCTCACC

WF04 WFO04-F: TTGGCGAGCTAATTCAGG [CTT]e 57 25 233 KC154214
WFO04-R: GTTGACCCTAATGCGGAAGA

WF09 WF09-F: ATGGCTGGTGAGGATTTTTG [GT]e 47 25 250 KC154216
WF09-R: CTGGAATTCGCCCTTGTTTA

WF10 WF10-F: GCAGAATTCGCCCTTGTTTA [CTTI[GAAle, 44 15 491 KC154217
WF10-R: GTCGAGAGCGTCGAAGTCAT

WF14 WF14-F: ATATTTGACGTGGGCTTCCA [CTT]s 44 15 169 KC154219
WF14-R: TCATGGTTACGGTTGACGAA

WF15 WF15-F: TGCAGCCATTAAGTCGATCA [CA]; 45 2 79 KC154220
WF15-R: GGGTGTAAGTCTCCACGAAATC

WF20 WF20-F TTGGCGAGCTAATTCAGGAT [CTT], 48 1.5 270 KC154223
WF20-R: GTTGACCCTAATGCGGAAGA

WF25 WF25-F: ACGCCGAGAGCCTACAGAG [GA]z4 47 2 273 KC154225
WEF25-R: GAGTGTGTGACGCTTTGTGC

WF29 WF29-F: GCTGATGGAGGGGTAATTCA [CAl 52 15 130 KC154227
WF29-R: GTGGTGCGTGCGTACATAAA

WF30 WF30-F: GGGTTTAAGTCTCCAGGAAATCA [TGla 5 2 188 KC154228
WF30-R: TTTCTCCGGCGGTTACATTA

WF34 WF34-F: CATGGGTGGACTCTCTCTCAG [TClu 46 1.5 411 KC154232
WF34-R: ATACCCCCAAACGGTTTCTC

WF35 WHF35-F: ACGCCGAGAGCCTACAGAG [GA] 24 52 15 472 KC154233

Ta: annealing temperature
[MgCI2]: MgCI2 concentration
bp: fragment size (base pairs)
Ho: observed heterozygosity
He: expected heterozygosity
GB no.: Genbank accession no.



Table 1-3: Characterization of 10 species-specific polymorphic loci developed from sub-
genomic library for white sharks, Carcharodon carcharias.

Locus Primers repeat T, [MgCl,] H. H, A GBno.

CCa83 CCTTAAAAGCACAGAACAAAGATAAA [TAGA]46 43 35 0755 0587 6  KC154203
GGGGATTTACAGAGAGCATCC

CCa418*  ACACAGAAGGAGCGTGAAGC [GA]. 50 35 029 O 2 KC154204
TGAGCTGCTTCAGATGGACA

CCa711l GATGATTTTGCATGTCACTTTGA [CAlL 53 35 081 0744 11 KC154205
CTTTGCCTAATATTATTGAGAGAT

CCal072  CCCTGTGTTCTTGCACAATG [ACl 53 35 0.795 0587 12  KC154206
CCATTGAAGCCCTGTGAAGT

CCal226* CTCTGGTTTCCTCCCAAGGT [TGl 44 25 0729 028 9  KC154207
CAGGAGATGGGCACTACACA

CCal273* TGTTTTTGCCTTTTATCCTTGAA [TGlwo 43 35 0536 0282 5  KC154208
CCAGAAACCCACCCAAGTAA

CCal276* CCTAGCATTATGGTCAACATCAG [TG]a 50 35 0.849 0583 12 KC154209
GGTCACTTTCAACTTGAGCAAA

CCal419  ATTATCGCATTGGGGGATTT [TGlss 51 35 0.708  0.61 6  KC154210
GCAGCAGTCACTCTTGGGTA

CCal466  ATGTGTGCAAGCAAGTCTGC [TGle[TG],, 43 35 0573 0565 5 KC154211
GCATAACACCCCCACAGAAG

CCal536* ACTCCGGATTGGTGCTATTG [TGle 42 35 0761 06 13 KC154212
TTGGTCCTCCTTTGCTGAAT

Ta: annealing temperature
[MgCI2]: MgClI2 concentration
bp: fragment size (base pairs)
A: Allelic richness

Ho: observed heterozygosity
He: expected heterozygosity
GB no.: Genbank accession no.



Chapter 2
Inland incursion of a widespread marine fish leads to highly fragmented population

structure and rapidly erodes genetic diversity.

Introduction

Less than 0.01% of aquatic habitats worldwide occur in freshwater, yet these enclosed
bodies of water harbor a disproportionate proportion of total fish biodiversity (40%) (Eschmeyer
et al. 2010, Horn 1972, Leveque et al. 2008, Lundberg et al. 2000). A number of hypotheses have
been advanced to explain this discrepancy, but the leading one is that diversification rates are
higher in freshwater habitats because they are more fragmented than marine habitats (May 1994,
Stratham 1990, Ward et al. 1994). Marine species have traditionally been thought to exist in
relatively large populations connected over large spatial scales by the exchange of larvae and
adults, with an absence of substantial vicariant barriers. These characteristics are thought to
reduce the probability that populations will become genetically isolated from one another and
embark on separate evolutionary trajectories leading to allopatric speciation (Bierne & David
2003, Palumbi 1994, Stratham 1990). In contrast, freshwater fish inhabit relatively fragmented
habitats such as rivers and lakes, where populations are limited in size and can become isolated
from one another more easily than in the marine environment. Small, inland bodies of water are
also frequently vulnerable to rapid environmental changes that cause populations to fluctuate in
size, further accelerating genetic differentiation due to genetic drift (i.e., stochastic changes in
allele frequencies due to chance) and local selection. Allopatric speciation is considered to be
more likely under these conditions (Barraclough et al. 1998, Cracraft 1982, Puebla 2009,
Stratham 1990).

Bloom et al. (2013) analyzed diversification rates among the New World silversides
(Teleostei, Atherinopsidae), a group of small, surface-dwelling fish comprised of both freshwater
and marine species. They concluded that this group originated in the marine environment but has
made multiple incursions into freshwater. They found empirical evidence supporting the
hypothesis that there are higher diversification rates in freshwater silversides and proposed that
this was due to the more fragmented nature of freshwater habitats. Under this model, marine



silversides are proposed to maintain connectivity over broader spatial scales and for longer than
freshwater species, thus slowing the rate of diversification. As marine silversides make inland
incursions, however, they enter more fragmented habitats and form smaller, more isolated
populations that are more prone to genetic drift and local selection, thus encouraging allopatric
speciation. While there is macroevolutionary evidence supporting this (Bloom et al. 2013), there
are relatively few studies of the population genetics of marine or freshwater silversides to see if
the microevolutionary predictions of this hypothesis are met (i.e., that populations of silversides
occupying inland bodies of water are smaller, more isolated and their genetic diversity changes
more rapidly when compared to silversides occupying the marine environment).

There are three nominal New World silverside species found in southern Florida.
Menidia peninsulae, the tidewater silverside, is a marine species that is widely distributed in
shallow coastal and estuarine habitats of southern Florida and the Gulf of Mexico. In contrast,
Menidia beryllina, the inland silverside, occurs in freshwater systems in peninsular Florida. The
last nominal species is the Key silverside, Menidia conchorum. Recent work indicates that this is
best described as an ecotype of the more widely distributed tidewater silverside (Conover et al.
2000, Appendix A). An ecotype is a subdivision below the species level adapted to a specific set
of environmental conditions found in a distinct habitat and is distinguished by morphological,
genetic and physiological differences (Begon 2006, Wilson et al. 1953). Key silversides are
endemic to inland, hypersaline pools in the Florida Keys (Conover et al. 2000, Duggins et al.
1986, Getter 1981). Although these are not true freshwater systems, these pools do represent
highly fragmented habitats that are not connected to each other and have only very restricted
connections to the open ocean if at all. Since the Florida Keys emerged within the last 10,000
years (Hoffmeister & Multer 1968), Key silversides represent a relatively young inland incursion
of tidewater silversides, similar to a freshwater incursion from the marine environment. Studying
their population genetics offers a rare window into what happens when a marine species enter
more fragmented, inland habitats.

Under the Bloom et al. (2013) model of speciation for New World silversides and
fundamental population genetic theory (Frankham 1997, 1998), Key silversides are expected to
have lower genetic diversity than tidewater silversides. This is due to both the initial founder
event(s) coupled with an anticipated cessation of gene flow between populations inhabiting the

pools and conspecifics in the ocean and also between populations occupying different pools. The



pools themselves are shallow (typically less than 1 m depth) and are small (mean size = 0.27km?,
std=0.33 km?), with water levels and salinity fluctuating markedly due to evaporation and
precipitation. Each pool population would be expected to be relatively small, subject to marked
changes in size and therefore prone to genetic drift and inbreeding, two processes that would
further reduce intrapopulation diversity and promote genetic differentiation. Here, we test the
Bloom et al. (2013) hypothesis for increased rate of speciation among silversides occupying
inland habitats on a microevolutionary scale. We measured genetic structure and changes in
genetic diversity among Key silversides inhabiting seven pools in the Florida Keys over a time
period of 14 generations (1999 and 2012). We also compare their genetic diversity to that of two
marine populations of their parent species, the tidewater silverside, separated from each other by
~ 100 km.
Methods
Sample acquisition

Sample locations in the Gulf of Mexico and the Florida Keys, along with abbreviations
used for sample locations throughout this paper are shown in Figure 2-1. We recovered archived
specimen collected by Conover et al. (2000) from February 20 — 26, 1999. These were initially
collected in from 18 different hypersaline pools, in the Florida Keys using a 30 m small-mesh
beach seine. A handheld Global Positioning System (GPS) was used to record the location of
each pool. Whole fish from each pool were preserved in alcohol and later dried and stored in
plastic bags in a chest freezer. From March 8 — 10, 2012 we revisited 14 sites where Key
silversides had previously been found (Conover et al. 2000). Salinity and temperature was
measured and depth estimated at each location. A 30 m beach small-mesh beach seine was used
to sample fish from each pool (Florida Fish and Wildlife Conservation Commission Permit #
SAL-12-1366-SRP). Key silversides were identified, held on ice and then frozen prior to genetic
analysis. Tidewater silversides were collected using a 21 m center-bag seine that was hauled
along mangrove shorelines and on offshore flats in Charlotte Harbor, Florida, a flood plain
estuary that opens to the Gulf of Mexico (26 49.236 -82 15.335) and Sarasota Bay (27 29.465 -
82 40.083).
Laboratory procedures

Genomic DNA was extracted from 0.015 — 0.035g of tissue using the Qiagen Blood and

Tissue extraction Kit (Qiagen, Valencia, CA, USA). Nine previously published microsatellite loci
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(Sbrocco 2011) were amplified in a 10ul reaction containing genomic DNA, 1xXPCR buffer, 10x
bovine serum albumin, 1.5 — 3.5mM MgCl;, 0.12 mM dNTPs, 0.16 uM of the reverse primer and
fluorescently labeled m13 primer, 0.04 uM of the species specific forward primer and 1 U Taq
polymerase. Thermal cycling profiles consisted of 4 minutes at 94°C followed by 30 cycles of
94°C for 15 seconds, primer specific annealing Temperature T, for 15 seconds and 72°C for 45
seconds, concluding with 5 cycles of 94°C for 15 seconds, 53°C for 15 seconds and 45 seconds
at 72°C with a final extension at 72°C for 10 minutes. The amplified products were separated
into single strands and run on a Genetic Analyzer (Applied Biosystems ABI131370 sequencer)
with an internal size standard (LI1Z-500 Applied Biosystems). A subset of 8 homozygotes for
each locus was re-amplified at 3°C below the primer-specific T, to determine if reduced
stringency would result in the amplification of null alleles (i.e. we would expect additional
alleles to be amplified for individuals previously scored as homozygotes). Alleles were scored by
single analyst (SO) using Peakscanv1.0 (Applied Biosystems). A subset of approximately 30%
of genotypes was verified by a second analyst (KAF).

Data analysis

Spatial and temporal differentiation between and within Key silverside sites were
determined by estimating global and pairwise Fst and testing for significance as implemented in
FSTAT (Goudet 1995). In addition, we used STRUCTURE (Pritchard et al. 2000) a Bayesian
clustering approach to determine spatial and temporal clusters of individuals. The clusters must
be genetically different (Fst > 0.05, Latch et al. 2006) in order to be detected. STRUCTURE was
run using the admixture and non-admixture model using a priori information regarding the
sampling location. Spatial structure was analyzed separately for pools in 1999 and in 2012. We
simulated K = 1 — 10 for 5 independent runs each to determine convergence for a burn-in period
of 15,000 Markov chain Monte Carlo (MCMC) steps followed by 350,000 MCMC steps.

The genetic diversity for each sample site for all silversides was characterized by
calculating the expected and observed heterozygosity, He and H, (Nei 1978) and the allelic
richness as implemented in FSTAT (Goudet 1995). Exact tests implemented in GENEPOP
(Raymond & Rousset 1995, Rousset et al. 2008) were used to test for linkage disequilibrium and
deviations from Hardy-Weinberg Equilibrium (HWE). To determine the effect of loci out of
HWE on the statistics calculated, each parameter was were calculated both including and

excluding loci out of HWE. Fis was calculated using FSTAT (Goudet 1995) to measure
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heterozygote deficiency resulting from inbreeding at the sample level. In addition, we used
STorM (Frasier 2008) to calculate the internal relatedness (IR) which measures the level of
relatedness of the parents of an individual (Amos et al. 2001). Outbred individuals will have an
IR <0 while individuals derived from consanguineous mating would have a positive value, with
1 being the maximum value.

Ne was estimated for each sample location and sampling time (i.e., 2012 and 1999) using
the linkage disequilibrium implemented in LDNE (Waples & 2006, 2008) with a lowest included
allele frequency p¢rit = 0.03. This method estimates Ne based on the small amount of linkage of
alleles occurring due to sampling error during recombination and only requires a single temporal
sample. Three tests were used to detect genetic bottlenecks: the M-ratio test (Garza &
Williamson 2001) which tests for recent bottlenecks, the mode shift test (Luikart et al. 1998), and
heterozygote excess test which are implemented in BOTTLENECK (Piry et al. 1999). The tests are
based on the assumption that when a population bottleneck occurs, rare alleles will be lost first.
Results

Eighteen of 29 pools sampled in 1999 contained Key silversides (Conover et al. 2000).
Fifteen of these pools were relocated in 2012 while 3 locations (Key West, Crocodile Lakes and
Highway Creek) were no longer accessible and were not re-sampled. Key silversides were
recovered from the remaining pools, with sample numbers ranging from 2 to over 100; an
average 44 individuals were caught per haul. Salinity ranged from 37.2 — 46ppt with the
exception of Key Largo, which had the lowest salinity at 33.1 ppt. For the analysis of genetic
diversity we selected seven pools for which we had a sufficient sample size from both 1999 and
2012 to estimate genetic diversity (Hale et al. 2012). Seven microsatellite loci were amplified in
469 Key silversides from seven pools. For comparisons of genetic diversity108 tidewater
silversides collected from Charlotte Harbor and Sarasota bay were used.

Among the seven pools containing Key silversides pairwise Fst for all comparisons
between pools sampled in the same year (i.e., 1999 or 2012) were highly significant (p<0.001)
and remained significant after Bonferroni adjustment for multiple comparisons (Table 2-1).
Temporal pairwise Fsr calculated between individuals sampled in the same pool between 1999
and 2012 were also highly significant (p<0.001) and remained significant after Bonferroni
adjustment for multiple comparisons (Table 2-1C). We used the AK metric suggested by Evanno

et al. (2005) to determine the statistically most supported number of clusters. For the analysis of
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structure between the pools in 1999, K=3 was indicated to be the most likely number of clusters.
There was a second peak detected for K=6. For the pools sampled in 2012 the strongest peak was
detected for K=5, with secondary peaks at K=3 and K=7 (Figure 2-2). Bayesian inference of
genetic structure is depicted in Figure 2-3 showing the individual membership coefficients for
each cluster. Overall, all measures of population differentiation (Fstand Bayesian clustering)
concur that each pool forms a distinct population. In addition, temporal analysis indicates strong
shifts allele frequency shifts within each pool from 1999 to 2012 (13 generations).

The heterozygosity, allelic richness and inbreeding coefficient Fis of each Key silverside
pool sample from 1999 are presented in Table 2-2, and the genetic diversity measure of Key
silversides and tidewater silversides sampled in 2012 are presented in Table 2-3. There was no
evidence of linkage disequilibrium between any pair of loci (data not shown). Deviations from
Hardy-Weinberg Equilibrium (HWE) due to heterozygote deficiency were detected at
approximately 50% of all locus, sample location and sample time combinations (112
combinations). For multi-locus comparisons all sample locations except one Key silverside
population in one year (BTK in 1999) and the Charlotte Harbor tidewater silversides were out of
HWE. In general, the genetic diversity of each Key silverside population as described by its
heterozygosity (Ho= 0.26-0.667) and allelic richness (A=5.29-10.29) dropped between the 1999
and 2012 samples with the exception of CjK (Figure 2-4).

The inbreeding coefficient Fs calculated over all loci was positive and significantly
different from zero for all sample locations and sample periods, ranging from 0.233-0.514 with
the exception of BTK in 1999 (0.041) and CK sampled in 2012 (0.166). Again, the general
pattern was an increase of Fs indicating an increase in inbreeding between 1999 and 2012 with
the exception of CK and KL. Evidence of inbreeding was further corroborated through high
average IR values for sample pools (Figure 2-5). With the exception of CK and CjK levels of
internal relatedness increased between 1999 and 2012. During both sample periods levels of
internal relatedness were high, ranging from 0.1291 — 0.5441 (SD £0.24-0.26) in 1999 and
0.3104 — 0.6623 (SD %0.26-0.30) in 2012. Overall the mean IR was 0.464, which indicates that
on average the parents of an individual are related at the level of full siblings.

Estimates of Ne (Table 2-3) for each Key silverside population dropped significantly
from 1999 to 2012. Again, CK was the exception where Ne increased from 253.9 to 645.2. In

1999, the confidence intervals were also much wider with the upper confidence limit being
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infinity in each case. In 2012, with the exception of CK, all pools had definitive C.I. limits. M-
ratios were calculated for each sample location for both sample periods using the global number
of alleles r found in all pools (Table 2-4). The M-ratios were very low with mean values over all
loci ranging from 0.26 — 0.41, indicative of a recent or ongoing population bottlenecks. There
was no distinct pattern of systematic increasing or decreasing M-ratios between the sample years.
No evidence for bottlenecks were detected using mode shift test and heterozygosity excess tests
(p=0.3 - 0.6).

Discussion

The analysis of the spatial structure shows that the Key silverside is not panmictic across
the Florida Keys, which is in line with the highly fragmented nature their habitat. Gene flow
between populations occupying different hypersaline pools is generally absent or negligible.
Both Fst and Bayesian clustering confirmed there were marked differences in allele frequencies
between pools in both 1999 and 2012. Although some of the pools are only a short distance apart
and located on the same Key, it does not appear that adult fish or their eggs are transported
between pools (e.g., during floods or hurricanes) frequently enough to have any homogenizing
effect. The one exception was Cudjoe Key where a local resident informed us that after the pool
had partially dried out during the summer, on more than one occasion, fishermen (who use the
silversides for bait) have added silversides from other pools in the past. In contrast, we found
only modest differentiation between tidewater silversides sampled ~ 100 km apart in Sarasota
Bay and Charlotte Harbor, two estuaries connected to the open ocean. Pairwise Fst between
these two marine sites were an order of magnitude smaller than values between inland pool
populations of Key silversides separated by as little as 2 km. Although there are relatively few
other population genetic studies of New World silversides, there is evidence of long-range
dispersal and genetic homogeneity over large spatial scales in Atlantic silversides (Menidia
menidia) along the U.S. eastern seaboard (Conover 1998).

The existence of Key silversides in these hypersaline pools has been documented since at
least the 1920s (Getter 1981, Hildebrand & Ginsburg 1927), representing nearly 100 generations
for this short-lived, rapidly maturing species. In the absence of gene flow between populations in
different pools genetic differences are expected to arise based on stochastic changes in allele
frequencies due to genetic drift, which is inversely proportional to the effective population size.

Point estimates for Ne were low in all pools in both 1999 and 2012. There was also a distinct
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drop in Ne in six of seven pools between 1999 and 2012. Notably, the upper confidence was
infinity in all pools in 1999 but < 100 in six of them by 2012, further indicating that the effective
population size of each pool decreased in the 13 years (13 generations) between sampling events.
The effective population size of Sarasota Bay and Charlotte Harbor tidewater silversides were
larger in 2012 than all of the pools frequently by 1-2 orders of magnitude and the latter had an
unbound upper confidence interval. The effective population sizes of Key silversides are
comparable to those found in highly structured freshwater fish populations, including
sticklebacks (Ne=15-39, Araguas 2012, Ne=12-86, Seymour 2013), brown trout (Ne=16-32,
Sanz 2011), Ne=63, Charlier 2011), Tokyo bitterling (Ne=5-28, Kubota 2010) and purple spotted
Gudgeon (Ne=30-60, Hughes 2012).

The estimated effective population sizes of Key silversides in each of the pools we
examined are at levels where they would be expected to be highly susceptible to genetic drift
(Frankham 1996, Lynch & Lande 1998). Together with selection, genetic drift is believed to be
one of the critical microevolutionary forces promoting allopatric speciation (Coyne 1992, Lande
1980). We observed low Ne at the two locations tidewater samples are estimated, though it is
difficult to determine how large Ne really is, as we did not sample enough different locations
along the coast to determine population structure. When estimating Ne for a combined sample,
Ne appears to be sufficiently large to avoid loss of genetic diversity. In all seven pools we
observed substantial changes in genetic diversity between 1999 and 2012. These changes were
large enough that Fst and Bayesian clustering analysis indicated that each pool population was
significantly differentiated between the two sampling periods. In six of them, allelic richness
and/or observed heterozygosity decreased while measures of inbreeding at the population and
individual level increased. In CK all of these parameters increased, although this was likely due
anthropogenic introduction of new fish. We cannot determine whether the reduction in genetic
diversity observed in the other six pools occurred gradually over the entire 14 years or during
specific discrete bottleneck events, such as a particularly dry year causing the pool size and
silverside population to experience an unusually large decline. Nevertheless, either scenario is
consistent with the Bloom et al. (2013) hypothesis that isolated populations of silversides
occupying inland habitats are prone to rapid genetic change that could contribute to reproductive
isolation and eventual allopatric speciation. We show that these changes in genetic diversity are

possible over as little as 13 years in silversides, most likely due to their short life cycles.
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It is possible that most or all of the genetic changes we observed in Key silversides over
the 13-year period were due to selection as opposed to genetic drift, or a combination of them.
Microsatellite loci themselves are anticipated to be selectively neutral but can be acted upon by
selection if they are closely linked to a coding region (Jarne & Lagoda 1996, Wiehe 1998). It is
unknown whether or not this is the case for the loci used in this study but it is unlikely that all
seven loci would be linked to coding regions. All of the patterns we observed were common
across all or most of the loci, which is more suggestive of random drift acting on all of them than
selection operating on a subset of them. Nevertheless it is possible that selection is driving the
success of a small number of lineages in these pools, thereby reducing genetic diversity and Ne
over time. Future work could look at changes in coding regions or apply comparative genomics
approaches to disentangle the relative roles of drift and selection in shaping the genetic changes
between and within pool populations.

The inland incursion(s) of tidewater silversides into the Keys has produced a complex of
disconnected populations that have small Ne. We show large reductions in all metrics of genetic
diversity occurring in six of seven populations over a 13-year period, as well as an increase in
inbreeding and reduction in Ne over the same time period. Our results argue against Key
silversides forming one cohesive species in the future. Instead, the configuration of isolated,
rapidly changing gene pools is more likely to form a species flock if populations in multiple
pools survive for a long enough period to develop reproductive isolation from their parent
species and Key silversides in other pools. Although genetic drift, selection or bottlenecks
occurring between the two sampling periods could all alone or in combination explain the
declines in genetic diversity, they are all consistent with the hypothesis that fish that living in
fragmented inland habitats have small, rapidly changing gene pools, which underpins their more
rapid diversification when compared to marine fish (Benton 2001, Betancur 2010, Bloom et al.
2013, Eschmeyer et al. 2010, May 1994, Stratham 1990).
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Figure 2-1: Sample locations for M. conchorum and M. peninsulae in the Florida Keys and
the Gulf of Mexico, respectively. Location numbers correspond to Conover et al. 2000 report.
Abbreviations in parenthesis are used throughout text, figures and tables.
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Figure 2-2: Evanno et al (2005) method to determine the number of clusters of individuals
K for 1999 and 2012. (A) convergence of mean L(K) +-SD over 5 runs for K =2 — 10 using no
admixture model with prior location information. (B) deltaK = mean (L"(K))/SD(L(K). The
sharp peak indicates highest level of structure and the most likely value for K.
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Figure 2-3: Bayesian inference of genetic structure. STRUCTURE results for no admixture
model for K=2-17 and sample locations (on x-axis) as a priori information. Individual
membership coefficients for each cluster are represented by a single vertical line. (A) Individual
membership coefficients for 1999. (B) Individual membership coefficients for 2012.
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Figure 2-4: Changes in genetic diversity between 1999 and 2012. Multi-locus allelic richness
and heterozygosity indicated for 1999 (circles) and 2012 (squares). Trajectories are indicated by
arrows.
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Figure 2-5: Internal Relatedness (IR) for all M. conchorum sample locations in 1999 and
2012. Trajectories of average IR-values for each sample location indicated by arrows.
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Table 2-1: Temporal and spatial analysis of population structure using pairwise Fst. (A)
Pairwise Fst of all seven pools sampled in 1999. (B) Pairwise Fst of all pools re-sampled in
2012. (C) Temporal comparison for each pool. All values were significant to a level of p<0.001
and remained significant after Bonferroni correction for multiple comparisons (p<0.05).

A.
BTK CjK CK KL RK SLK
BP 0.1528 0.1658 0.1348 0.0872 0.3269 0.1312
BTK |0 0.1512 0.1595 0.1320 0.2635 0.1103
CjK 0 0.1431 0.1556 0.2985  0.105
CK 0 0.1242 0.2532 0.0886
KL 0 0.2345  0.1290
RK 0 0.2632
B.
BTK CjK CK KL RK SLK
BP 0.1372 0.1213 0.2093 0.2537 0.2099  0.3272
BTK |0 0.3178 0.3262 0.3812 0.3947 0.4488
CjK 0 0.1365 0.1785 0.1535 0.2336
CK 0 0.168 0.1948  0.1836
KL 0 0.1966  0.198
RK 0 0.182
C.
location FsT
BP 0.2804
BTK 0.3561
CjK 0.1561
CK 0.1135
KL 0.0532
RK 0.2748
SLK 0.1211
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Table 2-2: Genetic diversity for all sample pools of M. conchorum in 1999. Genetic diversity
is described by individual and multi-locus heterozygosity, allelic richness and inbreeding
coefficients for all sample pools for M. conchorum in 1999. Sample locations and loci with
significant deviations from Hardy-Weinberg Equilibrium are indicated by * (p<0.05), **
(p<0.01), ***(p<0.001). No linkage disequilibrium was detected for any sample locations at any
location.

All loci BP BTK CjK CK KL RK SLK
N 31 13 26 36 37 46 33
Ho 0.472 0.667 0.438 0.391 0.605 0.318 0.439
He 0.684 0.696 0.587 0.593 0.804 0.567 0.571
A 8.43 6.43 5.57 6.43 10.29 6.29 8.43
Fis 0.314 0.041 0.257 0.345 0.525 0.448 0.233
Mm272 ***% *** *** *** *

Ho 0.367 0.846 0.04 0.156 0.361 0 0.788
He 0.802 0.714 0.713 0.771 0.759 0 0.76
A 10 6 6 8 11 1 9

Fis 0.547 -0.195 0.945 0.8 0.528 NA -0.037
Mm248 * *k*k *k*k *

Ho 0.065 0.385 0 0.171 0.459 0.522 0.03
He 0.063 0.495 0 0.255 0.7 0.733 0.088
A 2 3 1 4 12 13 2

Fis -0.017 0.231 NA 0.332 0.347 0.29 0.66
Mmlos * ** * *** ***

Ho 0.462 0.3 0.667 0.25 0.679 0 0.583
He 0.649 0.679 0.802 0.589 0.836 0.758 0.585
A 5 5 6 3 9 5 7

Fis 0.292 0.571 0.172 0.583 0.191 1 0.003
Mm251 **k*k *k*k *%* *k*k
Ho 0.467 0.556 0.5 0.75 0.556 0.615 0.458
He 0.843 0.627 0.556 0.544 0.785 0.785 0.933
A 10 6 6 4 8 7 18
Fis 0.451 0.121 0.102 -0.394 0.315 0.176 0.514
Mm204 **k*k * *k*k * *

Ho 0.69 0.909 0.769 0.5 0.778 0.543 0.719
He 0.822 0.926 0.845 0.763 0.867 0.643 0.831
A 14 12 9 9 12 6 13
Fis 0.164 0.02 0.091 0.347 0.105 0.157 0.137
Mm240 *** *k%x *k%x *kk
Ho 0.733 0.923 0.778 0.639 0.735 0.297 0.5
He 0.778 0.822 0.837 0.892 0.925 0.733 0.797
A 9 10 7 14 17 8 9

Fis 0.058 -0.129 0.072 0.287 0.207 0.598 0.376
Mm02 **k*%k * *

Ho 0.524 0.75 0.318 0.267 0.667 0.25 0

He 0.83 0.607 0.358 0.337 0.733 0.362 0

A 9 3 4 3 3 4 1

Fis 0.375 -0.286 0.114 0.211 0.111 0.313 NA

N: sample size

H,: observed heterozygosity

H.: expected heterozygosity

A: Allelic richness (Number of alleles/per locus)
Fs: inbreeding coefficient
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Table 2-3: Genetic diversity for all sample pools of M. conchorum and two M. peninsulae
sample locations in the Gulf of Mexico in 2012. Loci with significant deviations from Hardy-
Weinberg Equilibrium are indicated by *(p<0.05), **(p<0.01), ***(p<0.001). No linkage
disequilibrium was detected for any sample locations at any location.

All loci BP BTK CjK CK KL RK SLK CH SB

N 29 39 25 41 38 34 41 33 34

Ho 0.277 0.273 0.418 0.512 0.357 0.260 0.365 0.483 0.610
He 0.565 0.429 0.589 0.612 0.662 0.493 0.489 0.624 0.724
A 6.14 5.29 6.43 8.71 8.29 5.43 8.57 10.00 11.29
Fis 0.514 0.368 0.295 0.166 0.465 0.468 0.258 0.181 0.178
M m272 *kk **k*k ** *k*k *

Ho 0.240 0.026 0.160 0.537 0.278 0.063 0.345 0.581 0.962
H 0.372 0.026 0.643 0.581 0.785 0.560 0.739 0.621 0.762
A 2 2 7 9 10 5 11 10 12
Fis 0.360 0.000 0.755 0.077 0.649 0.890 0.538 0.067 -0.063
Mm248  * *

Ho 0.320 0.360 0.417 0.049 0.147 0.375 0.000 0.233 0.406
H. 0.566 0.641 0.451 0.048 0.165 0.476 0.000 0.303 0.472
A 4 4 3 3 3 5 1 6 6

Fis 0.439 0.443 0.078 -0.006 0.113 0.215 NA 0.095 0.053
Mm108 ***% *** ** *kk * *kk

Ho 0.208 0.462 0.278 0.600 0.459 0.077 0.293 0.690 0.719
H 0.808 0.838 0.675 0.609 0.723 0.554 0.287 0.777 0.800
A 7 8 6 7 6 5 6 9 9

Fis 0.746 0.454 0.595 0.015 0.368 0.863 -0.021 0.082 0.103
M m251 * *k*k * *k*k *k*k *k*k *k*k
Ho 0.407 0.000 0.727 0.455 0.289 0.063 0.488 0.606 0.750
H 0.679 0.000 0.860 0.814 0.785 0.063 0.863 0.920 0.948
A 8 1 12 15 12 2 22 19 21
Fis 0.404 NA 0.158 0.445 0.634 0.000 0.438 0.258 0.125
M m204 * Ex x *kk *kk ** *

Ho 0.138 0.000 0.400 0.711 0.211 0.324 0.659 0.455 0.500
H, 0.574 0.000 0.402 0.836 0.701 0.683 0.802 0.702 0.673
A 5 1 4 10 13 9 9 10 13
Fis 0.763 NA 0.006 0.152 0.703 0.530 0.180 0.186 0.092
M m240 *%* *k*k *%* *k*k *k*k *k*k **k*k
Ho 0.556 0.471 0.652 0.538 0.474 0.750 0.415 0.667 0.522
H, 0.885 0.836 0.835 0.813 0.770 0.789 0.413 0.848 0.878
A 14 9 11 11 6 7 6 13 10
Fis 0.376 0.445 0.223 0.340 0.388 0.050 -0.004 0.173 0.333
MmO02 el

H, 0.074 0.595 0.294 0.296 0.640 0.200 0.353 0.152 0.412
H, 0.073 0.662 0.258 0.586 0.709 0.329 0.321 0.195 0.532
A 3 12 2 6 8 5 5 3 8

Fis -0.010 0.103 -0.143 -0.191 0.100 0.397 -0.103 0.142 0.080

N: sample size

H,: observed heterozygosity

H.: expected heterozygosity

A: Allelic richness (Number of alleles/per locus)
Fs: inbreeding coefficient
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Table 2-4: Estimates of effective population size (Ne). Ne estimates using the linkage
disequilibrium method are shown for each sample location in 1999, 2012 and over both sample
periods. [95% Confidence interval] estimated using jackknifing method.

Sample location 1999 2012 overall

BP 180.8 [33.7, 0] 7.6 [4.4,12.0] 11.1[8.9,13.6]
BTK 90.6 [77.5, ] 10.4 [2.8, 74.1] 29.5[26.5,32.7]
CjK 87.4 [54.6, ] 16.916.7,112.0] 31.9[21.1, 53.7]
CK 253.9[51.7,©] 645.2[84.8, »] 145.1 [70.3, 1381]
KL 72.5[64.8, o] 16.5[12.3,22.5] 47.9[35.8, 67.8]
RK 135.1[1.4, o] 5.1[2.9,8.1] 25.4[18.8, 35.6]
SLK 47.7[17.2, 0] 12.8[2.8,125.7] 17.5[4.5,78.7]
CH 108.5 [46.6, o]

SB 43.7 [28.9,79.2]

all M. peninsulae

4620.0 [143.9, oo]
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Table 2-5: M-ratios for all locations (1999/2012) for each individual locus and multi-locus
mean value.

BP BTK CiK CK KL RK SLK
Mm272 0.56/0.11 0.28/0.11 0.33/0.39 0.44/0.50 0.65/0.64 0.06/0.28 0.50/0.61
Mm248 0.11/0.21 0.16/0.21 0.05/0.16 0.26/0.18 0.69/0.18 0.65/0.26 0.11/0.05
Mm108 0.26/0.37 0.26/0.26 0.32/0.32 0.16/0.37 0.47/0.32 0.26/0.26 0.37/0.32
Mm251 0.34/0.28 0.21/0.03 0.21/0.41 0.21/0.52 0.29/0.42 0.24/0.07 0.62/0.78
Mm204 0.74/0.26 0.63/0.05 0.47/0.21 0.49/0.53 0.65/0.70 0.32/0.47 0.68/0.47
Mm240 0.33/0.52 0.37/0.33 0.26/0.41 0.56/0.43 0.68/0.22 0.31/0.26 0.33/0.22
MmO02 0.02/0.03 0.02/0.02 0.01/0.02 0.03/0.02 0.03/0.01 0.02/0.01 0.02/0.01
mean 0.40/0.04 0.29/0.26 0.26/0.28 0.33/0.40 0.51/0.41 0.29/0.27 0.38/0.39
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Chapter 3
Severe inbreeding and small effective number of breeders in a formerly abundant marine
fish

Introduction

McNeely et al. (1990) defined three levels of biodiversity: ecosystem diversity, species diversity
and genetic diversity. While ecosystem diversity describes the differences of habitats and
environmental parameters that shape communities, species diversity describes the variety and
abundance of organisms inhabiting a certain area and genetic diversity focuses on the
combination and variation of genes found within a single population of one species. The
conservation of genetic diversity is often not well incorporated into marine fish management
(Kenchington & Heino 2002) despite being the most fundamental level of biodiversity and a Key
source of variation that enables evolutionary adaptation (Frankham et al. 1999, Willi et al. 2006).
This stems from the fact that the Key processes that reduce genetic diversity, such as inbreeding
and stochastic gentic drift, are associated with very small, fragmented populations and are
assumed to be diluted in large, well-mixed populations (Allendorf 1986, Frankham 1996, Lacy
1987). Since marine fish are traditionally assumed to exist as large, panmictic populations
connected by larval and adult-mediated dispersal (Cowen & Sponaugle 2009, Frisk et al. 2013,
Smedbol et al. 2002) it is not suprising that conservation of genetic diversity is not emphasized
in marine fish conservation (Kenchington & Heino 2002,Ward et al. 1994).

Recent studies have shown that marine fish populations can be more structured than
traditionally thought (Poulsen et al. 2006, Thorrold et al. 2001, Wang et al. 2007) and effective
population size Ne, which determines how vulnerable populations are to losing genetic diversity
due to genetic drift, can be up to five orders of magnitude smaller than census population size
(Nc) in broadcast spawning species that exhibit large variance in reproductive success (Hauser et
al. 2002, Hoarau et al. 2005, Poulsen et al. 2006). These findings have initiated a paradigm shift
that marine fish may be more vulnerable to processes that reduce genetic diversity than
previously assumed (Hoarau et al. 2005, Turner et al. 2002), for example through inbreeding,
defined in population genetics as a departure from random mating. Hoarau et al. (2005) detected
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heterozygote deficiencies in plaice (Pleuronectes platessa) in the North Sea and, after ruling out
alternative hypotheses, concluded that inbreeding was responsible for this pattern. Despite
having a relatively large Nc, plaice tend to spawn in their natal area and have high variance in
reproductive success, increasing the probability that spawning pairs or groups will contain
related individuals. Despite this remarkable finding, there have been few follow-up studies of
inbreeding in marine fish, even though heterozygote deficiencies have been detected in many
other species, including redfin culter (Culter erythropterus) (Wang et al. 2007), anchovy
(Engraulis encrasicolus, Zarraonaindia et al. 2009), rockfish (Sebastes melanops, Lotterhos et al.
2012) and whitefish (Coregonus lavaretus, McCairns et al. 2012). It is therefore difficult to
determine whether inbreeding in plaice is an anomaly or a process that should be of broader
conservation concern for heavily exploited marine fish.

The winter flounder (Pseudopleuronectes americanus) is a demersal flatfish that was
once very common in the inshore bays and estuaries of the Northwest Atlantic and supported
very large commercial and recreational fisheries (Buckley 1989, Hendrickson et al. 2006). The
species’ geographic range encompasses the North American coast from Labrador to Georgia
(McCracken 1963). Spawning migrations occur in the winter and spring months and there are
four broadly defined and genetically discrete spawning stocks across the species range: Sable
Island Bank, St. Mary’s Bank, Browns Bank, and Georges Bank (McClelland et al. 2005).
Winter flounder eggs are demersal and it has been assumed that pre-settlement larvae are mixed
through larval dispersal within each stock (Chant et al. 2000). However, more recent studies
have shown that larvae are likely retained within their natal estuary (Buckley et al. 2008) and a
number of authors believe that adults remain within or return to their natal estuaries to spawn
(Lobell 1939, Perlmutter 1947, Sagarese & Frisk 2011, van Guelpen & Davis 1979, Wuenschel
et al. 2009), both of which could promote the development of fine-scale population structure.

Winter flounder began declining in the late 1980s and the age structure of many
populations has become truncated, with a low proportion of the remaining fish older than 5 years
(Hendrickson et al. 2006). Long Island, New York (LI) is a very densely populated region with
2,086 people per km?, and has a long history of commercial and recreational exploitation of
winter flounder (Hendrickson et al. 2006). Commercial (NMFS 2007, Northeast Fisheries
Science Center 2011) and recreational (Northeast Fisheries Science Center 2011,

http://www.st.nmfs.noaa.gov/recreational-fisheries/access-data/run-a-data-query/index) landings
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have reached record low levels, and despite management efforts there is little evidence of
recovery (Buckley et al. 1991, Buckley et al. 2008, DeLong et al. 2001, Hendrickson et al. 2006).
In light of the extent of inbreeding observed in North Sea plaice, a fish with many life-history
similarities to winter flounder, we tested for inbreeding in winter flounder in LI estuaries. We
also tested for genetic differentiation among bays, estimated the effective number of breeders
(NDb) for each bay and tested for genetic bottlenecks, all of which contribute to the rate at which
population genetic diversity is lost.
Methods
Sample collection

Young-of-the-year (YOY) winter flounder were collected with a 1m beam trawl every
two weeks from June to October in 2010 and May to October in 2011. Samples were collected in
6 bays (Figure 3-1): Jamaica Bay (40 38' 28.43" N, 73 49' 02.37" W) in 2010 and 2011,
Moriches (40 47' 02.47"N, 72 47' 23.14"W) in 2010 and 2011, Hempstead (40 36' 58.85"N, 73
35'52.81" W) in 2011, Shinnecock Bay (40 51' 46.13"N, 72 29' 44.73"W) in 2010 and 2011,
Cold Spring Pond (40 53' 59.04"N, 72 27' 40.31"W) in 2010, and Napeague Harbor (41 00'
34.62"N, 72 02' 49.84"W) in 2010. With the exception of Hempstead Bays, trawls within each
bay occurred at 10 randomly chosen stations within a grid along a section of coast where winter
flounder had previously been caught. Supplementary sampling occurred in 2011 throughout
Hempstead Bay using a beam trawl or 3-30m beach seines due to low abundances of fish in this
area. Fin clips were taken from all flounder and stored in 75% reagent grade ethanol at room
temperature.
Laboratory analysis

Genomic DNA was extracted from fin clips (0.015 — 0.035g of tissue) using the Qiagen
Blood and Tissue extraction kit (Qiagen, Valencia, CA, USA). Eleven microsatellite loci were
amplified using PCR primers that were either used for previous winter flounder microsatellite
studies (five loci, Crivello et al. 2004, McClelland et al. 2005) or recently developed (six loci,
O'Leary 2013a. The master mix consisted of 1x PCR buffer, 10x bovine serum albumin, 1.5 —
3.5 mM MgCl,, 0.12 mM of each dNTPs, 0.16 uM of the reverse primer and the fluorescently
labeled M13 primer and 0.04 uM of the species specific forward primer and 1 unit Taq
polymerase in a final reaction volume of 10 pl. Thermal cycling profiles were 4 minutes at 94°C,

30 cycles of 94°C for 15 seconds, primer specific annealing temperature for 15 seconds, 72°C for
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45 seconds and 5 cycles of 94°C, 15 seconds at 53°C and 45 seconds at 72°C with a final
extension for 10 minutes at 72°C. Locus-specific annealing temperatures (T,) are given in Table
3-1. Amplified products were separated and sized using an internal size standard (L1Z-500
Applied Biosystems) on a Genetic Analyzer (Applied Biosystems ABI3730 sequencer). Alleles
were scored by a single analyst (SO) using Peakscanv1.0 (Applied Biosystems). For quality
control, a second analyst (KAF) verified the scoring of approximately 30% of heterozygotes and
100% of the homozygotes.
Testing for technical artifacts

The entire genotypic database was analyzed with MICROSATELLITE TOOLKIT FOR EXCEL
(Park 2001) and MICROCHECKER (van Oosterhout et al. 2004) to check for possible scoring
errors, identical genotypes, large allelic dropouts, null alleles and large allelic gaps. Null alleles
occur when there is a mutation within the binding site of the primer, causing annealing failure
during PCR. If null alleles exist in the population, some individuals will be homozygous for
these alleles at a certain locus and will consistently fail to amplify at this locus despite working
at others. If null alleles were occurring at high frequencies we would therefore expect chronic
issues with gaps within the dataset. To assess this possibility we attempted to re-amplify any
samples that failed on the first attempt, making a dedicated effort to obtain a genotype at every
locus for all individuals. When null alleles are present a proportion of individuals scored as
homozygotes are actually heterozygotes for a null allele. We attempted to reveal these “false”
homozygotes by reducing the stringency of the PCR. Following Hoarau et al. (2005) a subset of
eight homozygotes for each locus was re-amplified at lower temperatures (3° C lower than the T,
listed for each locus in Table 3-1) to promote the amplification of null alleles, i.e. if null alleles
were present we would expect additional alleles to be amplified in an individual previously
scored as homozygotes thus revealing a proportion of homozygotes to be false.
Statistical analysis

Expected and observed heterozygosity (Nei 1978) and allelic richness were calculated for
each sampled estuary using FSTAT (Goudet 1995). GENEPOP (Raymond & Rousset 1995,
Raymond et al. 1997) was used to test for linkage disequilibrium and deviations from Hardy-
Weinberg Equilibrium (HWE) using exact tests. Global Fst was calculated to estimate
population differentiation and pairwise Fst to assess genetic differentiation between bays and

tested for significance as implemented in FSTAT (Goudet 1995). The shortest distance by sea
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between each pair of sample locations was measured using Google Earth VV.6.2.2.6613 to assess
isolation by distance (IBD). The relationship between genetic similarity (M = (1/Fst) — 1)/4 and
geographic distance was evaluated using Mantel tests (Mantel 1967, Slatkin 1995) as executed in
IBDWS (Jensen et al. 2005).

Deviations from HWE can arise from inadvertent grouping of multiple populations into
one or from analyzing a large number of related individuals (Wahlund effect). To test for the
possibility of genetically distinct groups of winter flounder spawning in the same bay at different
times we calculated pairwise Fst for several temporal groups. | first tested all samples caught in
2010 (N=115) against those caught in 2011 (N=99) and then pooled samples caught in the early
sampling season (May — July) and the late sampling season (August — October) and calculated
pairwise Fsr for the following four temporal groups: early 2010 (N=89), late 2010 (N=26), early
2011 (N=70) and late 2011 (N=29). The program STRUCTURE (Pritchard et al. 2000) was also
used to estimate the number of distinct genetic populations in LI by using a Bayesian approach to
detect clusters of individuals that would minimize disruptions from HWE within the whole
sample set. STRUCTURE was run using the admixture and the non-admixture model both using
and not using a priori information regarding the sampling location. We simulated K = 2-15 for
10 independent runs each to determine convergence with a burn-in period of 15,000 Markov
chain Monte Carlo (MCMC) steps followed by 350,000 MCMC steps. This approach is capable
of detecting if there were strongly differentiated groups (Fst > 0.05, Latch et al. 2006) spawning
in the same bays at different times that were admixed in the collected sample. Lastly, the
pairwise relatedness of all individuals was tested and the average within group relatedness of
individuals calculated at each sample location to detect family structure within each sample.

The effective number of breeders (Nb) was estimated for each bay and LI using the
linkage disequilibrium method as implemented in LDNE (Waples & Do 2008) with the lowest
included allele frequency pcit = 0.02. This method estimates Nb based on a single sample by
using the small level of linkage of alleles that occurs due to sampling error during recombination.
Since we used young-of-the year individuals sampled over 1-2 years, the parameter we estimated
is Nb that effectively produced the sampled cohorts, not Ne for the whole generation (Robinson
et al. 2013). Three tests for genetic bottlenecks were implemented for LI as a whole and for each
bay: the M-ratio test (Garza & Williamson 2001), the mode shift test (Luikart et al. 1998) and the
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heterozygote excess test. The last two methods are implemented in the program BOTTLENECK
(Piry et al. 1999).

Three metrics were used to estimate levels of inbreeding. At the sample (i.e., bay) level,
the inbreeding coefficient F\s (Wright 1984) was used to measure the intrapopulation
heterozygosity deficiency resulting from inbreeding when alleles are shared by descent. At the
individual fish level, the internal relatedness (IR) was used to measure the relatedness of
individual’s parents (Amos et al. 2001). For outbred individuals IR should be close to or below
zero, whereas individuals derived from consanguineous mating have an IR that is positive (to a
maximum of 1), indicating that the parents of that individual shared many alleles and are closely
related. The program SToRM (Frasier 2008) was used to calculate IR for each individual.
Pairwise t-tests were used to test for significant differences between the mean IR levels of each
sample time and location. In addition the homozygosity levels of each individual was calculated
using SToOrM (Frasier 2008), which indicates the proportion of loci within the genotype of an
individual that are homozygous.

Results

Eleven microsatellite loci were amplified in 267 individuals sampled in 6 LI bays (32—66
individuals per bay; Figure 3-1). Loci had from 6 to 56 alleles (mean = 25, s.d. = 15.8) and
observed heterozygosities ranging from 0.364 to 0.764 (Table 3-1). MICROCHECKER did not
detect evidence of stuttering or large allelelic drop out at any locus. While MICROCHECKER did
suggest the presence of null alleles due to strong deviations from HWE, none of the
homozygotes exhibited an additional allele after being re-amplified at lower annealing
temperatures (N=8 homozygotes per locus). All individuals were successfully amplified and
genotyped at all loci, indicating that there were no individuals that were homozygous for null
alleles (i.e., there were no blanks in the dataset).

The global Fst was small but significantly different from zero (Fst = 0.008; p<0.05).
Pairwise Fst values between bays were consistently significant (p<0.05) for Napeague Harbor
(except compared to Hempstead Bay) and Shinnecock Bay (Table 3-2), though they were no
longer significant after Bonferroni correction for multiple comparisons. Analysis of IBD (Figure
3-2) was also significant, though weak (r* = 0.0958, p<0.01). Even after removing Napeague
Harbor, the most divergent and distant site, the IBD pattern was still significant (r*= 0.0701,

p<0.01). Temporal pairwise Fst calculated between the years 2010 and 2011 was 0.005 (p = 0.4);
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pairwise Fsr-values for comparison between the early and late sampling season ranged between
0.005 and 0.010 (p = 0.3 - 0.6). Bayesian clustering implemented in STRUCTURE failed to detect
population structure for the number of clusters K ranging from 2 to 15 for the entire sample set.
Additionally, analysis of pairwise relatedness of all sampled individuals showed that less than
6% were related at a level of half-siblings or higher (r>0.25).

Overall genetic diversity as measured by heterozygosity and allelic richness was similar
among all bays (Table 3-3). The estimated effective number of breeders for the sampled bays and
LI overall were low (Table 3-4) ranging from 65 to 262 breeding individuals per bay and 966
overall. The L-mode shift test exhibited a non-bottlenecked distribution of alleles and the
heterozygote excess test for bottlenecks was not significant (p<0.98). The M-ratios for the LI
collection as a whole were generally high, whereas all loci but three (A441, J42 and WF12)
exhibited moderate to low M-ratios within individual bays when using the entire range (R) of
alleles found in all LI locations (Table 3-5). Large, significant discrepancies between expected
and observed heterozygosities were detected at all loci in all bays (Table 3-1). Global Hardy-
Weinberg testing of heterozygote deficiency were statistically significant at all bays (p<0.001 for
all sample locations) and all loci (p=0.00 — 0.0043 except WFO06, p=0.7). Fs values over all loci
were significantly different from zero and positive in all six bays, ranging from 0.169 — 0.283
(Figure 3-3). All loci except WF6 exhibited this pattern. The average in-group relatedness r per
bay was r = - 0.052 - 0.004. 94% of all values of pairwise relatedness were r < 0.2. Average IR
of individual fish was high, though highly variable (mean 0.229, s.d. 0.206) with a range of IR
from -0.178 — 0.999 (Figure 3-4). This pattern was common to all 6 bays (Figure 3-4). In
addition, pairwise comparison of mean IR of sample location shows some significant differences
between sample locations (Table 3-6). Moriches and Napeague have significantly higher mean
IR values than Cold Spring Pond, Hempstead and Jamaica Bay (p<0.05), while Shinnecock has a
significantly higher mean IR value than Cold Spring Pond. The internal level of homozygosity
(HL), i.e. the proportion of loci of an individuals’ genotype that were homozygous, ranged from
HL=0 — 1. The mean value of the internal homozygosity level of individuals as highest for
Morriches and Napeague with HL=0.414 (std=0.172) and HL=0.427 (std=0.172), respectively,
and lowest for Cold Spring Pond and Hempstead Bays (HL=0.296, std=0.168 and HL=0.314,
std=0.166) indicating that on average 30-40% of an individuals loci are homozygous.

Discussion
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Young of the year winter flounder living in New York estuaries exhibit relatively high
genetic diversity in terms of microsatellite allelic richness, yet the low M-ratios observed suggest
that rare alleles may have been lost within individual sample locations. Genetic diversity was
weakly geographically partitioned between some of the bays, with distance between sites playing
a small but significant role in driving this structure. All bays were out of HWE due to large
excesses of homozygotes across 10 of 11 loci, leading to high inbreeding coefficients (Fis) in all
bays. Many individuals also exhibited very high internal relatedness and individuals’ genotypes
exhibited a high proportion of homozygous loci. These patterns could not be explained by an
artificial inflation of homozygosity resulting from technical issues. Large allelic dropout
produces a pattern skewed towards homozygotes for small alleles, which did not occur in the LI
winter flounder. If null alleles were at high enough frequencies at all loci to drive these patterns,
I should have observed many null homozygotes (blanks for certain loci) when there were none. |
would probably have also been able to amplify null alleles in homozygotes by lowering
annealing temperatures, but this did not occur. Inadvertent sampling of closely related
individuals can also generate HWE deviations of this nature, but few (~ 6%) of the sampled
young-of-the-year fish exhibited high relatedness (r>0.25) ruling out a Wahlund effect due to
sampling of closely related individuals. A Wahlund effect due to undetected population structure
is also unlikely, as no cryptic genetic structure within any of the bays was detected using
STRUCTURE.

The most likely explanation for these large deviations in HWE is that inbreeding is
occurring in LI winter flounder. Similar evidence for inbreeding has been documented in a wide
variety of terrestrial and freshwater animals (e.g. wolves (Canis lupus, Liberg et al. 2005), deer
(Cervus elaphus, Slate et al. 2000), wasps (Ancistrocerus antilope, Chapman & Stewart 1996),
brook trout (Salvelinus fontinalis, Castric et al. 2002), but relatively few marine fish (Hoarau et
al. 2005, Langen et al. 2011). A number of other studies have found that marine fish populations
can exhibit strong deviations from HWE (e.g., European anchovy (Engraulis encrasicolus,
(Zarraonaindia et al. 2009), whitefish (Coregonus lavaretus lavaretus, McCairns et al. 2012),
rockfish (Sebastes melanops, Gomez-Uchida & Banks 2006), including other flatfish and winter
flounder in other regions (Anderson & Karel 2012, Crivello et al. 2004, Dongdong et al. 2012,
Florin & Hoglund 2008, Hemmer-Hansen et al. 2007, McClelland et al. 2005). In these studies
excess homozygosity is generally attributed to technical or sampling artifacts and alternative
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biological explanations, such as inbreeding, are not explicitly tested. Our results and those of
Hoarau et al. (2005) suggest that inbreeding should be routinely considered as a potential cause
of HWE deviation in heavily exploited marine fish. Loci with the largest deviations from
equilibrium expectations are frequently discarded in studies of wild animal populations based on
the assumption that they have null alleles (Dhamarajan et al. 2012). While this is always a
possibility, it is important to consider that biological explanations are also an option, especially if
the deviations are chronic at multiple loci. This will enable rigorous testing of these alternative
explanations and a less biased assessment of the magnitude and causes of HWE deviation in
marine fish.

| propose that the inbreeding observed in LI populations may be due to a confluence of a
small spawning population in each bay and a propensity of these fish to spawn in their natal
estuary. It has generally been assumed that marine fish exhibit panmictic population structure
and do not require management at the sub-population level (Smedbol et al. 2002); however
studies have shown that population structure is important in many species (Frisk et al. 2013).
Previous research on LI proposes the existence of multiple distinct behavioral groups with
observations indicating the presence of resident and migratory individuals termed "bay fish" and
"offshore fish", respectively (Lobell 1939, Poole 1966, Sagarese & Frisk 2011). Poole (1966)
estimated morphometric differences and variation in age and growth across four south shore bays
of LI. It is not yet clear if these contingents are genetically differentiated (Frisk et al. 2013,
Sagarese & Frisk 2011), but if they are, then including individuals from both groups in the same
analysis could cause heterozygote deficiencies relative to HWE expectations. However, this
hypothesis is unlikely to explain the strong HWE deviations observed. Bayesian clustering failed
to detect any strongly differentiated groups that could correspond to “bay” and “offshore”
contingents within bays and none of the young-of-the-year fish from different cohorts in the
same year sampled in a given bay were genetically differentiated from one another. Although |
report small but significant Fst along the south shore of L1 and Peconic Bays and a weak pattern
of IBD, these estimates of genetic differentiation are confounded by inbreeding at the individual
level within the sampled bays. Since there were significant differences in IR between bays it
cannot be assumed that this bias is the same for each bay. More direct methods for assessing
migration rates between bays (tagging, telemetry or otolith microchemistry) are needed to assess

genetic differentiation between winter flounder in these bays.
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| suggest that relatively few mature adults are contributing to each generation, resulting in
a high proportion of related fish spawning with each other. Like any broadcast spawning species
it is probable that there is large variation in reproductive success in this species due to high larval
and pre-recruit mortality (DeLong et al. 2001). When spawning populations are large, inbreeding
is unlikely even despite these characteristics. All recent indicators, however, show that spawning
populations have reached extremely low levels in New York estuaries (Sagarese & Frisk 2011,
Socrates 2006, Yencho 2009). There is no direct evidence that spawning fish are related because
sampled individuals were YOY rather than spawning adults. However, our estimates of Nb
producing the sampled cohorts were consistent with the premise that there are relatively few
spawning adults in these bays, because all estimates were in the tens to hundreds of individuals.
It is important to note that these estimates do not necessarily reflect the spawning population for
the entire bay. They may only be representative of the part of each bay that was sampled since
bays were not sampled randomly and flounder are patchily distributed (Sagarese & Frisk 2011).

Inbreeding could directly contribute to the failure of some marine fish to recover from
exploitation as it has been linked to lower survival and reproduction rates and lower resistance to
disease and environmental stress (Keller & Waller 2002) and can have a significant effect on
extinction risk (O'Grady et al. 2006), with persistence time of inbred endangered species being
reduced 17.5 — 28.5% (Liao & Reed 2009). Additionally, the effect of inbreeding depression is
multiplied in a stressful environment (Armbruster & Reed 2005). A recent study by Bickley et al.
(2012) tested the effect of an endocrine disrupter (the fungizide clotrimazole) on reproduction on
a model fish (zebrafish, Danio rerio) in a laboratory setting. They confirmed that inbreeding has
a much stronger effect when combined with exposure to a chemical stressor, resulting in lower
embryo viability and few offspring. Western populations of winter flounder on LI, particularly
those in Jamaica Bay, are exposed to anthropogenic habitat degradation, particularly large
amounts of municipal sewage effluent which has been shown to contain estrogenic compounds
(Ferguson et al. 2001, Todorov et al. 2001). Additionally there is evidence that winter flounder
from Jamaica Bay demonstrate signs of endocrine disruption linked to the estrogenic compounds
found there (Mena et al. 2006). This environmental degradation of LI bays combined with
inbreeding depression may contribute to the ongoing recruitment failure of winter flounder and

should be further investigated.
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Marine fish have historically been managed without an underlying concern that
populations could be reduced to the point where they would become vulnerable to local
extinction and processes that reduce their genetic diversity. The effective number of breeders is
shown to be so low in some parts of the winter flounder range that it is able to be estimated using
genetic approaches that work most effectively for small populations. Although only weak
evidence of a genetic bottleneck is observed at this stage, the number of spawning adults is
sufficiently low for inbreeding to be occurring. Given similar findings in genetic studies of North
Sea plaice (Hoarau et al. 2005) and evidence of local population structure in other species, |
suggest that resource managers should consider the possibility that exploited marine fish are

vulnerable to local extinction and inbreeding.
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Figure 3-1: Sample locations for winter flounder (2010-2011). Sample locations are indicated
by black circles, number of individuals sampled (N) in parenthesis.
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Figure 3-2: Isolation by distance. Regression of pairwise geographic distance and genetic
similarity. (A) All sample populations. (B) All sample locations excluding Napeague.
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Figure 3-3: Inbreeding coefficient Fs. Inbreeding coefficient for each locus for each sample
location.
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Figure 3- 4: Internal relatedness. Frequency distribution of level of internal relatedness (IR)

over all loci for all sample locations.
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Table 3-1: Genetic diversity of winter flounder in Long Island bays. Genetic diversity is
described for each microsatellite locus over all sample locations through allelic richness and
heterozygosity.

Locus T, K H,g He

Ad41 52 17 0.688 0.862
J42 52 19 0.764 0.844
Pam21 46 16 0.677 0.787
Pam27 47 20 0.638 0.869
Pam79 43 38 0.564 0.956
WFO06 45 9 0561 0.520
WF12 45 6 0591 0.662
WF16 54 26 0.616 0.803
WEF27 56 56 0.758 0.963
WF32 54 20 0.364 0.758
WF33 56 48 0.689 0.954

Ta : Annealing temperatures
K: number of alleles

H.: expected heterozygosity

H, : observed heterozygosity
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Table 3-2: Pairwise Fst for all sample locations. Fsr values are given above the diagonal and
p-values are presented below the. Significant values before Bonferroni correction are indicated.
Indicative adjusted nominal level (5%) for multiple comparisons is: 0.0033.

Cold Spring Jamaica Hempstead Moriches Napeague Shinnecock
Cold Spring 0.0104 0.004* 0.008 0.014** 0.005
Jamaica 0.187 0.012 0.005 0.013 0.013*
Hempstead  0.023 0.120 0.008 0.015* 0.009*
Moriches 0.093 0.280 0.150 0.011** 0.002**
Napeague 0.003 0.060 0.023 0.010 0.013**
Shinnecock  0.387 0.027 0.037 0.010 0.007

* (p<0.05)
** (p<0.01)
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Table 3-3: Multi-locus genetic diversity for each sampling location (sample size N) and
overall Long Island.

Location N He H, A

Cold Spring 42 0.8255 0.701 16.18
Hempstead 32 0.8264 0.656 14.09
Jamaica 36 0.8248 0.6763 13.91
Moriches 54 0.7995 0.5847 16.73
Napeague 37 0.8013 0.5818 13.45
Shinnecock 66 0.7968 0.6214 17.27
LI 267 0.8174 0.6334 25.09

H.: expected heterozygosity over all loci
H, : observed heterozygosity over all loci
A: Allelic Richness (mean number of alleles per locus adjusted for sample size)
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Table 3-4: Estimated number of effective breeders (Nb). Nb was estimated using the linkage
disequilibrium method and 95% confidence interval estimated using jackknife method.

Location Nb 95% CI

Cold Spring  141.4 111.6, 190.6
Hempstead 113.7 83.9,173.3
Jamaica 65.3 25.3, 166.3
Moriches 262.5 189.0, 421.2
Napeague 88.0 71.6,112.8
Shinnecock 289.7 219.9, 418.6
LI Bays 966.1 808.1, 1195.0

Nb: number of effective breeders
95% Cl: 95% confidence interval.
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Table 3-5: M-ratio calculated for all loci and sample location and overall sample locations.

A441 J42 Pam2l Pam79 Pam27 WF12 WF6 WF33 WF32 WF16 WEF27

Jamaica 047 0.89 0.33 0.67 0.41 0.5 058 046 0.2 039 0.23
Hempstead 0.71 0.74 0.33 0.29 0.41 083 066 043 029 047 037
Moriches 0.76 0.89 0.61 0.62 0.67 0.5 05 046 027 042 037
Shinnecock 0.65 0.84 0.61 0.57 0.52 083 067 046 034 036 05

Cold Spring 0.65 095 05 0.52 0.52 0.83 0.67 042 022 044 045
Napeague 0.76 0.68 0.44 0.45 0.52 083 05 034 0.2 036  0.33
overall 1 1 1 0.83 0.81 1 075 074 046 072 0.7
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Table 3-6: Pairwise comparison of mean Internal Relatedness (IR) values per bay. Bolded
values on the diagonal are the mean IR values of individuals sampled at the designated location,
p-values of pairwise t-test are shown above the diagonal and significance level before Bonferroni

correction is below the diagonal.

Average IR Cold Spring Hempstead Jamaica Morriches Napeque  Shinnecock
Cold Spring  0.1532 0.5588 0.4461  0.0011 0.0015 0.0351
Hempstead NS 0.1801 0.8488  0.0176 0.0164 0.2082
Jamaica NS NS 0.1900  0.0393 0.0340 0.3293
Morriches ** * * 0.2883 0.7956 0.1388
Napeague e * NS 0.2995 0.1169
Shinnecock  * NS NS NS NS 0.2342

*p <0.05

** n<0.01

NS = not significant
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Chapter 4
Genetic diversity and effective number of breeders for three Atlantic sturgeon (Acipenser

oxyrinchus) populations

Introduction

Atlantic sturgeon (Acipenser oxyrhinchus) is a large, long-lived anadromous fish which
occurs from Labrador, Canada, to the St. John’s River in Florida (Smith & Clingston 1997).
Juveniles and spawning adults are found in approximately 20-35 rivers of the U.S.A. and
Canada, while juveniles and non-breeding adults are found in estuaries and along the coast up to
depths of 10-50 m (ASSRT 2007). Atlantic sturgeon have declined drastically since the late
1800s, mostly due to overfishing and habitat destruction (ASSRT 2007, Waldman & Wirgin
1998). They have a low intrinsic rebound potential due to their life history characteristics which
include late maturity, low fecundity, infrequent spawning (females only spawn once every 1-5
years) and maximum egg production occurring at a late age (ASSRT 2007, Boreman 1997,
Pikitch et al. 2005). Sturgeon exhibit strong philopatry to their natal rivers, making them
vulnerable to localized stock depletion when anthropogenic pressures are spatially concentrated
(Grunwald et al. 2008, King et al. 2001, Ong et al. 1996; Peterson et al. 2008; Waldman et al.
1996; Wirgin et al. 2000, 2002, 2012). Spawning population dynamics are largely independent
between individual rivers and it is therefore critical to assess population parameters on a river-
specific basis.

Our understating of the historic and contemporary spawning population sizes in different
U.S. rivers is extremely limited for Atlantic sturgeon even though they have recently been listed
under the U.S. Endangered Species Act (77 FR 5880, 77 FR5914), which mandates intensive
management of this species. Historic spawning population sizes prior to 1890 for the Delaware
and Hudson rivers were 180,000 and 6,000-6,800 mature females, respectively, while the
Chesapeake Bay and its tributaries, including the James River supported a total of 20,000 adult
females (ASSRT 2007, Secor 2002, Secor & Waldman1999). Over a century later, the Hudson
River is currently estimated to contain 9,500 juvenile sturgeon in the estuary and the number of
spawning adults using the river has been estimated at approximately 870 (600 males and 270
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females, Kahnle 2007). Next to the Hudson the only other spawning population with a current
size estimate is the Atlamaha River (N=343 spawners). There is no current size estimate for the
spawning population in the Delaware River, though it known to be smaller than the population of
the Altamaha River (i.e. <343 spawners). The James River is the only known spawning
population contributing to the Chesapeake Bay and by the same logic is also thought to have less
than 343 spawners. Both the Delaware River and James River have rebounded after coming very
close to extirpation (Balazik et al 2010, Grogan & Boreman 1998, Secor & Waldman 1999). The
total ocean population of Atlantic sturgeon (i.e., originating from all spawning rivers combined)
was estimated to be 420,000 individuals between 2006-2011 (Kocik et al. 2013), with the
Hudson and Delaware Rivers contributing approximately 50% and the James River contributing
another 15%. This estimate is the census population size (Nc), which includes all breeding
adults, subadults and juveniles that are not bound to rivers or estuaries during this period. The
estimate was not broken down further by age group (Kocik et al. 2013).

Contemporary spawning population size estimates for the Hudson and Altamaha River
were derived from sampling individuals in rivers and were based on tag-recapture techniques
(Kahnle et al. 2007, Schueller & Peterson 2010). In fisheries management, genetic techniques are
beginning to gain traction as a complementary tool for estimating various population parameters.
The effective population size (Ne) is equivalent to the population size of an ideal population with
no mutation, no selection, no migration and random mating, experiencing the same amount of
genetic drift and inbreeding as the study population (Nunney 1993, Wright 1931). The number of
breeders (Nb) is the number of breeding adults that produced individuals born during a specific
period of time, for example, one spawning season. In a species with non-overlapping generations
the generational Ne is equivalent to Nb of one spawning season. In species with overlapping
generations Ne is frequently approximated by calculating the harmonic mean of Nb for multiple
spawning seasons as Nb represents a subset of the number of potential spawners in that
population (Nunney 1993, Palstra & Fraser 2012, Waples et al. 1990, Waples & Do 2009).
Genetic estimation of Ne and Nb in wild populations is becoming increasingly common with the
development of single-sample estimators that only need samples from one specific point in time
as opposed to temporal methods that require samples taken several years apart (Hare et al. 2011,
Leberg 2005, Luikart et al. 2010). The most commonly used single-sample estimator is based on

the linkage disequilibrium (LD) method (Waples & Do 2008, 2009) because it requires only a
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small sample size (30-50 individuals) and a moderate number of microsatellite loci (minimum
10). Here, the Key assumption is that the linkage disequilibrium signal resulting from
recombination in small populations is driven solely by genetic drift. This method has been
extensively reviewed and tested using simulations and widely applied to a variety of terrestrial,
freshwater, anadromous and even a few marine species (Palstra & Fraser 2012, Waples & Do
2009). In addition to estimating these parameters, genetic techniques provide additional
information on whether or not the spawning population is experiencing inbreeding, is losing
genetic diversity to drift or has experienced a population bottleneck severe enough to influence
its current genetic diversity.

Here, we use a multi-locus microsatellite analysis to estimate Nb of the Hudson,
Delaware and James Rivers Atlantic sturgeon populations. We were able to accomplish this by
sampling juvenile sturgeon concentrated at marine aggregation sites in the New York Bight and
then assigning them back to their natal river of origin. We also assessed levels of inbreeding
within these rivers and tested for evidence of population bottlenecks in their current genetic
architecture. We used population genetic data and estimates of Nb to simulate genetic drift over
time to assess the risk that these spawning populations will lose genetic diversity over the next
century if their population size does not increase.

Methods
Sample acquisition & Laboratory procedures

Atlantic sturgeon are currently managed as five distinct population segments (DPS)
(NMFS 2010). The Gulf of Maine (GOM) DPS is currently listed as threatened, the New York
Bight (NYB), Chesapeake Bay (CB), Carolina and South Atlantic (SA) DPS as endangered
under the Endangered Species Act (77 FR 5880, 77 FR5914). An alternative stock structure
consisting of 6 DPS has been proposed based on larger sampling sizes and a combination of
genetic data, life history characteristics, historical fisheries data and abundance trajectories
(Grunwald et al. 2008). These DPS are based on natal rivers, though aggregations off the coast of
New York and New Jersey (Dunton et al. 2010) have been shown to be comprised of a mixed
stock along the entire coast.

Tissue samples were acquired during trawl surveys in the mid-Atlantic Bight as described
in (Dunton et al. 2010, Dunton 2011). Individuals were captured at coastal aggregation sites for

subadult Atlantic sturgeon occurring off the coast of Rockaway Peninsulae, New York (Figure 4-
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1) in May/June 2010, May 2011, October/November 2011 and May 2012. Trawls were
performed in two general areas (approx. 3km long) approx 1.8km (40°33°, 73°49°) and 6.5km
(40°31°, 73°48”) offshore. Sturgeon were measured, tagged and a fin clip was stored in 95%
ethanol for genetic analysis. Genomic DNA was extracted from fin clips using the Qiagen Blood
and Tissue extraction kit (Qiagen, Valencia, CA, USA). Twelve species-specific microsatellite
loci previously successful for individual-based assignment of Atlantic sturgeon to their natal
rivers and DPS of origin were amplified as described in (King 2001) and (Henderson-Arzapalo
2002). These microsatellites have from 3 to 21 alleles per locus and observed heterozygosities
ranging from 0.3 to 1.

Data analysis

A mixed stock analysis was performed in ONCOR (Kalinowski et al. 2008) using
previously established baseline data for ten river populations (Grunwald et al. 2008). We
determined the genetic diversity of river populations for which we obtained an adequate number
of individuals (> 30) by calculating the expected and observed heterozygosity, He and H, (Nei
1978) and the allelic richness using FSTAT (Goudet 1995). We tested for linkage disequilibrium
and conformity to Hardy-Weinberg Equilibrium (HWE) for each river using exact tests
implemented in GENEPOP (Raymond & Rousset 1995, Raymond et al. 1997). We used two
measures as indicators of inbreeding. At a sample level we calculated the inbreeding coefficient
Fis using FSTAT (Goudet 1995) and at an individual level we determined the internal relatedness
(IR) as implemented in STORM (Frasier 2008). IR measures the level of relatedness of the parents
of an individual. Outbred individuals will have a value equal to or below zero while positive
values indicate the relatedness of the parents, with 1 being the maximum value.

We estimated the Nb for each river using the single-sample estimator LDNE. The linkage
disequilibrium method is based on the small level of linkage of alleles that occurs due to
sampling error during recombination (Waples 2006, Waples & Do 2008). The lowest included
allele frequency was p¢rit = 0.02. We used three tests to determine the presence of a genetic
bottleneck, the M-ratio test (Garza & Williamson 2001) which is a strong indicator of recently
occurring bottlenecks and the heterozygote excess test and mode shift test (Luikart et al. 1998)
which can be calculated using Bottleneck (Piry et al. 1999). These test are all based on the

assumption that rare alleles will be lost first during a population bottleneck.
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To determine the likelihood of the Delaware, Hudson and James River populations losing
genetic diversity over time, the loss of allelic richness was simulated across all loci using
BOTTLESIM2.6 (Kuo & Janzen 2003). For each spawning population we simulated four scenarios
using the determined allele frequencies as a starting point. For the first two simulations we
assumed age at maturity = 20 years and longevity = 60 years and simulated the percent of alleles
remaining assuming the population size to be equivalent to the upper or lower Cl-boundary,
respectively. For scenarios 3 and 4 we reduced the longevity to 10 years past age-at-maturity to
simulate the effect of individuals not living out their natural lifespan due to anthropogenic
factors. Assuming age at maturity = 20 years and longevity = 30 years, we simulated the loss of
allelic richness for both the upper and lower CI boundary for each spawning population.

Results

A total of 460 individuals were genotyped. All individuals were immature and range in
age from approximately 5-15 years old (personal communication K. Dunton). Mean total length
of all recovered fish ranged from 75 — 207 cm, with a mean size of 120.5cm (std = 22.02cm).
The frequency of size distribution for the three main contributing spawning populations is shown
in Figure 4-2.

Individuals were assigned to their stocks of origin based on three proposed stock
structures: ten natal river populations (Grunwald et al. 2008), the five DPS as listed (ASSRT
2007) and six DPS proposed by Grunwald et al. (2008). For the ten population mixed stock
analysis approximately 95% of individuals were assigned to three populations: 83% were
assigned to the Hudson River, 8% to the James River and 4% to the Delaware River. Individuals
from the Ogeechee, Albemarle, Savannah and Kennebec River were sampled as well, though no
individuals are assigned to the St. John, Edisto or Altamaha River (Figure 4-3A). Individuals
from all 5 DPS were sampled (Figure 4-3B) with the majority of the individuals (87%) assigned
to NYB, 8% to CB and 3% to the SE DPS with the remainder sampled from the Carolina and the
GOM DPS. Similar distribution was found for the 6 DPS mixed stock analysis with 87%
assigned to the NYB DPS, 8% to the CB DPS, 3% to the SE DPS and the remainder of the
individuals assigned to the Carolina and Kennebec DPS. No individuals were assigned to the St.
John DPS (Figure 4-3C).

Sufficient individuals were sampled originating from the Delaware (N=47), Hudson (N=322)

and James River (N=36) populations to assess genetic diversity, test for inbreeding, estimate Nb
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and determine the presence of genetic bottlenecks. Despite unequal sample sizes, similar levels
of genetic diversity were estimated for all three populations (Table 4-1). Multi-locus
heterozygosity H, ranged from 0.66 — 0.69 and the allelic richness A ranged from 8.17 — 10.17
alleles per locus. Heterozygosity and number of alleles sampled at each locus is given in Table 4-
1. No linkage disequilibrium was detected and all loci were in HWE with the exception of one
locus (AO23) in one population (Hudson).

Multi-locus Fs values were not significantly different from zero and with few exceptions
single locus Fis-values were also below or equal to zero (Table 4-1). Mean values of IR were
low, 0.10 for both Delaware and Hudson River populations and 0.029 for the James River
population with a standard deviation of 0.134-0.156 (Table 4-2). Maximum values of each
population ranged from 0.316-0.596 equivalent to the parents being related at a level of half-
siblings to siblings. In each population 10-12% of individuals had parents that were related at a
level of half-siblings or higher. We determined Nb using the linkage disequilibrium method with
Nb = 62.1 (95% CI = [44.3, 97.2]) for James River, Nb = 108.7 (95% CI = [74.7, 186.1]) for
Delaware River and Nb = 198.0 (95% CI = [171.7, 230.7]) for the Hudson River population. The
M-ratios calculated using global r are given in Table 3 for each locus, values ranged from 0.29 —
1.00 for Delaware River, 0.38-1.00 for Hudson River and 0.21 — 0.92 for the James River
population. The mean multi-locus values were low ranging from 0.56 — 0.68, indicative of a
recent or ongoing bottleneck.

The simulated loss of allelic richness over 100 years is shown in Figure 4-4. The
percentage of alleles retained varied both by population and by the assumed population size
(upper or lower range of estimated Nb). The percentage alleles remaining after a century in each
simulated population ranged from 89.5-98.5% in the Delaware, 99 — 99.75% in the Hudson and
84.5-95% in the James River. For simulations run with a decreased longevity (30 years) the
percentage of retained alleles was 0.6-4% lower, depending on the population, which differ in
initial allele frequencies and assumed population size. In general the difference in loss of allelic
richness between the two longevity scenarios was greater in the scenarios simulating the lower
ClI boundary for Nb.

Discussion
Mixed-stock analysis of the summer aggregations found in the NYB DPS assigned

Atlantic sturgeon to all five listed DPS and further assigned individuals to seven of ten known
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natal river populations implying the necessity of management of both natal estuaries and coastal
aggregation sites for the recovery of Atlantic sturgeon. Even though these spawning populations
are distributed along the entire US east coast, their migratory behavior leads them to be exposed
to multiple threats, including habitat degradation and incidental by-catch in the small area in
which subadults form aggregations.

Individual-based assignments using microsatellite data offer a higher resolution than
using mitochondrial control region (mtCR) haplotypes to assign individuals to their spawning
population of origin. Nevertheless, our data confirm a previous population level study of the
same aggregations based on mtCR (Dunton et al. 2011) estimating the same proportional
contributions of spawning populations from all listed DPS. Initial mixed-stock analysis of
sturgeon aggregations in NYB in the 1990s using mitochondrial DNA assigned individuals
almost exclusively to the Hudson River (Waldman et al. 1996). Subsequent analysis by Dunton
et al. (2011) and results presented here indicate a much broader stock contribution. Similarly,
assessments of sturgeon aggregations in Long Island Sound and the Connecticut River
(Waldman 2012) have also demonstrated broad stock contributions. All of these studies suggest
that southern DPS’s of Atlantic sturgeon are recovering and contributing more individuals to
marine aggregations along the coast than was evident two decades ago (Dunton et al. 2011;
Waldman et al. 1996, 2012).

The Hudson River is the dominant contributor of sturgeon to marine aggregations in
NYB, most likely due to its close proximity and because it is the largest remaining Atlantic
sturgeon spawning population. Our results, however, suggest that the stock composition of
marine aggregations is not always a function of size of the river’s spawning stock and the
proximity of the river to the aggregation site. The Delaware River has a larger spawning
population and is closer to the coastal aggregations of the NYB, yet more NYB individuals were
assigned to the James River than to the Delaware River. This result is unlikely to be the result of
sampling or technical artifacts as the same pattern was identified by Dunton et al. (2010) in
spring and fall. This unexpected result suggests that there are differences in marine migratory
behavior between fish spawned in different rivers.

Understanding population size and trajectory is a critical part of endangered species
management, yet we rarely have this information readily available for marine fish (Reynolds et

al. 2005). Estimating the size of individual spawning populations of Atlantic sturgeon is
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particularly difficult because subadults and adults migrate far from their spawning river and mix
with sturgeon from other rivers in the coastal waters of the east coast of the United States. The
long maturation time results in a delay of individuals returning to their natal river to spawn. This
creates a lag that in turn makes it difficult to determine if a spawning population is responding to
management. Using genetic methods | was able to use individuals sampled offshore in NYB
assigned to spawning populations based on microsatellites to estimate Nb for two spawning
populations of the NYB DPS (Hudson River, Delaware River) and one CB river (James River).
At present, estimates of the spawning population size are only available for the Altamaha and
Hudson Rivers, which were established using mark-recapture techniques. Despite only having
collected sturgeon over a short sampling period (~ 3 years, 2010- 2012) I was able to determine
Nb for a period of approximately 10 years because of the age range of sampled individuals (5 —
15 years). The number of effective breeders for the Hudson River was estimated to be 170-230
individuals. This number is smaller than the previous estimate of a total of 870 spawning adults,
though remarkably similar to the estimate of 270 breeding females contributing to the Hudson
River population (Kahnle et al. 2007, ASSRT 2007). This makes sense, because when there is an
unequal sex ratio in the population any measure of Nb will skew towards the limiting sex, in this
case females (Frankham 1996). The estimates of Nb presented here for the James and Delaware
River represent the first estimates of spawning population size for these two rivers. Our estimates
of 75-180 and 45-100 effective breeders for the Delaware and James River, respectively, confirm
that these populations likely contain <300 spawners and will require intensive management if
they are to continue to recover from near-extirpation (Balazik et al. 2010, Grogan & Boreman
1998, Secor & Waldman 1999).

The drastic decline of Atlantic sturgeon in the early 1900s resulted in a demographic
bottleneck from which sturgeon have yet to fully rebound. The Hudson River spawning
population was once the smallest of the three but is now the largest despite experiencing a
decline of more than 95% (Kahnle et al. 2007, ASSRT 2007). The other two populations have
experience declines on the order of 2-3 magnitudes (Kahnle et al. 2007, Secor 2002, Secor &
Waldman 1999, ASSRT 2007). Despite these declines, only one of three tests employed detected
a corresponding genetic bottleneck (the M-ratio test), though this is considered the most
powerful of these tests to detect more recent or ongoing bottlenecks (Williamson-Natesan 2005).

The M-ratio of all three spawning populations are below threshold values reported for other
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species known to have suffered severe population declines and having very small extant
populations (Garza & Williamson 2001). This indicates that Atlantic sturgeon have lost genetic
diversity, in this case indicated by a loss of microsatellite alleles, but potentially also including
adaptive genetic diversity as well (Franklin 1998; Lynch 1998). The Hudson is the least affected
of the populations, while the James and Delaware exhibit similar low M-ratios. This is consistent
with the known history of these three populations, with the James and Delaware declining to
critically low levels and the Hudson faring slightly better (Franklin & Frankham 1998, Kahnle et
al. 2007, Lynch & Lande 1998, Secor & Waldman 1999).

Inbreeding and genetic drift are the two main factors contributing to the loss of genetic
diversity and the magnitude of their impact increases as Ne decreases. In each population inbred
individuals were detected, although inbreeding was not high enough to cause deviations in Hardy
Weinberg equilibrium at the population level. We detected 10-12% of individuals in each
spawning population for which internal relatedness levels indicating that their parents were
closely related, at a level of half-siblings or higher. Evidence for inbreeding in marine fishes has
only been found in a handful of studies, in two flatfish species (Hoarau et al. 2005, O’Leary et al.
2013) and two shark species (Mourier & Planes 2013, O’Leary Chapter 5). Despite drastic
differences in life history, these species and Atlantic sturgeon have in common that they display
high levels of population structure and local fishing pressure can result in fragmented
populations with increased non-random mating due to the limited availability of spawning
partners as Nb decreases.

Genetic drift also poses a potential threat to the future genetic diversity of Atlantic
sturgeon given that Ne >500 and Ne >50 have been suggested as thresholds above which
populations are able to maintain adaptive potential and have a low risk of inbreeding,
respectively (Franklin & Frankham 1998, Lynch & Lande 1998). Estimates of Nb for all three
spawning populations assessed are below the range of these critical population sizes, suggesting
a need to assess the risk that genetic drift now poses to their genetic diversity. Our simulations
show that these populations are robust to genetic diversity loss, assuming that Nb stays the same
or grows over that period. The Hudson River spawning population is projected to retain >98 %
of its alleles, whereas the Delaware and James River spawning populations are both likely to
retain >80-90% of their alleles. We found that genetic diversity loss was most severe as

longevity decreased in these populations, suggesting a need to minimize mortality of mature
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Atlantic sturgeon. A long generation time can result in a persistent bottleneck having a shortened
effective time and can act as an intrinsic buffer against the loss of genetic diversity resulting in a
‘genetic storage’ effect (DeHaan et al. 2006, Lippe et al. 2006). Chapman et al. (2011) found a
similar effect in smalltooth sawfish (Pristis pectinata) that have unexpectedly high levels of
genetic diversity despite having experienced a drastic decline in population size. Similar to our
simulations projecting the loss of genetic diversity in sturgeon over the next century, Chapman et
al. (2011) found that the long-lived small-toothed sawfish will most likely retain 90% of their
current genetic diversity despite a relative small Ne. Other long-lived animals have also been
shown to be similarly robust to genetic diversity loss. Examples include fish (e.g. the copper
redhorse, Lippe et al. 2006), mammals (e.g. kangaroos, Busch et al. 2007, rhinoceros, Dinerstein
et al. 1990), reptiles (e.g. box-turtles, Kuo et al. 2004), and birds (e.g. eagles (Hailer et al. 2006;
Lerner et al. 2009).

Genetic approaches can contribute valuable information regarding Ne and recent
trajectory in endangered species, yet are not as commonly used in assessing marine and
anadromous species as they are in assessing terrestrial species (Hare et al. 2011, Waples & Do
2009). Our study confirms a few previous studies indicating that marine aggregations of
immature Atlantic sturgeon contain a mix of individuals from different spawning rivers.
Although size of the spawning population and proximity to the aggregation site are important
determinants of each river’s contribution to the marine aggregation, it is likely that other factors
are involved as well. Nevertheless, the reappearance of southern sturgeon in NYB aggregations
suggests some recovery of these populations. We also find that Nb for ~10 years in the early
2000s for each river is measured in the hundreds, with the Hudson being the largest. All three
populations we genetically assessed exhibit evidence of a recent bottleneck, with the Hudson
being the least affected of the three, and about 10% of individuals are inbred. Our simulations
suggest that while these populations are small, the longevity of sturgeon will enable them to
retain most of their genetic diversity for the next century, especially if the Ne grows. Our
analyses indicate that stringent management efforts for Atlantic sturgeon focused on threats in

both rivers and the ocean remain important for the recovery of this iconic species.
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Figure 4-1: Map of Atlantic sturgeon sampling locations and natal rivers. Arrow indicates
sample area off Rockaway, NY. Trawls were performed in two general areas (approx. 3km long)
approx. 1.8km (40°33°, 73°49°) and 6.5km (40°31°, 73°48") offshore. The three main natal rivers
(Delaware, Hudson, James) contributing to aggregations of subadults in New York Bight are
depicted.
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Figure 4-2: Frequency distribution of total length [cm] of recovered individuals. Proportion
of individuals assigned to Delaware (black), Hudson (grey) and James (white) river for each size
category shown.

40 -
35

30

frequency
= N N
w o wu

=
o

size [cm]

B Delaware O Hudson OJames

59



Figure 4-3: Proportion of individuals assigned to stocks. Individuals are assigned to
populations based on microsatellite genotype. (A) Mixed stock analysis (MSA) based on 10 river
spawning populations. (B) MSA based on 5 distinct population segments (DPS) listed by the
National Marine Fisheries Service (NMFS). (C) MSA based on 6 DPS suggested by Grunwald et
al. 2008. No individuals were assigned to St. John DPS.
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Figure 4-4: Simulation of loss of allelic richness over 100 years. Results show percentage of
remaining alleles each year over 100 years for upper and lower Cl boundaries of estimated
population size for Delaware (Del180, Del75), Hudson (Hud230, Hud170) and James (Jam100,
Jam40) Rivers should Ne remain constant. (A) Age at maturity = 20years, longevity = 60years.
(B) Age at maturity = 20 years, longevity = 30 years.
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Table 4-2: Genetic diversity of Atlantic sturgeon. Multi-locus and single-locus comparisons of
genetic diversity between Delaware, Hudson and James River samples.

Delaware Hudson James Total no. alleles

N 47 322 36

He 0.666 0.677 0.694

Ho 0.675 0.677 0.712

A 8.33 10.17 8.17

Fis -0.015 0.000 -0.027
LS68

H. 0.695 0.720 0.826

Ho 0.681 0.699 0.886

A 5 6 9 9
Fis 0.02 0.029 -0.073
LS19

He 0.559 0.610 0.417

Ho 0.447 0.581 0.417

A 5 6 3 6
Fis 0.203 0.047 0.002
LS39

H. 0.042 0.034 0.236

Ho 0.043 0.034 0.229

A 2 4 3 5
Fis -0.011 -0.011 0.03

LS54

He 0.386 0.335 0.229

Ho 0.404 0.345 0.250

A 3 3 3 3
Fis -0.047 -0.028 -0.094
AO23 *

H. 0.689 0.691 0.779

Ho 0.745 0.649 0.861

A 9 9 6 10
Fis -0.081 0.061 -0.107
AO45

He 0.809 0.870 0.869

Ho 0.872 0.894 0.944

A 9 11 11 12
Fis -0.079 -0.028 -0.088
AO12

H. 0.834 0.824 0.854

Ho 0.830 0.839 0.861

A 12 16 11 17
Fis 0.005 -0.018 -0.008
D170

He 0.850 0.815 0.803

Ho 0.872 0.836 0.771

A 9 9 7 9
Fis -0.026 -0.027 0.04

D188

H. 0.685 0.717 0.867
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Fis

0.681
11
0.006

0.720
0.723
8
-0.005

0.855
0.915
11
-0.071

0.861
0.894
16
-0.038

0.702
15
0.021

0.783
0.795
9
-0.016

0.830
0.847
13
-0.021

0.902
0.904
21
-0.002

0.857
12 17
0.012

0.714
0.722

-0.012

0.883

0.889

12 14
-0.007

0.853
0.861
13 22
-0.01

N: Sample size
H.: expected heterozygosity
H,: observed heterozygosity
A: allelic richness (number of alleles per locus)

Fis: inbreeding coefficient

* deviation from HWE (p<0.05)
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Table 4-3: Internal relatedness (IR) of Atlantic sturgeon natal river populations. Mean
values of IR for Delaware, Hudson and James River samples.

Delaware Hudson James

IR 0.010 0.010 0.029
SD 0.144 0.156 0.134
minimum -0.306 -0.319 -0.224
maximum  0.353 0.596 0.316
% over0.2 10 12 11

IR: Internal Relatedness

SD: Standard deviation

Minimum: minimum value

Maximum: maximum value

% over 0.2: % of individuals within samples with IR over 0.2
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Table 4-3: Results of M-ratio test for bottlenecks. M-ratios calculated using global r for
Delaware, Hudson and James River samples for each locus and mean multi-locus values.

Delaware Hudson James

LS68 0.31 0.38 0.56
LS19 0.36 0.43 0.21
LS39 0.29 0.58 0.43
LS54 0.43 0.43 0.43
AO23 0.69 0.69 0.46
AO45 0.75 0.92 0.92
AO12 0.42 0.55 0.39
D170 1.00 1.00 0.78
D188 0.46 0.63 0.50
D165 0.89 1.00 0.89
D44 055 0.65 0.60
D241 0.70 0.91 0.57
mean 0.57 0.68 0.56
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Chapter 5
DNA profiling reveals heightened vulnerability of white sharks, Carcharodon carcharias

Introduction

Understanding the contemporary size and recent trajectory of marine fish populations
remains a difficult problem and has major economic and environmental implications (Hare et al.
2011, Reynolds et al. 2005). Genetic analysis can provide pivotal information about the size and
recent history of severely depleted populations and is frequently used in conservation planning
for terrestrial endangered species (Frankham 1996). Recent analytical advances have also
enabled estimation of the effective number of breeders (Nb) in small populations, a management-
relevant parameter approximating the number of reproducing adults (Hoehn et al. 2012, Palstra
& Fraser 2012, Waples & Do 2009). However, a variety of obstacles have slowed the integration
of these types of analyses into the conservation management of wild marine fish populations
(Hare et al 2011, Waples & Do 2009). Marine fish have relatively large populations compared to
most terrestrial animals, which both hinders estimation of Nb and makes them more resilient to
processes influencing the genetic architecture of very small populations (e.g., genetic drift,
inbreeding) (Ward et al. 1994, DeWoody & Avise 2000).

White sharks (Carcharodon carcharias) are iconic apex predators and one of the world’s
most legislatively protected marine fish species (Compagno et al. 1997). They primarily occur in
seven regions: the Northwest Atlantic, Northwest Pacific, Northeast Pacific, Australasia,
southern Africa, South America and Mediterranean (Compagno et al. 1997) and several of these
populations have likely declined due to overfishing (Dulvy et al. 2008). There have been 3
attempts to estimate regional white shark population sizes, all involving mark-recapture methods
(Chapple et al. 2011, Cliff et al. 1996). Chapple et al. (2011) reported that the number of
subadult and adult white sharks off Central California was 130-275 individuals (2006-2008),
although Sosa-Nishizaki et al. (2012) detailed how several assumptions of the mark-recapture
model were violated and suggested this was an underestimate. In South Africa, Cliff et al. (1996)
estimated that the population consisted of 1,279 individuals (C.V. 24%) between the Western

Cape and Richards Bay, the geographic extent of the shark beach meshing program where tagged
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sharks were potentially recaptured. Another tag-recapture study using photographic identification
methods conducted in Gansbaai between 2007-2011 estimated that the population size for the
same region as Cliff et al. (1996) eleven years later was 808—1008 individuals (Towner et al.
2013). Although white shark population estimates are few, difficult to obtain and likely to
generate controversy given uncertainties about how they are calculated, it does appear that
regional populations are relatively small.

Genetic data has been collected for white sharks in many regions and primarily used to
examine regional population structure (Blower et al. 2012, Gubili et al. 2010, Jorgensen et al.
2010, Pardini et al. 2001, Tanaka et al. 2011). Little attention has been paid to levels of
intrapopulation genetic diversity of this species and what that information suggests about
regional population sizes and trajectories. Genetic approaches may provide complementary
information useful for understanding the status of white shark populations. Here, the patterns of
genetic diversity among white sharks sampled in the Northwest Atlantic and southern Africa is
reported. T the isolation, inbreeding levels and assessed potential genetic bottlenecks in these
regions are examined using mitochondrial control region (mtCR) sequences and 14 microsatellite
loci. Further, Nb is estimated for each region during the sampling period.

Materials and Methods

Individual white sharks were sampled from 2001 - 2008 in the Northwest Atlantic
(N=31) and 2003 - 2010 in southern Africa (N=27). All of the individuals were immature (<3.0m
total length, Compagno et al. 1997). Genomic DNA (gDNA) was extracted from 0.015 — 0.035g
of tissue using the Qiagen Blood and Tissue extraction kit (Qiagen, Valencia, California, USA).
The mtCR was amplified using species-specific primers and modified PCR protocol as described
in Blower et al. (2012) and sequenced on a 3730 DNA Analyzer (Life Technologies). Forward
and reverse mtCR sequences were individually checked for quality and aligned using ClustalX
(Thompson et al. 2002) along with haplotypes from previous studies: HQ414073-HQ414086
(Blower et al. 2012), AY026196-AY 026224 (Pardini et al. 2001), GU002302-GU00232
(Jorgensen et al. 2010), HQ540294-HQ540298 (Gubili et al. 2010). The alignment was then
trimmed to 826 base pairs and exported into ARLEQUIN v3.5 (Excoffier & Lischer 2010) to
characterize haplotypes using the Tamura & Nei model and calculate pairwise st and a

minimum spanning tree, which was visualized using HAPSTAR (Teacher & Griffiths 2011).
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Individuals were genotyped at 14 polymorphic microsatellite loci (Gubili et al. 2010,
Shrey & Heist 2002, O'Leary et al. 2013) (Table 5-1). Amplicons were sized on a 3730 DNA
Analyzer (Life Technologies) using an internal size standard (500 LIZ™, Life Technologies) and
scored using Peakscanv1.0 (Applied Biosystems). Eight homozygotes per locus were re-
amplified at (T, - 3°C) to expose possible null alleles. Approximately 40% of all genotypes were
re-scored by a second analyst to avoid genotyping error. Quality control was performed using
MICROSATELLITE TOOLKIT FOR EXCEL (Park 2001) to detect scoring errors, duplicate genotypes,
and MICROCHECKER (van Oosterhout et al. 2004) to determine large allelic dropouts, null alleles
and large allelic gaps. All statistics were calculated including all loci and after having removed
loci that were out of Hardy-Weinberg Equilibrium (HWE), though differences were negligible.
Population differentiation was determined using pairwise Fst and Bayesian clustering.
STRUCTURE (Pritchard et al. 2000) was run for a burn-in period of 15,000 MCMC steps followed
by 350,000 MCMC steps using the admixture model (with/without a priori location) for K = 1-5
for 10 independent runs each to determine convergence.

The genetic diversity in each region was assessed by calculating the haplotype and
nucleotide diversities of the mitochondrial haplotypes using ARLEQUIN v3.5 and the expected
and observed heterozygosity and allelic richness of the microsatellite loci using FSTAT (Goudet
1995). We used exact tests implemented in GENEPOP (Raymond & Rousset 1995, Raymond et al.
1997) to determine deviations from HWE and linkage disequilibrium. Levels of inbreeding were
determined using two measures: the inbreeding coefficient Fis, calculated using FSTAT, which
measures intrapopulation heterozygote deficiency and the internal relatedness (IR) using STORM
(Frasier 2008), which measures the relatedness of an individuals’ parents (Amos et al. 2001). For
outbred individuals IR-values should be below or close to zero. For parents that share many
alleles (i.e. are closely related) IR should be positive, with 1 being the maximum value.

The number of effective breeders was determined using the linkage disequilibrium
method as implemented in LDNE (Waples & Do 2008). This number is closest to Nb producing
the specific cohorts sampled individuals belong to, as the sample period is shorter than the
generation time of this species. We tested for bottlenecks using the mode-shift test,
heterozygosity excess test (Piry et al. 1999) and M-ratios (Garza & Williamson 2001). The M-
ratio calculates the ratio of extant alleles in a population (k) to the total number of alleles

expected given the range of allele sizes (r). The loss of rare alleles during population bottlenecks
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tends to affect k more than R, thus reducing the ratio. We only used loci with 5 or more alleles
for this calculation (N=11 loci).
Results and Discussion

White shark populations in the Northwest Atlantic and southern Africa are genetically
isolated. Maternally inherited mitochondrial DNA sequences (®st = 0.10, p < 0.00001) and
biparentally inherited microsatellite loci (Fst = 0.064, p < 0.00001) were both strongly
partitioned between these regions. Bayesian clustering of the microsatellite data also revealed
two distinct clusters corresponding to individuals from the Northwest Atlantic and southern
Africa, respectively (Figure 5-1A). Both study populations were also differentiated from
Mediterranean, Australasian and North Pacific populations based on previously published
mitochondrial DNA sequences (Blower et al. 2012, Gubili et al. 2010, Jorgensen et al. 2010,
Pardini et al. 2001) with no shared haplotypes between them, with the exception of one shared
haplotype between the Northwest Atlantic and southern Africa (Figure 5-1B). White sharks in
the Northwest Atlantic and southern Africa were therefore treated as separate, isolated
populations for all subsequent analyses.

Small, isolated populations are vulnerable to inbreeding as reproducing adults have an
elevated probability of mating with relatives (Wright 1922, Wright 1984). Non-random mating
of this nature generates deviations in allele frequencies from theoretical expectations in the form
of deficiencies in heterozygotes. We observed chronic heterozygote deficiencies in both
populations that are unlikely to result entirely from technical or sampling artifacts. Null alleles
occur when there are point mutations in the flanking regions of microsatellite loci where the
primers bind, resulting in non-amplification of an allele and false positive homozygotes.
Lowering the annealing temperature reduces the binding stringency; re-amplifying homozygous
individuals at lower annealing temperatures did not result in additional alleles ruling out
technical artifacts. Wahlund effect, the inadvertent sampling of more than one population as one
was ruled out by testing for temporal and spatial population structure. Further, re-calculating
various statistics excluding markers out of HWE did not result in significantly different values
(Table 5-1). Multi-locus inbreeding coefficients (F;s) were 0.18 and 0.19 for southern Africa and
the Northwest Atlantic, respectively (Table 5-1). The mean internal relatedness (IR) for the

Northwest Atlantic and southern Africa populations was 0.22 (std = 0.26, range = -0.22 — 0.56)
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and 0.21 (std = 0.16, range = -0.17 — 0.45), respectively. This indicates that mating pairs
frequently exhibit co-ancestry and are related at a level approaching that of half-siblings.

The estimate for Nb in southern Africa had an unbound upper confidence interval (Nb =
92.5; 95% C.I. 28.8-0), indicating that Nb during the study period was too high to estimate using
this method with the available sample size. In contrast, Nb had narrow confidence intervals and
was remarkably small for the Northwest Atlantic: 29 individuals (95% C.I. 21-49). Two thirds of
the Northwest Atlantic individuals analyzed were captured in 2001 - 2003 and were <2.5 m in
length at the time, meaning the parameter we estimated was likely closest to Nb producing these
particular cohorts. In the absence of information on finer scale population structure and the
breeding frequency of adult white sharks it is difficult to reconcile Nb estimated for this defined
period with the actual numbers of adults alive at the time. Nevertheless, the Nb range estimated
for Northwest Atlantic white sharks is remarkably small, approaching those of mammalian and
avian apex predators known to exist in very small, isolated populations, e.g. polar bears, Ursus
maritimus, (Cronin et al. 2009), Madagascar fish eagle, Haliaeetus vociferoides (Johnson et al.
2009), puma, Puma concolor (Miotto et al. 2011).

Mitochondrial haplotype diversity (0.7237 and 0.7495, for SA and US respectively) and
nucleotide diversity (0.0059 and 0.0031, for SA and US respectively) were not particularly low
in these regions when compared to other shark populations (Hoelzel et al. 2006 and species cited
therein), although the Northwest Atlantic population exhibits the “starburst” pattern of haplotype
relationships that is usually associated with historic bottlenecks or founder effects (Avise 2000).
Two of the tests failed to detect evidence of a bottleneck. The mode shift test showed a normal
L-shape distribution and excess homozygosity was not significant in either population (psa=0.46,
pus=0.38). The M-ratio test, however, indicated there were “lost alleles” in each population,
which is consistent with a recent genetic bottleneck. One interesting observation was that M-
ratios were sensitive to the choice of allelic size range (r) used. When we use the range derived
from the alleles observed in both regions combined the mean M-ratios for southern Africa and
the Northwest Atlantic were 0.59 and 0.58, respectively, which is well below what is typical for
bottlenecked populations (Garza & Williamson 2001). When using the size range of alleles
observed within each region, the mean M-ratios were higher (0.73 and 0.70, respectively) but
still relatively low compared to most non-bottlenecked populations (Garza & Williamson 2001).

Garza & Williamson’s original description of the M-ratio test does not specify which allelic
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range to use (species or population), but we would argue that the population-specific r is likely to
be the most conservative.

These findings indicate that some white shark populations exhibit characteristics more
typically seen in small, fragmented populations of terrestrial or freshwater species, such as
modest Nb, high levels of inbreeding or recent bottlenecks. In fact, the white shark population in
the Northwest Atlantic is small enough that it is possible to estimate Nb for a small number of
cohorts using genetic methods. These genetic characteristics have previously been described in a
handful of marine fish typically characterized by a broadcast spawning reproductive mode (Type
I11 survivorship) and large variance in reproductive success (Hauser et al. 2002, Hoarau et al.
2005, O’Leary et al. 2013b). This study indicates that some highly mobile sharks, with the
contrasting life-history pattern to these fish, exhibit similar characteristics. Emerging studies of
other sharks and rays are also finding evidence of inbreeding, recent bottlenecks or modest Nb
(Chapman et al. 2011, Hoelzel et al. 2006, Mourier & Planes 2013), although none have detected
evidence of all three, as found here in white sharks. Routine analysis of intrapopulation genetic
diversity, which is a staple of conservation planning for terrestrial and freshwater species, can
therefore also yield important information for the conservation of imperiled shark populations.
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Figure 5-1: Population structure of white sharks using nuclear and mitochondrial markers.
(A) Bayesian inference of genetic structure. Sample locations are indicated on the x-axis. Each
individual is represented by a single vertical column with the y-axis indicating the membership
coefficient for one of two clusters. (B) Haplotype network of the mitochondrial control region.
Haplotypes from South Africa and the Northwest Atlantic are scaled based on frequency of
occurrence in the sample set.
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Table 5-1: Genetic diversity of South African and Northwest Atlantic populations.

South Africa USA

CCa9
He 0.824 0.725
Ho 0.826 0.607**
A 11 10
Fs -0.002 0.165
M-ratio 0.61 (0.85) 0.56 (0.77)
CCal077
He 0.797 0.802
Ho 0.407*** 0.733
A 8 10
Fis 0.493 0.087
M-ratio 0.57 (0.57) 0.71 (0.71)
Cca 6.27
He 0.73 0.865
Ho 0.5* 0.833
A 6 10
Fis 0.319 0.037
M-ratio  0.60 (0.67) 1.00 (1.00)
CCal226
He 0.693 0.766
Ho 0.4* 0.367***
A 6 6
Fis 0.428 0.525
M-ratio 0.67 (1.00) 0.67 (0.86)
CCal536
He 0.854 0.76
Ho 0.652*** 0.613**
A 11 10
Fis 0.241 0.196
M-ratio  0.52 (0.55) 0.48 (0.53)
CCa85
He 0.856 0.771
Ho 0.722 0.593
A 8 6
Fis 0.44 (0.44) 0.33 (0.38)
M-ratio
CCal276
He 0.899 0.773
Ho 0.783* 0.667*
A 13 10
Fs 0.132 0.14
M-ratio  0.68 (0.81) 0.53 (0.53)

CCal466
He
Ho
A
I:IS
M-ratio
CCa711
He
Ho
A
F_IS
M-ratio
Ccal273
He
Ho
A
Fis
M-ratio
CCal419
He
Ho
A
FIS
M-ratio
CCa418
He
Ho
A
Fis
M-ratio
m59°
He
Ho
A
Fis
M-ratio
10X10
He
Ho
A
FIS
M-ratio

South Africa USA

0.498
0.346

3

0.31

0.67 (1.00)

0.722
0.5%*

6

0.313

0.26 (0.60)

0.444
0.4

3

0.101

0.43 (0.60)

0.819
0.84%*

8

-0.026
0.89 (0.89)

0.445
0.35

3

0.218

0.50 (0.50)

0.725
0.667

8

0.081

0.73 (0.89)

0.669
0.813

5

-0.223
0.71 (0.83)

0.553
0.516

4

0.067

0.67 (0.67)

0.764
0.69

9

0.099

0.39 (0.53)

0.557
0.308***
5

0.453

0.71 (0.71)

0.631
0.655

5

-0.039
0.56 (0.63)

0.15
0***

2

1

0.33 (1.00)

0.655

05

6

0.24

0.55 (0.67)

0.603
0.5

4

0.174

0.57 (0.80)

significant deviations from HWE: * (p<0.05), ** (p<0.01) and *** (p<0.001)

He/Ho: expected/observed heterozygosity

A: number of alleles per locus in the region sampled.

FIS: inbreeding coefficient

M-ratio per locus and population calculated using global r and (population ).

Aunpublished locus



Chapter 6
Genetic estimation of effective population size and detection of recent bottlenecks and

inbreeding in marine fish populations: a review.

Introduction

Genetic variation is the fundamental building block of biodiversity and harbors the
adaptive evolutionary potential that enables species to persist in an ever changing environment
(May 1994, McNeely et al. 1990, Willi et al. 2006). As such, the loss of genetic diversity within
populations and species has been recognized as a major issue in the conservation and
management of terrestrial and freshwater organisms, though it has by and far been neglected as a
management concern for marine species (Frankham 1996, Kenchington & Heino 2002). Genetic
diversity loss occurs as a result of several processes, including the stochastic loss of variation
occurring as it is transmitted between generations (“genetic drift”), population bottlenecks and
non-random mating (Allendorf 1986, Wright 1922, 1931, 1984). The effective population size
(Ne) is the number of individuals in an idealized population that is experiencing the same
amount of genetic drift as the study population, i.e., it is the number of reproductively mature
adults from one generation effectively contributing to the next generation (Wright 1922).
Demaographic bottlenecks occur when a population experiences and then recovers from a sudden
decline in abundance. Bottlenecks cause a temporary reduction in Ne and can therefore reduce
genetic diversity of the population (England et al. 2003, Frankham et al. 1999, Nei 1975).
Inbreeding is a form of non-random mating within a population in which mating partners are

more closely related to one another than expected by chance (Wright 1922, 1931). Inbreeding is
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most common in severely reduced populations and when dispersal from the natal site is low
(Keller & Waller 2002).

Large populations that have corresponding large Ne are less vulnerable to genetic drift,
bottlenecks and inbreeding than small populations. Marine fish have been long thought to exist
in large, widely distributed populations that are connected over wide geographic scales by
movement and reproductive mixing (Hauser & Carvalho 2008; Hutchings et al. 2010, Hutchings
& Reynolds 2004, Therkildsen et al. 2010). Under this model Ne of marine populations is
predicted to be extremely large and would behave like an idealized population where drift is
negligible, i.e. Ne is effectively infinity. Comparison of the genetic diversity of freshwater,
anadromous and marine fish shows that marine species have higher genetic diversity than
freshwater fish, with anadromous species falling in between them (DeWoody & Avise 2000,
Ward et al. 1994). Generally, this is attributed to differences in the level of population structure
resulting from differences in habitat and its effect on Ne. Freshwater species inhabit lakes, rivers
and streams, which are thought to harbor relatively small, genetically isolated populations with
low Ne when compared to marine populations. Freshwater fish are therefore predicted to lose
genetic diversity more quickly than marine fish, which is consistent with empirical observations.

There is an increasing amount of evidence that marine fish may have lower Ne than is
traditionally thought and may sometimes be vulnerable to genetic drift, bottlenecks and
inbreeding. First, marine fish populations are commonly more structured geographically than
was thought given the ability of larval and adult stages to move long distances (see Hauser &
Carvalho 2008 for review). This is attributable to several factors, including philopatry, i.e.,
individuals homeing back to their natal to reproduce, and larval retention being more common

than long distance dispersal. In addition, life history characteristics and environmental
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stochasticity generally result in Ne being substantially smaller than the total population of adults
(the “census population size” [Nc]). Frankham (1996) found the Ne/Nc ratio in wild populations
to be approximately 0.1, a similar result to Palstra & Ruzzante (2008). However, in species with
a type 111 survivorship Ne can be 3-5 orders of magnitude smaller than Nc (Hauser et al 2002,
Hoarau et al. 2005, Turner et al. 2002). Type 111 survivorship is common in marine fish, hence
Ne is often likely to be dramatically smaller than Nc (Hauser et al. 2002, Hoarau et al. 2005,
Turner et al. 2006). When coupled with recent, severe population declines in many marine fish
due to overexploitation and/or habitat loss and degradation (Reed 2004), Ne of many of these
species may be at levels low enough for drift, bottlenecks and inbreeding to negatively affect
their genetic diversity. Loss of genetic diversity due to genetic drift and inbreeding can limit
adaptive potential and their ability to resist diseases and environmental fluctuations (Nei 1975,
Willi et al. 2006). Considering that marine fish are now living in an era of relatively rapid
climate change, their ability to adapt could be an important factor determining their long-term
persistence.

There are growing concerns that the Ne of marine fish is not typically functionally
equivalent to an infinite population and they may therefore be vulnerable to processes with the
potential to erode their genetic diversity. In light of this, I reviewed the current literature on Ne
estimation and evidence of genetic bottlenecks and inbreeding in marine fish. | first characterized
when these studies were published and what taxa and regions are currently the best represented
in the literature. | then summarized what we know about the magnitude of Ne in marine fish that
have been published to date, with specific interest in how commonly estimates yield an infinite

value expected for very large populations. Lastly, | aimed to compile evidence of genetic
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bottleneck and inbreeding signatures occurring in marine fish populations, which can both be
symptoms of small Ne in recent or contemporary generations.
Methods

I will first review the sampling and analytical methods that have been used to estimate
Ne, detect bottlenecks and assess inbreeding levels in wild populations. | will then describe my
literature search to locate peer-reviewed publications in which these methods were applied to
marine fish.
Estimation of effective population size

For populations with a known Nc it is possible to use demographic parameters, including
sex ratio and reproductive success of breeding individuals, to determine Ne (Caballero 1994,
Engen et al. 2005). This is of limited practical use, however, because Nc is typically unknown in
free-living animal populations and especially for those that live in the marine environment.
Genetic estimation of Ne is increasingly feasible given recent analytical advances and the
increasing availability of species-specific microsatellite markers, although these methods are still
underused in studies of certain taxa (see Hare et al. 2011, Leberg 2005, Luikart et al. 2010,
Waples & Do 2009 for review). These methods are broadly divided into “temporal estimators”
and “single sample estimators”. Temporal estimators require samples taken several generations
apart and are based on relating the standardized variance of allele frequencies across several
generations to Ne (Nei & Tajima 1981). There is a wide range of temporal methods that have
been implemented in various programs (reviewed in Leberg et al. 2005, Luikart et al. 2010),
ranging from moment estimators (Jorde & Ryman 1995, 2007, Peel et al. 2004, Waples 1989),
pseudo-likelihood methods (Wang 2001, Wang & Whitlock 2003), coalescent Bayesian methods

(Beaumont et al. 2002, Berthier et al. 2002) and approximate Bayesian computation (Cornuet et
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al. 2008). The drawback to all of these methods is that they require multiple sample sets spaced
several generations apart, which can be challenging to obtain for marine fish.

Recent analytical advances enable genetic estimation of Ne using a single sample of
individuals from a population. The three most commonly used ones are the linkage
disequilibrium method (“LD”’) (Waples 2006, Waples & Do 2008, 2009), Bayesian
approximation (“BA”) (Tallmon et al. 2008) and the heterozygote excess method (“HE”)
(Pudovkin et al. 1996). In all cases it is assumed that the population is randomly sampled and the
microsatellite loci are unlinked and statistically independent. The study population is also
assumed to be an idealized Fisher-Wright population in which genetic drift is the only factor
affecting genetic diversity, i.e., there is no selection, migration, mutation. Bayesian
approximation computes Ne over several generations in the past using summary statistics, e.g.
variance in allele length and heterozygosity, number of alleles per locus, expected heterozygosity
(Beaumont et al. 2002, Tallmon et al. 2008). The HE method is based on the statistical
differences in allele frequencies between males and females generated by binominal sampling
effects occurring in very small populations resulting in the offspring being more heterozygous
than the parental generation. This method has very low precision and is only applicable for very
small populations (< 30 breeding adults) and is therefore unlikely to be useful for marine fish
(Leberg et al. 2005). The LD method is based on the small amount of linkage of alleles that
occurs during recombination due to sampling error in very small populations. The Key
assumption for the LD method is that this linkage disequilibrium signal is driven solely by
genetic drift and is related to Ne. Because it requires small samples size of only 30-50
individuals and a minimum of 10 loci, this method has gained the most traction for estimating Ne

of wild populations and has been extensively reviewed and tested using simulations (Palstra &
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Fraser 2012, Waples & Do 2009). In species with overlapping generations, i.e., an age structured
population, it is difficult to randomly sample and estimate Ne for a single generation.
Simulations have shown that a random sample of mature adults provides the closest estimate of
Ne for the generation they are a part of. In contrast, a random sample of a single cohort or series
of cohorts estimates a parameter called the effective number of breeders (Nb). The effective
number of breeders approximates the number of parents that produced the sampled cohort(s).
The harmonic mean of Nb for each cohort making up a generation equals Ne for that generation
(Waples & Do 2009). The usefulness of genetic Ne and Nb estimators have been extensively
reviewed (Leberg et al. 2005, Luikart et al. 2010) and have even been discussed in the context of
how they may be applied to marine organisms specifically (Hare et al. 2011).
Assessing genetic bottlenecks

Recent progress in statistical methods and the availability of molecular markers allow for
bottleneck tests using a single sample e.g. M-ratio test (Garza & Williamson 2001), the
heterozygote excess test (Cornuet & Luikart 1996, Piry et al. 1999) and the mode shift test
(Luikart et al. 1998), all of which detect the genetic signature of declines in Ne. The Key
assumption for all three methods is that during a bottleneck rare alleles are lost more quickly
than common ones. The heterozygote method is based on the fact that in very small population
statistical differences will occur in the allele frequencies between males and females resulting in
the offspring being more heterozygous than the parental generation. This method will most
effectively detect a recent, very severe bottleneck. If low Ne persists the signal can be
confounded by inbreeding which results in an excess of homozygotes (Cornuet & Luikart 1996,
Piry et al. 1999). The mode shift test is a more conservative estimator with a more limited power

to detect bottlenecks. For this method allele frequency classes are established. For most
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microsatellite loci the lowest frequency class is the mode allele frequency. Shifts in allele
frequency distribution are still detectable for several generations after a bottleneck, in which rare
alleles are preferentially lost, the mode shifts from the lowest to a moderate frequency class
(Luikart et al. 1998, Piry et al. 1999). The M-ratio test assumes that during a bottleneck the
number of randomly lost alleles will increase more quickly than the range of their sizes
decreases. Further, it assumes that under the stepwise mutation model in a robust population
most allelic states should be occupied. With rare alleles being lost during a bottleneck the
number of unoccupied states will increase, whereas the total size range will only change if the
smallest and largest alleles are lost. The proportion of unoccupied potential allelic states is
measured by m=k/r, with k = the number of observed allelic states in a sample and r = the
number (range) of potential allelic states (Garza & Williamson 2001). Assessment of these
methods to determine adequate sample size and number of loci necessary to reliably test for
bottlenecks is ongoing (Peery et al. 2012).
Assessing inbreeding

Inbreeding is defined in a population genetic context to mean a deviation from random
mating whereby individuals mate with related individuals more commonly than expected by
chance (Jacquard 1975). Inbreeding is predicted to cause deviations from Hardy-Weinberg
Equilibrium (HWE), specifically a deficit of heterozygous individuals relative to expectations
based on random mating (Wright 1922). Deviations from HWE are most commonly measured
using the inbreeding coefficient (Fs) for the population, which is defined as the probability that
two homologous alleles are identical by descent, i.e. that they are identical copies of a single
common ancestral allele (Wright 1922, 1965). These HWE deviations can also be caused by

technical (e.g., null alleles) or sampling artifacts (e.g., Wahlund effects) and these need to be
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thoroughly investigated and ruled out before attributing high Fis to inbreeding (Capuis & Estoup
2007, Castric et al. 2002, Dhamarajan et al. 2012, Lemer et al. 2011, Wahlund 1928). There are
also several ways to measure inbreeding within individuals, including multi-locus heterozygosity
(MLH) and internal homozygosity levels (HL). While MLH indicates the proportion of
individuals within a sample heterozygous at 1, 2, ... loci (Castric et al. 2002, Slate et al. 2004),
HL indicates the proportion of loci and individual is homozygous for (Aparicio et al. 2006,
Frasier 2008). Amos et al. (2001) suggested calculating the internal relatedness (IR) of sampled
individuals, which determines the level of relatedness of the parents of an individual. Similarly,
to MHL and HL, IR determines the proportion of genotyped loci of an individual that are
homozygous but weights alleles sharing according to how rare it is in the population. IR ranges
from 0 to 1, with 0 indicating individuals that are completely outbred and 1 that they are clones.
This method has been implemented in the program STorMm (Frasier 2008).
Literature review

A literature search was performed using the Key words “effective population size”,
“bottleneck™, “inbreeding” in combination with “fish” using major databases (Biological
Abstracts, BioOne, PubMed, Web of Science and GoogleScholar to find publications in online
preview before being included in print editions of their respective journals) through May 1%,
2013. I also searched citation records of Key methods papers for Ne estimation, bottleneck
detection and inbreeding detection (Frasier 2008, Garza & Williamson 2001, Piry et al. 1999,
Pudovkin et al. 1996, Tallmon et al. 2008, Waples 1989, 2006, Waples & Do 2008) and
separated out studies focused on marine fish. To limit the scope of this review salmonids, which
are anadromous and have been reviewed elsewhere (Waples 1990a; Waples 1990b), were

excluded. After relevant studies were identified, the trophic level and the status of commercial
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fisheries and aquaculture for each species were extracted from www.fishbase.org. Furthermore
the IUCN (International Union for Conservation of Nature) red list status and the FAO (Food
and Agricultural Organization) region (http://www.fao.org/fishery/area/search/en) of the study
population were obtained using the IUCN online database (http://www.iucnredlist.org/) and
fishbase (www.fishbase.org). | included in the review any peer reviewed study that used
microsatellite-based analytical methods to (1) estimate Ne, (2) attempt to detect a recent
bottleneck, (3) assess inbreeding or (4) perform any combination of (1)-(3) in at least one wild
marine fish population. Due to inconsistent terminology used to describe the type of Ne
estimated (e.g., contemporary vs. historic Ne, Nb) I grouped all Ne estimates together for
analysis. Not all studies provided 95% confidence intervals (CI) for Ne point estimates, but when
these were available | noted when the upper CI was infinity. Conversely, not all studies provided
point estimates; some studies only cite an estimated range. Studies attempting to detect recent
genetic bottlenecks in marine fish populations were included if they used either temporal or
single sample methods. Several studies used multiple methods to assess the occurrence of
bottlenecks and the results were not always consistent within one study; in these cases we
followed the conclusions of the authors as to whether or not there was sufficient evidence
documenting a bottleneck. To assess the prevalence of inbreeding in marine fishes we surveyed
microsatellite studies of marine fishes and extracted those with deviations from Hardy-Weinberg
equilibrium (i.e., heterozygote deficits) in which the authors also employed methods to rule out
technical or sampling artifacts and concluded that inbreeding was responsible for this pattern.
For Ne estimation, bottleneck detection and inbreeding assessment | also included results from

the four species included in this volume (i.e., Key silversides, Menidia conchorum [Chapter 2],
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winter flounder, Pleuronectes americanus [Chapter 3], Atlantic sturgeon, Acipenser oxyrhinchus
[Chapter 4] and white shark Carcharodon carcharias [Chapter 5]).
Results and Discussion
Ne estimates in marine fish

After the first study estimating Ne in a marine fish population was published in 1999 the
publication rate has accelerated with almost 80% of studies appearing in the last 5 years (Figure
1A). A total of 37 studies were identified assessing Ne in 86 populations of marine fishes of 37
species (Table 1). Approximately 80% of marine fish populations for which Ne has been
estimated are classified as “commercial” or “highly commercial” while only 7% of the species
studied were classified as “not commercial” (Figure 2A). This suggests that fisheries
management needs are a primary driver of the collection of genetic data in marine fish. A large
proportion of the study species (45-50%) are classified as not evaluated or data deficient by the
IUCN Redlist and almost 20% are “endangered” or “critically endangered” (Figure 2B). The
latter indicates that conservation concerns are also a Key motivator of population genetic
research on marine fish. There is a strong skew towards populations in the Northeast Atlantic
with about 25-35% of the study populations located there, followed by 10-15% in the Northwest
Atlantic and only a very small proportion located in the Pacific (Figure 2C). This regional pattern
likely stems from the proximity of study populations to genetic research capacity that primarily
resides in Europe and the U.S.A. Nearly 40% of the study species belong to the order of
Perciformes, followed by just over 10% in the order of Pleuronectiformes (Figure 2D).

Effective population size estimates ranged from approximately 10 individuals to > 10°
individuals (Figure 3A). In only 16% of the studied populations the reported point estimate of Ne

was infinity (Figure 3E) and in 25% of the studies with a finite point estimate the upper C.1.
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boundary was not distinguishable from infinity. Finite point estimates were reported for 84% of
the study populations and for 75% of those populations there were finite boundaries. The fact
that relatively few of these populations exhibited Ne of infinity indicates that they are potentially
affected by genetic drift. In general, theoretical calculations suggest that having a minimum Ne
between 5,000 and 12,500 is required to maintain long term genetic diversity (Franklin &
Frankham 1998). The 50/500 rule (Franklin & Frankham 1998) proposes that populations with
Ne <50 are susceptible to inbreeding while Ne >500 must be maintained to avoid the loss of
adaptive potential. Other theoretical studies place that number higher and state that a minimum
Ne = 500-5000 is necessary to maintain the evolutionary and adaptive potential (Lynch & Lande
1998). Overall, for 10% of the study populations Ne < 50, 21% had point estimates between 50
and 500 and Ne ranged from 500-5000 individuals for 31%. According to the studies we
recovered only 21% of the populations had sufficient Ne to maintain long-term stability (Figure
3B). For 16 of the assessed studies it was possible to compare Ne and Nc. The effective
population size was determined to be 3-5 orders of magnitude smaller for broadcast spawners
characterized by a type 111 survivorship curve, i.e. a large number of offspring with high juvenile
mortality and a high variation in reproductive success (Hauser et al. 2002, Hoarau et al. 2005,
Turner et al. 2002). For long-lived species such as sharks and sturgeon the ratio was found to be
considerably higher, ranging from 0.4 — 0.5 (Duong et al. 2013, Portnoy et al. 2009).

The studies of Ne in marine fish to date support the emerging paradigm that certain
marine fish populations are smaller (both in terms of Nc and Ne) and more isolated than
traditionally thought. The studies we reviewed are likely to be biased towards those populations
that have low to moderate Ne, however. First, it is clear that commercially exploited and

endangered species made up a high proportion of the study species, both of which by definition
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have experienced recent declines in Ne (Figure 3). It is also clear that majority of these studies
were not primarily conceived to assess Ne; instead estimation of Ne was a side product of studies
focused on assessing population genetic structure. As a result, | suspect a bias towards reporting
“positive” results where a non-infinite point estimate was obtained. Other researchers may have
estimated Ne to be infinity and not reported it in their broader population genetic study because
they felt it was not especially insightful. In order to overcome this bias in the future, | suggest
that all microsatellite studies of marine fish should estimate and report Ne. This will enable us to
determine whether for most species Ne really is functionally equivalent to infinity and will also
allow us to conclusively determine what the major drivers of low Ne in marine fish are.

Despite the skew towards endangered and heavily exploited species and likely
publication bias, | found bound estimates of Ne have been obtained for a wide variety of marine
fish. The magnitude of Ne is often surprisingly low and only occasionally was Ne estimated to
be infinity or have an unbound upper Cl, indicating that drift is a threat to the genetic diversity of
at least some marine fish populations. One issue that is apparent with many of the existing
studies is that it is not made clear what the estimate of Ne actually represents (Palstra &Fraser
2012, Waples & Do 2009). The effective number of breeders, Nb, for any period less than the
generation time of the species is likely to be markedly smaller than the Ne for the generation.
Many researchers may be inadvertently estimating a parameter closer to Nb than Ne by virtue of
non-random sampling of the generation (Palstra & Fraser 2012, Waples 2005). For example, if a
certain age class is overrepresented in a sample then it is likely that Ne estimates are actually
closer to the Nb that produced this group of individuals. On the other hand, marine fish often
exist as a series of metapopulations, whereby a number of largely demographically independent

subpopulations are connected by small amount of migration between them. Simulations have
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shown that even a small amount of migration into a local population means that Ne estimated
from a sample of individuals from the local population most closely approximates Ne for the
whole metapopulation (Charlesworth 2009, Gilpin 1991, Wang & Whitlock 2003). In order to
correctly interpret this Ne it is therefore essential to understand the population structure. Given
these issues, | recommend that researchers fully disclose the size and/or age distribution of each
population sample and make an explicit statement (which can be reviewed for accuracy) about
whether they are estimating Ne or Nb, and, for the latter, define the period of time it refers to. In
addition, all attempts should be made to define the spatial boundaries of the population for which
Nb or Ne is being estimated. While Ne is an important parameter to estimate from the
perspective of assessing the risk of genetic diversity loss to drift and long-term evolutionary
potential, resource managers should be made aware that robust, transparent estimates of Nb for
specific cohorts or groups of cohorts provide an estimate of the number of breeding adults that
the produced the cohorts (Palstra & Fraser 2012, Waples 2005). Although it is likely skewed
towards the limiting sex, enumerating the number of breeding individuals is frequently extremely
useful for management and conservation. My review suggests that it will be possible to estimate
and track this parameter over time in a wide variety of endangered and exploited marine fish
populations using genetic methods.
Genetic evidence of recent bottlenecks in marine fish

Genetic bottlenecks may occur when Ne is temporarily but drastically reduced. Given the
number of studies showing low Ne in marine fish, I expected that to find evidence of genetic
bottlenecks in at least some of them. Twenty-seven studies were identified that attempted to
detect a genetic bottleneck in 33 populations of 25 species of marine fish (Table 1). Similar to Ne

estimation, approximately half of these studies were published in the last 2-3 years (Figure 1B).
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Similar to marine populations for which Ne was estimated, 80% of the populations tested for
evidence of bottlenecks are classified as “commercial” or “highly commercial” and only 9%
were not commercial (Figure 6-4A). 40% of the study species are categorized as “not evaluated”
by the IUCN, while 11% were categorized as “critically endangered” or “endangered” (Figure
4B). Further, the majority of study populations are found in the Northeast (27%) and Northwest
Atlantic (15%) and only 10% located in the Pacific (Figure 6-4C). Again Pleuronectiformes and
Perciformes are the most strongly represented orders, comprising 15% each. The remaining 70%
are comprised of fishes belong to twelve different orders (Figure 6-4D). Bottlenecks were
detected in approximately half of the populations tested (Figure 6-5A). In 61% of the studies
testing for bottlenecks Ne was also estimated (Figure 6-5C), which is not surprising given the
link between them.

While estimating Nb and generational Ne can give insight in to the current status of
potential loss of genetic diversity, testing for bottlenecks enables a glimpse of the recent
demographic history of a population. Genetic bottlenecks are symptoms of a temporary reduction
in Ne and can result in low population genetic diversity even despite full or partial recovery of
census population size. Overall, bottlenecks were detected in less than half of the populations
assessed and nearly all bottlenecks were detected using the M-ratio test (Figure 6-5B). This may
reflect the fact that all three of the commonly employed bottleneck tests have been shown by
simulations and empirical assessments of known bottlenecked populations to have low statistical
power. Type Il error, i.e., failing to detect a real bottleneck, appears to be a common issue when
using these tests (Peery et al. 2012). In addition, it is possible that demographic bottlenecks do
not always cause genetic bottlenecks. For example, Chapman et al. (2011) found no genetic

evidence of a bottleneck in the Florida population of small-tooth sawfish, Pristis pectinata
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despite this species having experienced a severe decline in abundance and geographic range.
Simulated projections of genetic diversity in P. pectinata showed that life history characteristics
such as long generation time could act as a buffer to loss of genetic diversity (Chapman et al.
2011; DeHaan et al. 2006, Lippe et al. 2006). Regardless of these issues, the increasing number
of reports of genetic bottlenecks being detected in marine fish is cause for concern given the
potentially strong effect on genetic diversity (Nei 1975).
Genetic evidence of inbreeding in marine fish

Only 6 studies reported evidence for inbreeding (Table 6-1, Figure 6-6): in two flatfish
species, European plaice, Pleuronectes platessa, (Hoarau et al. 2005), and winter flounder,
Pseudopleuronectes platessa, (O'Leary et al. 2013b, Chapter 3) as well as two shark species,
blacktip reef sharks, Carcharhinus melanopterus, (Mourier & Planes 2013) and white sharks,
Carcharhinus carcharias, (Chapter 5), Atlantic sturgeon, Acipenser oxyrhinchus (Chapter 4) and
Menidia conchorum (Chapter 2). Five of these studies used IR in addition to the inbreeding
coefficient to determine incidences of closely related parents breeding. For three of these species
mean IR was 0.2 or higher, indicating breeding on the level of half-siblings or higher (Figure 6-
6). For the other two species while mean IR were 0.02 — 0.03 (Figure 6-6), approximately 10%
of individuals in the sample population exhibited IR-levels higher than 0.2. When the first
incidence of inbreeding in a marine fish was discovered in European plaice (Hoarau et al. 2005),
the authors attributed it to a greatly reduced population size, high fidelity to spawning grounds
and homing behavior. Similarly, winter flounder displays fine scale population structure in the
bays of Long Island in addition to extremely low Nb, 60 -150 individuals per bay. Both of these
factors could contribute to a recent study (O'Leary et al. 2013b) discovering that the parents of

sampled individuals were on average related on the level of half-siblings. In the most extreme
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case, Menidia conchorum inhabits hypersaline pools in the Florida Keys which are tidally
restricted and gene flow is almost non-existent. The extremely fragmented habitat has lead to a
prevalence of inbreeding and levels of genetic diversity and fluctuation thereof that closely
resemble freshwater fish. The recent evidence of inbreeding in long-lived sharks and sturgeon is
even more unexpected considering they are highly mobile species capable of long-distance
migration. Yet, these species display population structure, and increasing local fishing pressure
can result in populations becoming fragmented and isolated which would make them susceptible
to both low Ne and inbreeding. A recent study of white sharks found Nb in the North Atlantic to
be less than 50 individuals and the mean level of parental relatedness of sampled individuals was
equivalent of half-siblings mating (Chapter 4). Mourier & Planes (2013) found that 8% of
sampled black-tip reef sharks’ parents were related on the level of half-siblings, and 38% on the
level of cousins. This species is highly residential around oceanic islands and it is therefore likely
that individuals could encounter relatives during the mating season. Similarly, Atlantic sturgeon
display strong population structure as they home to their natal rivers to spawn, and a recent study
found that 10-12% of individuals in three of these natal rivers had parents related at the level of
half-siblings or higher (Chapter 4).

In contrast to the widely held belief that inbreeding does not occur in marine fishes, a
literature revealed six studies citing evidence of inbreeding, indicating that it could be more
common than reflected in studies published to date. On the other hand, heterozygote deficiencies,
a potential indicator of inbreeding, are commonly reported in microsatellite studies of marine
fish (e.g. Florin & Hoglund 2008, Karlsson & Mork 2005, McCairns et al. 2012, Norouzi et al.
2012, Wang et al. 2007, Zarraonaindia et al. 2009). In most cases these are attributed to technical

(null alleles) or sampling artifacts (Wahlund effect, Wahlund 1928) and inbreeding is not
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considered as an alternative hypotheses. In light of recent evidence for the occurrence of low Ne
and inbreeding in some marine fish | suggest more rigorous testing of inbreeding as a hypothesis
to explain HWE deviations is needed (Castric et al. 2002, Dhamarajan et al. 2012, O'Leary et al.
2013b). An excess of homozygotes can have several explanations (Hardy 1908, Weinberg 1908)
and each possible explanation should be considered equally when such a discovery is made. Null
alleles, non-amplifying alleles due to point mutations in the flanking region of microsatellites,
can result in false homozygotes. It is possible to test for null alleles independently of the HWE-
based method by lowering annealing temperatures during PCR and redesigning primers. A
frequently overlooked method is to exhaustively amplify all individuals in the sample. If all
individuals amplify at all loci then high frequency null alleles are an impossibility because some
individuals should be null homozygotes and chronically fail at one locus while amplifying at all
others. The Wahlund effect is an excess of homozygotes caused by inadvertent mixing of
multiple differentiated gene pools into a single sample (Wahlund 1928), and in its most extreme
form occurs when closely related individuals are prevalent in the sample. Wahlund effects can be
avoided by testing for population structure within the sample using Bayesian clustering, while
family structure can be revealed by testing for pairwise relatedness of sampled individuals
(Castric et al. 2002, Dhamarajan et al. 2012). | suggest that studies that find HWE deviations
within marine fish populations should routinely determine whether they result from null alleles
or Wahlund effect using these procedures and therefore identify situations where inbreeding is
the most likely explanation.
Conclusions

Marine fish populations were once famously described as being “inexhaustible” (Huxley

1883) and although that idea has long since been discredited it has only been recently that we
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have recognized that processes such as philopatry, retention of young in the natal area and
skewed reproductive success make their population biology very similar to most other
vertebrates. This review shows that genetic drift is a potential threat to the genetic diversity of a
wide range of marine fish and that signatures of small Ne, bottlenecks and inbreeding, are now
starting to be documented in marine fish populations all over the globe. Although the existing
literature is likely biased towards populations with small Ne because most studies focus on
endangered and exploited species and positive results, | suggest that if researchers begin
reporting these estimates as a matter of routine we will obtain a fuller understanding of what
factors lead to low Ne in marine fish. Future estimates of Ne should also be explicit about what
parameter is estimated and resource managers should be made aware that estimates of Nb
producing a given cohort or series of cohorts is a possibility in marine fish and has direct and
tangible application in the management of exploited and endangered species. | also suggest that
bottleneck testing and systematic assessment of the true cause of Hardy-Weinberg deviations
will further illuminate the changing genetic architecture of marine fish populations. Overall, my
review shows that evidence is rapidly accumulating that marine fish ranging from highly
migratory oceanic apex predators like Altantic bluefin tuna (Thunnus thynnus) to demersal,
estuarine species like winter flounder (Pleuronectes americanus) that were once extremely
abundant have reached low enough levels in some places and are subject to the same processes

that erode genetic diversity in freshwater and terrestrial endangered species.
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Figure 6-1: Annual trends of studies determining effective population size (Ne) and
bottlenecks based on genetic data. (A) Number of studies assessing Ne for marine fish
populations from 1999 to present. (B) Number of studies testing for evidence of genetic
bottlenecks within marine fish populations from 2004 to present.
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Figure 6-2: Categorization of study populations with effective population size (Ne)
estimates according to commercial value, conservation status, geographic provenance and
taxonomy. (A) Proportion of study populations supporting commercial fisheries and
aquaculture. (B) Proportion of study populations listed on the IJUCN Redlist. (C) Geographic
provenance of study populations by FAO region. (D) Represented orders of fishes.
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Figure 6-3: Effective population size (Ne) estimates. Ne estimates of all study populations
using the linkage disequilibrium method. For studies for which only range estimates were cited
the middle of that range was included. (A) Commercial value of study population by Ne estimate
(category — color) (B) Conservation status of Ne estimates (category — color). (C) Ne estimates
by geographic provenance (category — color). (D) Trophic level of analyzed populations by Ne
estimates. (E) Frequency distribution of Ne estimates in size categories indicating critical
population sizes below which inbreeding and loss of adaptive potential is of concern and
populations large enough to maintain adequate genetic diversity long-term.
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Figure 6-4: Categorization of study populations tested for genetic evidence of bottlenecks
according to commercial value, conservation status, geographic provenance and taxonomy.
(A) Proportion of study populations supporting commercial fisheries and aquaculture. (B)
Proportion of study populations listed on the IUCN Redlist. (C) Geographic provenance of study
populations by FAO region. (D) Represented orders of fishes.
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Figure 6-5: Results of bottleneck tests. (A) Proportion of study populations for which
bottleneck was detected using genetic methods. (B) Detected bottlenecks by method (C)
Proportion of tested populations for which Ne was also evaluated.

A

bottleneck detected —
53% ~._ bottleneck not
detected
o 47%
‘W
|
heterozygote
excess 17%
m-ratio
83%

C

Ne not estimated
39%

/

/
/

Ne estimated
61%

96



Figure 6-6: Mean level of internal relatedness (IR) for marine fish populations in which
inbreeding was detected. Inbreeding was detected in Atlantic sturgeon (AS), blacktip reef
sharks (BT), white sharks (WS), winter flounder (WF) and tidewater/Key silversides (SV).
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Table 6-1: Reviewed studies of marine fish populations for which effective population size
(Ne) was estimated and tested for evidence of bottlenecks (BN) and inbreeding (IN). Open
circles indicated populations that were tested for BN, closed circle indicates that bottleneck or

inbreeding was detected.

Species Population Ne ratio BN IN Study
Acipenser oxyrinchus James River, USA 45-100 LD ° e  Chapter4
Delaware River, USA  75-180 LD ° °
Hudson River, USA 170-230 LD ° °
Anguilla anguilla Mediterranean 3x10%-13x10° temp o Pujolar et al. 2011
Antimora rostrata North Atlantic 15x10° BA ) White et al. 2011
Argyrosomus regius TurKey 20 LD Haffray et al. 2012
Mauritania 120 LD
Egypt 530* LD
France 0 LD
Portugal 0 LD
Iberia 0 LD
Carcharhinus leucas Northwest Atlantic 2x10°-2.5x10° BA Karl et al. 2011
Southwest Atlantic 1.5x10%-1.7x10°  BA
Carcharhinus melanopterus French Polynesia n/a e  Mourier & Planes 2013
Carcharhinus plumbeus Virginia, USA 1.5x10%-3x10° LD 045-05 Portnoy et al. 2009
temp
Delware, USA 3x10°%-4x10° LD  045-05
temp
Carcharodon carcharias Northwest Atlantic 30 LD ° e  Chapter5
Southern Africa 250* LD ° °
Carcharias taurus global n/a o Ahonen et al. 2009
Centroscymnus coelolepis Eastern Atlantic n/a o Verissimo et al. 2011
Eastern Atlantic n/a )
Eastern Atlantic n/a )
Cephalopholis fulva St. Croix 300 LD Portnoy et al. 2013
West Puerto Rico 300 LD
St. Thomas 360 LD
East Puerto Rico 420 LD
Cetorhinus maximus global n/a ° Hoelzel et al. 2006
Clupea harengus Sweden 1 400-4000* temp Larsson et al. 2010
LD
Sweden 3 2000 temp
LD
Sweden 5 4000* temp
LD
Sweden 2 o0 temp
LD
Sweden 4 ) temp
LD
Sweden 6 © temp
LD
Sweden 7 o0 temp
LD
Clupea harengus North Sea n/a o Mariani et al. 2005
Epinephelus guttatus St. Croix 1100 LD Portnoy et al. 2013
West Puerto Rico 1300 LD
East Puerto Rico 3000 LD
St. Thomas © LD
Epinephelus marginatus Mediterranean 2.5x10%-3.5x10° HE Shunter et al. 2011
Co
Algeria 2.5x10%-3x10° HE
Co
Senegal 3.5x10%-4x10° HE
Co
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Gadus morhua

Hippoglossus stenolepis

Hoplostethus atlanticus

Lutjanus campechanus

Menidia conchorum
Pagrus auratus

Pleuronectes platessa

Pristis pectinata

Psetta maxima
Pseudopleuronectes americanus
Raja clavata

Rhomboplites aurorubens

Sardina pilchardus

Sciaenops ocellatus

Scomberomorus commerson

Sebastes alutus
Sebastes crameri

Sebastes melanops

Solea solea

Sparus aurata

Sprattus sprattus

Squalus acanthias

North Sea
Canada

Baltic Sea
North Sea
Aleutian Islands
Bering Sea
Gulf of Alaska
Ireland

Northeast Atlantic
Namibia
Northeast Atlantic
Texa, USA

Alabama, USA
Louisiana, USA
Florida Keys, USA
Tasman Bay, NZ

Hauraki Gulf, NZ

Scotland

Scotland & Ireland
Irish Sea

Irish Sea

Iceland

North Sea

Florida

Baltic Sea

Long Island, USA
Irish Sea

US Atlantic

Gulf of Mexico
Bay of Biscay
Chioggia, Italy

Vieste, Italy

US Atlantic coast
Gulf of Mexico

Australia

Alaska
Eastern Pacific

California, USA
California, USA
North Sea

Northeast Atlantic
Ireland

Spain

Portugal

France

Adriatic Sea

Atlantic
Atlantic
North Pacific

70-120
600-10*

700-2x10°
800-5x10°
270*

280*

350*
100 - 1000*

2.2x10°
8x10°
2.2x104
108

1.2x10°

>7.5x10*
10 - 145
100 - 200

100 - 10°

40

90
6x10° - 7x10°% *
n/a

1.8x10°
2x10*
200-1000
n/a

1000
150-800

25 - 150x10°

200-500
50-1.5x10°

200-9x10°

300-1000
2.5x10° -
3.5x10°

>1.8x10*

200 - >8x10°%*
9x10°

50-200
50-200
2x10% - 5x10°

n/a
40
o0
o0
0]
n/a

n/a

n/a
n/a
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temp
temp

BA
temp
temp
LD
LD
LD
LD
Co
BA
BA
BA
temp

temp
temp

HE,
temp
HE,
temp

LD
LD

temp
temp
LD

LD
temp

temp
temp

Co
LD
Co
temp
temp
Co
LD
Co
LD
temp

Ped
Ped
temp
LD

LD
LD
LD
LD

3.1x10°

(@]

10
10
10°
10°
10°

2x10°°
2x10°°

(]

[ ]
9x10°° - 6x10™
101-10°
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10%-10™

o

10%-10°

O e @ @ @ O

o O

Hutchinson et al. 2003
Therkildsen et al. 2010
Poulsen et al. 2006

Nielsen et al. 2010

Carlsson et al. 2011

White et al. 2009

Saillant et al. 2006

Chapter 2
Hauser et al. 2002

Watts et al. 2009

Watts et al. 2004
Hoarau et al. 2005

Chapman et al. 2011
Florin & Hoglund 2007
O'Leary etal. 2013b
Chevolot et al. 2008
Bagley et al. 1999

Laurent et al. 2007
Ruggeri et al. 2012

Chapman et al. 2002
Turner et al. 2002

Macbeth et al. 2013
Palof etal. 2011
Gomez-Uchida et al
2006

Lotterhos et al. 2012
Cuveliers et al. 2011

Guinand et al. 2013
Coscia et al. 2011

Segvic-Bubic et al.
2011
Limborg et al. 2012

Verissimo et al. 2010



Stegastes partitus
Thunnus albacares
Thunnus orientalis

Urobatis halleri
Urophycis tenuis

Verasper variegatus

North Atlantic
Southern Group
Bahamas

Japan

Japan

Adriatic Sea
Tyrrhenian Sea
California, USA
Gulf of St. Lawrence
Newfoundland
Scotian Shelf
Japan

n/a
n/a

o0

8x10°
6x10°
700

400

n/a

10%*
1-3x10%*
103-10%*
n/a

LD
BA 5x10°2-10"
BA

temp

temp

® O O O O

LD
LD
LD
temp °

Christie et al. 2010
Qiu etal. 2010
Riccioni et al. 2010

Plank etal. 2010
Roy et al. 2012

Sekino et al. 2011

* if upper CI «

100

BA: Bayesian approximation
Co: Coalescent

HE: heterozygote excess
LD: linkage disequilibrium
Ped: Pedigree

temp: temporal
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Abstract

On the continuum of speciation an ecotype defines a subdivision below the species level adapted
to a specific set of environmental conditions found in a distinct habitat. Ecotypes are
distinguished by strong morphological, genetic, behavioral and physiological differences
compared to populations of the same species inhabiting other habitats. In the coastal waters of
southern Florida, three species of Menidia (Family Atherinopsidae) have traditionally been
distinguished: Menidia beryllina, the inland silverside, found in coastal brackish habitats,
Menidia peninsulae, the tidewater silverside which inhabits the coastal waters and Menidia
conchorum which is endemic to the Florida Keys and inhabits tidally restricted hypersaline
pools. However, due to a lack of diagnostic morphological characteristics separating them M.
conchorum may be an ecotype of M. peninsulae. This taxonomic uncertainty has hindered
conservation efforts for M. conchorum. Here we used a combination of phylogenetics and
morphometric methods to address the taxonomic status of M. conchorum. We used 17 landmarks
to compare the morphology of M. peninsulae and M. conchorum and performed phylogenetic

reconstruction using maximum parsimony and maximum likelihood methods for one nuclear
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(ITS2) and one mitochondrial locus (ND2). Both mitochondrial and nuclear phylogenetic
reconstructions indicated that M. conchorum and M. peninsulae are not reciprocally
monophyletic and hence do not meet the criteria of the phylogenetic species concept. However,
we found significant morphometric differences between the two nominal species and determined
different haplotype frequencies for M. conchorum and M. peninsulae. Thus, M. conchorum is
best classified as a genetically distinct ecotype of this widely distributed species.

Introduction

On the continuum of speciation an ecotype defines a subdivision below the species level
adapted to a specific set of environmental conditions (Begon 2006) found in a unique habitat.
Similar to a subspecies or race it is distinguished by strong morphological, genetic, behavioral
and physiological differences but is set apart by being clearly defined by the specific
environment it inhabits (Wilson & Brown 1953). Reciprocal monophyly at many independent
loci is widely regarded as the Key criteria for species delineation under the phylogenetic species
concept (Cracraft 1989, de Queiroz 2007) though it does not emphasize reproductive isolation as
a delineating criterion, which is the fundamental component of the biological species concept
(Mayr 1963, Avise & Ball 1990). Ecotypes, however, are not necessarily reciprocally
monophyletic with their parent species and can successfully interbreed with them in hybrid
zones. Ecotypes are considered to be a potential precursory step towards speciation (Begon
2006).

The New World Silversides (Atherinopsidae) encompass marine, estuarine and
freshwater fishes with an elongated, silver-colored body and ranging in size from 2- 40cm,
though most are smaller than 15cm. They share life-history characteristics of being short-lived,
broadcast spawners and a short generation time (Allen 1998, Nelson 2006). Marine silversides
inhabit coastal areas including estuaries and coastal lagoons and often form large schools
(Bamber & Henderson1988, Beheregaray & Levy 2000, Bloom et al. 2009). They have a broad
geographic range with a continuous distribution and individual populations are influenced by
local selection pressures (Beheregaray & Levy 2000, Beheregaray & Sunnucks 2001).
Atheriniformes are characterized by high levels of intraspecific morphological variation due to
high phenotypic plasticity, which allows them to adapt to a wide range of environments (Gosline
1948, Edwards et al. 1978, Chernoff 1982, Bamber & Henderson 1988). As a result the
taxonomy of closely related species is often unresolved and the question of species validity of
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distinct morphs inhabiting distinct habitats is common (Gosline 1948, Bloom et al. 2009, Fluker
et al. 2011). Silversides are known to exhibit large variations in traits like body size, vertebral
number and fin rays along latitudinal or salinity gradients, as a consequence of phenotypic
plasticity and genotype x environment interactions (Billerbeck, et al. 1997, Yamahira et al.
2006). Changes in morphology along habitat (freshwater to marine) and latitudinal gradients can
therefore confound the taxonomic resolution of closely related silverside species (Yamahira &
Conover 2002, Yamahira et al. 2006, Fluker et al. 2011).

The genus Menidia consists of 7 - 8 species found along the Atlantic Coast and the Gulf
of Mexico, from Maine to Veracruz, Mexico and in the Mississippi drainage and the Florida
Keys (Gilbert & Lee 1980, Bloom et al. 2009). Southern Florida is home to three Menidia
species, Menidia beryllina, the inland silverside, found in coastal brackish habitats, Menidia
peninsulae, the tidewater silverside which inhabits the coastal waters and Menidia conchorum
which is endemic to the Florida Keys and inhabits inland hypersaline pools that receive limited
tidal exchange (Getter 1981). During extensive sampling from 1974-1975, Getter (1981) found
Key silversides in 20 hypersaline lagoons and ponds and suggested that the species was in
danger of extinction. In a follow-up survey, Key silversides were found at fewer (15) sites,
suggesting that that they may be vulnerable to extirpation because the hypersaline ponds and
lagoons tend to be small, few in number, and subject to development when found on private
property (Conover et al. 2000). Key silversides has at times been classified as “endangered”
(Florida Committee on Rare and Endangered Plants and Animals), “globally imperiled” (Florida
Natural Areas Inventory) or “threatened” (Florida Fish and Wildlife Conservation Commission).
The National Marine Fisheries Service (NMFS) identified the Key silverside as a candidate
species for listing under the Endangered Species Act (ESA) in 1991 (56 FR 26797) and
transferred the species to the Species of Concern list in 2004 (69 FR 19975). Species of Concern
are those species about which NMFS has some concerns regarding status and threats, but for
which insufficient information is available to indicate a need to list the species under the ESA.

As is true of some other silversides, the taxonomic status of M. conchorum is the subject
of debate, with the Key question being whether it is a distinct species as opposed to being an
ecotype of M. peninsulae (Duggins et al. 1986, Conover et al. 2000). It has been questioned
whether the meristic differences used to separate the two species actually represent different

points on a latitudinal cline given that there are no morphological features that are clearly
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diagnostic for the two species (Duggins et al. 1986, Conover et al. 2000; Yamahira et al. 2006).
While M. beryllina is reciprocally monophyletic with M. peninsulae and is clearly a valid species
(Johnson 1975, Duggins et al. 1986, Bloom et al. 2009) the phylogenetic status of M. conchorum
and M. peninsulae remain unclear. Early analysis of allozyme variation indicated that M.
conchorum was genetically similar to M. peninsulae, Similarly, a recent phylogenetic study show
M. peninsulae and M. conchorum to be conspecific (Bloom et al. 2009), though this study only
used 1-2 ND2 haplotypes per species looking to resolve the relationships of the entire silverside
tribe Menidii and was concerned at establishing monophyly of the families contained within and
did not focus on detailed relationships between individual species. In light of confounding
evidence toward the taxonomic status of M. conchorum, this nominal species may actually be a
genetically distinct ecotype of the widely distributed M. peninsulae but no prior research has
tested this hypothesis.

Here we report an assessment of the taxonomic status of Key silversides using DNA
sequence analysis and geometric morphometrics. Complementing the genetic tests, morphology
provides a useful tool to compare divergence among groups. The rate of speciation or taxonomic
divergence may differ from that of morphology, and the nature of these differences speaks to the
mechanism of evolution and patterns of phenotypic selection among groups (Foote 1993). We
further examine mitochondrial and nuclear phylogenetic reconstructions to test the hypothesis of
Key and tidewater silversides being distinct species, predicting that they would be reciprocally
monophyletic at all tested loci if this were the case. In addition, we compared the body shape of
M. conchorum and M. peninsulae in order to test for the presence of morphological variation,
hypothesizing that significant morphological differences exist even in absence of strict genetic
divergence.

Methods
Sample collection

Tissue samples were collected from several locations in southern Florida for genetic and
morphometric analysis (Figure A-1). For phylogenetic reconstruction we used archived M.
conchorum from two Florida Key locations (Sugarloaf Key (SK), Grassy Key (GK)) and M.
beryllina (Crocodile Lakes (CL)) originally obtained by Conover et al. (2000). In addition, M.
peninsulae samples were obtained from trawls performed by the Florida Fish and Wildlife
Conservation Commission (FWC) in the Gulf of Mexico (Charlotte Harbor (CH)), detailed gear

120



description and sampling protocols can be found in Poulakis et al. 2003. The same M. peninsulae
samples were also used for morphometric analysis. Because the originally utilized archives
samples of M. conchorum were of too poor quality to use for morphometric analysis, in February
2012, nine Florida Key sample sites (Conover et al. 2002) were revisited and sampled (Figure A-
1). Additional M. peninsulae samples for morphometric comparison were obtained from a
second Gulf location (Sarasota Bay (SB). Upon capture, fish were quickly frozen and preserved
as such until imaging. This allowed them to retain their pliability for standardized positioning.
DNA extraction and PCR amplification

Phylogenetic reconstruction was performed using M. conchorum tissue samples from two
Florida Key locations (SK, N=21, GK, N=31), M. peninsulae from one Gulf location (CH,
N=21), and M. beryllina from one Florida Key location (Figure A-1). DNA was extracted using
15 — 30 mg of tissue using a standard commercial protocol (DNeasy, Qiagen, Valencia,
California). We amplified one mitochondrial locus, NADH dehydrogenase2 (ND2) and one
nuclear locus, Internal transcription spacer2 (ITS2). ND2 and ITS2 are commonly used to
delineate species. Menidia beryllina was included in our phylogenetic analysis as a known
monophyletic group to offer context of genetic divergence and to root out trees.

Primers for the mitochondrial loci were designed using sequences of the mitochondrial
genome of Menidia menidia (Accession number: AB370893.1). To design primers for the
internal transcription spacer 2 (ITS2), we initially used universal primers (Plank et al. 2010) and
then designed internal primers by eye from the sequences we obtained. All loci were PCR
amplified in 50 pL volumes containing genomic DNA, 1X PCR buffer (Qiagen Inc., Valencia,
California), 40 uM dNTPs, 12.5 umol of each of the primers. Thermal cycling was conducted in
a Labnet Multigene TC9600-G thermocycler for 35 cycles of 1 min at 95°C, 1 min at the primer-
specific annealing temperature T, (Table A-1) followed by a final extension step of 72°C for 10
min. PCR products were purified using Exonucleasel and Shrimp Alkaline Phosphatase
according to the manufacturer’s protocol (Affymetrix, Santa Clara, California). Sequencing was
performed using the BigDye® Terminator v3.1 Cycle Sequencing Kit (Life Technologies,
Carlsbad, California) in a Bio-RAD Dyad thermocycler for 25 cycles of 96°C for 10s, 50°C for
5s, and 60°C for 4 min. Sequencing reactions were precipitated with ethanol and 125mM EDTA
and run on an ABI 3730 DNA.

Phylogenetic analysis
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Sequences were validated by eye using Chromas 2.33 (http://www.www.technelysium.com.au).
All distinct sequences were verified by sequencing them in both the forward and reverse
direction. These sequences were then individually checked for quality, trimmed, edited by eye
and then imported into ClustalX (Thompson JD 2002) for alignment. The alignment was
exported into ARLEQUIN v3.5 (Excoffier L 2010) to identify and characterize haplotypes using
the Tamura & Nei model.

Phylogenetic reconstruction was conducted using Maximum-Likelihood (ML) and
maximum parsimony (MP) analysis. The best model of nucleotide substitution for each gene was
determined using the model test implemented in MEGA 5.1 (Tamura et al. 2011) which
compares 24 substitution models. The best fit model for ITS2 was the Tamura 3-parameter
model (Tamura 1992), for ND2 the Kimura 2-parameter model. For ML analysis of both genes
evolutionary rate differences among sites were best modeled through a gamma distribution using
6 discrete gamma categories. MP and ML were conducted using MEGA5.1 (Tamura et al. 2011),
bootstrap probabilities were determined using 1000 replicates (Felsenstein 1985). The MP tree
was obtained using the Subtree-Pruning-Regrafting (SPR) algorithm (Nei 2000) with search
level one in which the initial trees were obtained through the random addition of sequences (10
replicates). Up to 100 most parsimonious trees were retained. For the ML analysis initial tree(s)
for the heuristic search were obtained automatically by applying Neighbor-Join and BioNJ
algorithms to a matrix of pairwise distances estimated using the Maximum Composite
Likelihood (MCL) approach. The topology with the superior log likelihood value was selected.
Geometric morphometrics

For morphometric comparison, we combined M. peninsulae individuals from two Gulf
locations (N=65) and M. conchorum from 9 Florida Key pools (N=238) to achieve adequate
sample sizes. In order to reduce a potential source of bias relating to allometry, we only included
individuals within the overlapping centroid size range in both groups. We placed specimens with
their right lateral sides facing upward and photographed them with a digital camera (Fujifilm
Finepix S4500) set on a tripod. Next, a shape file was created with the program tpsUtil (Rohl
2012) and used tpsDIG2 (Rohl 2010) to digitize 17 landmarks on each individual (Figure A-2)
following Fluker et al. (2011). Once digitized, shape variables were derived via generalized

Procrustes analysis (GPA) in MorphoJ (Klingenberg 2011). GPA is a generalized least-squares
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shape fitting procedure that aligns specimens by scaling, rotating and translating their shapes, as
defined by homologous landmarks (Zelditch et al. 2004).

Discriminate function analysis (DFA) embedded in MorphoJ (Klingenberg 2011) was
used to identify shape differences among Menidia species. Shape disparities were visualized
using the thin-plate spline transformation (Bookstein 1991). We performed a multivariate
regression of shape on centroid size to test for allometric effects and compared the responses
among Menidia groups with a MANCOVA in tpsRegr (Rohl 2011). Lastly, we created a
categorical independent factor by dividing the covariate, centroid size, into three groups (i.e.
small, medium and large) with equal ranges. We performed additional DFAs comparing M.
conchorum and M. peninsulae in each size group to verify that the overall direction of shape
change was consistent across sizes of fish analyzed.

Results
Haplotype analysis and phylogenetic reconstruction

Thirty-eight individuals were sequenced for a 267bp fragment of the ITS2 gene
containing 31 polymorphic sites. Haplotype analysis revealed one shared haplotypes between M.
conchorum and M. peninsulae, and M. conchorum was determined to be less diverse than M.
peninsulae at this locus, with eight (n = 21) distinct haplotypes compared to 19 M. peninsulae
haplotypes (n=45). For M. beryllina five distinct haplotypes were found. Phylogenetic
reconstruction of ITS2 indicated M. beryllina to be reciprocally monophyletic for both ML and
MP analysis (Figs A-3, A-4), whereas M. conchorum and M. peninsulae were found to be
polyphyletic.

A similar pattern was detected using the mitochondrial phylogenetic reconstruction of
252bp of the mtND2 gene sequence containing 27 polymorphic sites sequenced in 49
individuals. We identified four M. beryllina haplotypes, 19 M. peninsulae haplotypes and six M.
conchorum haplotypes, two of which were shared. Again, both MP and ML analysis confirm M.
beryllina as reciprocally monophyletic with M. conchorum and M. peninsulae, whereas the latter
two were polyphyletic (Figures A-5, A-6).

General observations of both sequenced loci are that M. beryllina forms a reciprocally
monophyletic group while M. peninsulae and M. conchorum are polyphyletic. At times, a single
M. conchorum haplotype is found within a M. peninsulae clade and vice versa, indicative of

incomplete lineage sorting. Bootstrap values supporting the M. conchorum and M. peninsulae
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clades are generally low, pointing towards the uncertainty of the taxonomic relationship of the
haplotypes. In addition, M. peninsulae generally has a higher genetic diversity, with more unique
haplotypes identified than M. conchorum.
Geometric morphometrics

Hotelling’s T? test on Procrustes distances from 10,000 DFA permutations indicated that
the shape of M. conchorum was significantly distinguishable (p<0.0001) from that of M.
peninsulae (Figure A-7). Shape changes among groups were characterized by dorso-ventral
deepening of the midsection and a more robust head in M. conchorum relative to M. peninsulae,
resulting in an overall stouter appearance in the former (Figure A-7b). Additionally, there was a
significant relationship between centroid size and shape (multivariate regression, p<0.0001 on
10,000 permutations), but the rate of shape change was marginally, although significantly,
different among silverside groups (MANCOVA, p=0.044). Because the slopes of individual
groups were not homogenous, we could not use a single function to remove the effects of size.
DFAs based on 10,000 permutations, showed that there was significant discrimination among
silverside groups in each size class (Nsman=123, Psman<0.0001; Nmedium=113 Pmedium<0.0001 and
Niarge=67, Plarge=0.0001). Further, visualization of mean shapes for each group confirmed that the
direction of change within size classes (Figure A-8) was consistent with overall shape variation
shape variation between M. conchorum and M. peninsulae (Figure A-7b). Hence, the observed
shape differences likely reflected true variation between silverside groups, not artifacts of size
differences among samples.
Discussion

The pattern of genetic and morphometric variation within and among these two nominal
species found in our study is differentiated between the two corresponding habitats of the tidally
restricted hypersaline pools containing M. conchorum and the coastal marine habitat of M.
peninsulae. Phylogenetic trees based on both mitochondrial and nuclear DNA indicate
significant genetic divergence, though full reciprocal monophyly is yet to occur. The
complementary analysis of geometric morphometrics demonstrates corresponding differences in
body shape. Marked differences in haplotype frequencies and morphometric analysis between
these two groups indicate that M. conchorum is not a valid species but instead represents an

ecotype of the more widely distributed M. peninsulae.
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Phylogenetic reconstruction further confirms M. beryllina as a valid species (Johnson
1975, Bloom et al. 2009), yet we reject the hypothesis that M. conchorum forms a reciprocally
monophyletic group distinct from M. peninsulae. According to the phylogenetic species concept,
these two forms should thus not be regarded as distinct species. Bootstrap values supporting the
clades of M. conchorum and M. peninsulae were low for both ND2 and ITS2, further
demonstrating the uncertainty of the taxonomy of these two species. Single samples of M.
conchorum found in M. peninsulae clades are indicative of either recent gene flow or insufficient
time for complete sorting. Given the fragmented habitat of M. conchorum contemporary gene
flow is unlikely, though it the time span for which these hypersaline pools have been cut off from
the open ocean is unclear. The Florida Keys are estimated to be about 10,000 years old
(Hoffmeister & Multer 1968), a time span which may not be sufficient from complete lineage
sorting.

Consistent morphological differences between M. conchorum and M. peninsulae were
detected, but the reason for the disparity between genetic and morphological data remains
unknown. Silverside fishes along the North American east coast (M. menidia, M. peninsulae)
have been found to display countergradient growth variation, where individuals grow faster at
higher latitudes to compensate for shorter growing seasons (Conover & Present 1990, Yamahira
& Conover 2002, Yamabhira et al. 2007). Importantly, these results indicate that size selection is
driving the relationship, thus different growth rates have a genotypic component. In each size
group that we compared, M. peninsulae (which was sampled at a higher latitude than M.
conchorum) had more robust, fusiform body shapes (Figure A-8). It is possible that
morphological differences among groups in this study are partially due differences in growth
rates, as in M. menidia. However, if M. conchorum and M. peninsulae represent two populations
of the same species whose mixing has become limited, it is likely that morphological differences
are the result of both population divergence due to isolation and to selection on growth rates
along an environmental gradient.

Our results show that the M. conchorum may have originated after inland incursions by
M. peninsulae which resulted in landlocked populations. Menidia peninsulae exhibited higher
diversity at all loci than M. conchorum consistent with their wider geographic distribution and
larger population size. Multiple studies have suggested that fish species invading a new habitat

thus being faced with a shift in ecological conditions and selective pressures may experience a
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rapid adaptive divergence resulting in a reduction of gene flow, ultimately leading to speciation
(Cracraft 1982, Beheregaray & Sunnucks 2001, Barluenga et al. 2006, Fluker et al. 2011, Bloom
et al. 2013). Ecotypes form a precursory step in this process, fulfilling neither the biological nor
the phylogenetic species concept yet possessing distinct differences in morphology, behavior and
physiology and landing them on the brink of speciation (e.g. Barbour 1973, Beheregaray & Levy
2000, Beheregaray & Sunnucks 2001, Trabelsi et al. 2004, Klossa-Kilia et al. 2007, Fluker et al.
2011). In the case of M. conchorum the invasion of a new habitat has resulted in a shift of
environmental, in particular salinity. Salinity has previously been suggested to play a role in the
segregation and speciation of Menidia species (e.g (Gosline 1948; Johnson 1975; Fluker 2011).
For example, M. beryllina and M. peninsulae have been shown to segregate based on salinity in
coastal bays in which they are allopatric (Suttkus 1998), though their habitat may overlap in
intermediate salinity ranges where they can successfully hybridize (Middaugh 1986; Middaugh
1987). Though we cannot make a statement about the force of selection acting here, Bamber and
Henderson (1988) have proposed in model of speciation for silversides that when a new habitat
is invaded it is individuals with a generalist genotype with the ability to adapt to a wide range of
environmental conditions and habitat-specific selective pressures that are successful and form the
founding group. This effect results in adaptive divergence and the emergence of ecotypes.

Currently, M. conchorum is listed as a Species of Concern by the National Marine
Fisheries Service, mainly due to the threat of habitat degradation as the ongoing existence of M.
conchorum strongly depends on the persistence of the hypersaline pools in the lower Florida
Keys that are threatened by potential sea level rise and development projects in the Keys
(Duggins et al. 1986, Conover et al. 2000). The resolution of the taxonomic status of M.
conchorum has direct management and conservation implications (Conover et al. 2000). As an
ecotype of M. peninsulae, M. conchorum forms an evolutionary significant unit that warrants
independent management, which is best achieved by protecting the hypersaline pools they
occupy. Further research into their life history, behavior, habitat requirements and ecology is
necessary, coupled with continued monitoring of population trends.

We conclude that M. conchorum is an ecotype of M. peninsulae and recommend that
even though these two forms are not separate species, they are genetically and morphometrically
distinct and should therefore be protected and managed as separate units. These two forms do not

co-occur and M. conchorum might play a vital role in the hypersaline pond ecosystem. Since M.
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conchorum inhabits pools with very restricted access to the open ocean it is unlikely that M.
peninsulae would re-colonize this unique habitat in the event that M. conchorum becomes
extinct.
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Figure A-1: Sample locations for Menidia in southern Florida. Sample locations for Menidia
peninsulae in the Gulf of Mexico (Sarasota Bay and Charlotte Harbor) and Menidia conchorum
sampled in the Florida Keys. Numbers correspond to sample locations in Conover et al. 2000,
abbreviations in parenthesis are used throughout this paper.
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Figure A-2: Landmarks used for geometric morphometrics. Landmarks were chosen based
on Fluker et al. 2011.
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Figure A-3: Phylogenetic reconstruction of ITS2 gene (maximum parsimony). The
evolutionary history was inferred using the maximum parsimony method based on a 267bp
fragment of ITS2 with 31 polymorphic sites for haplotypes from M. beryllina (Mber), M.
peninsulae (Mpen) and M. conchorum (Mcon). The absolute frequency of each haplotype is
given in parenthesis. Tree #1 out of 9 most parsimonious trees (length = 48) is shown. The
consistency index is 0.580645, the retention index is 0.861702, and the composite index is
0.628324 (0.500343) for all sites and parsimony-informative sites (in parentheses). The
percentage of replicate trees in which the associated haplotypes clustered together in the
bootstrap test (1000 replicates) is shown next to the branches.
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Figure A-4: Phylogenetic reconstruction of 1TS2 gene (Maximum Likelihood). The
evolutionary history was inferred by using the Maximum Likelihood method based on the
Tamura 3-parameter model (Tamura 1992) based on a 267bp fragment of 1TS2 with 31
polymorphic sites for haplotypes from M. beryllina (Mber), M. peninsulae (Mpen) and M.
conchorum (Mcon). The absolute frequency of each haplotype is given in parenthesis. The tree
with the highest log likelihood (-643.7615) is shown. The percentage of trees in which the
associated haplotypes clustered together is shown next to the branches. The tree is drawn to
scale: branch lengths are measured in the number of substitutions per site.
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Figure A-5: Phylogenetic reconstruction of ND2 gene (maximum parsimony). The
evolutionary history was inferred using the Maximum Parsimony method based on a 252bp
fragment of ND2 with 27 polymorphic sites for haplotypes from M. beryllina (Mber), M.
peninsulae (Mpen) and M. conchorum (Mcon). The absolute frequency of each haplotype is
given in parenthesis. Tree #1 out of 8 most parsimonious trees (length = 54) is shown. The
consistency index is (0.727273), the retention index is (0.900826), and the composite index is
0.700643 (0.655147) for all sites and parsimony-informative sites (in parentheses). The
percentage of replicate trees in which the associated haplotypes clustered together in the
bootstrap test (1000 replicates) are shown next to the branches.
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Figure A-6: Phylogenetic reconstruction of ND2 gene (maximum likelihood). The
evolutionary history was inferred by using the Maximum Likelihood method based on the
Kimura 2-parameter model based on a 252bp fragment of ND2 with 27 polymorphic sites for
haplotypes from M. beryllina (Mber), M. peninsulae (Mpen) and M. conchorum (Mcon). The
absolute frequency of each haplotype is given in parenthesis. The tree with the highest log
likelihood (-641.61) is shown. The percentage of trees in which the associated haplotypes
clustered together is shown next to the branches. The tree is drawn to scale: branch lengths are
measured in the number of substitutions per site.
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Figure A-7: Shape differences between M. peninsulae and M. conchorum. (A) Frequency of
observations along a discriminant function defining shape differences between Gulf of Mexico
(gray) and Florida Key (black) populations. (B) Mean shapes of Gulf of Mexico (gray line) and
Florida Keys (black line) populations (scaled by a factor of two).
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Figure A-8. Comparisons of mean shape of small medium and large fish among regions.
Shape differences were magnified by a factor of two to facilitate visualization.
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Table A-1: DNA sequences for phylogenetic analysis. Species-specific primers and annealing
temperatures for ND2 and ITS2. Haplotype sequences have been deposited on Genbank.

locus Primers Ta [°C] Accession No.

ND2  MenND2F :5’-TACTATAATTACCCTCGCCCTAGCC-3* 52 TBD
MenND2R:5’-GTAGAGAAGGTTATGATGAAGTAGG-3’

ITS2  MenlITS2F:5’-GCAGGACACATTGATCATCGA-3’ 55 TBD

MenITS2R:5°-TCGGCAAGAGAGGGAGAGAC-3’
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Hudson being the least affected of the three (M-ratios Delaware = 0.57, Hudson = 0.68, James = 0.56) There were
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are higher among freshwater fish. This has been empirically demonstrated in New World silversides (Teleostei,
Atherinopsidae), a group of small, surface-dwelling fish comprised of both freshwater and marine species. The
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examined the population genetics of Menidia conchorum, a New World silverside that is endemic to the Florida
Keys and inhabits small, tidally restricted hypersaline pools. It is an inland ecotype of the more widespread coastal
species Menidia peninsulae found along the coast of Florida and the Gulf of Mexico. We compared genetic diversity
and effective population size Ne of these two species and tested for inbreeding and bottlenecks. In seven pools
inhabited by M. conchorum we also measured changes in genetic diversity over 13 generations. Our findings
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Abstract

The effective population size (Ne) is the number of reproductively mature adults effectively contributing to the next
generation. Genetic drift and inbreeding, two primary forces driving the loss of genetic diversity in populations,
increase as Ne decreases. A sudden, severe population collapse (bottleneck) can also result in the loss of genetic
diversity. Marine fish populations are generally considered to be large, panmictic and thus resistant to the erosion of
genetic diversity through these processes. Recent studies, however, indicate that marine fish populations are
frequently more structured than previously thought and Ne can be up to five orders of magnitude smaller than
census population size. To assess the risks of genetic diversity loss to marine fish populations, | reviewed the
literature (N= 53 studies) on Ne, inbreeding and bottlenecks in this group. Though study species covered a large
taxonomic range (16 orders) and trophic levels, there was a strong bias towards commercial species and populations
in the Atlantic. While reported Ne estimates ranged from 10 to >10° individuals, approximately half were below
critical population sizes for which loss of adaptive potential and/or inbreeding can be a concern and only 21% of
populations had sufficient Ne to maintain long-term stability based on commonly used thresholds. Bottlenecks were
detected in approximately half of the populations tested; though in some cases known demographic bottlenecks did
not result in a detectable genetic bottleneck. Only 6 studies reported evidence of inbreeding in marine fish, but
relatively few studies explicitly test for it and so it may be underestimated. My review suggests that marine fish can
be vulnerable to a range of processes that affect their genetic diversity and this needs to be better incorporated into
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Abstract

Since the 1980s, heavy exploitation has led to severe population declines in winter flounder, Pseudopleuronectes
americanus, a demersal flatfish inhabiting the inshore bays and estuaries of the Northwest Atlantic. Recent studies
using a limited number of non-specific microsatellite loci have demonstrated fine-scale population structure. Here,
we present 21 novel species-specific microsatellite loci to enhance studies of genetic diversity, population
differentiation, effective population size and mating behavior of this important commercial species.
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The white shark, Carcharodon carcharias, and sand tiger shark, Carcharias taurus, are large-bodied lamniform
sharks that are apex predators worldwide throughout the temperate zone. Both species have very low rate of intrinsic
population increase and are of conservation concern due to past or present overexploitation. So far only a few
microsatellite loci have been developed for population genetics studies on these sharks. Here we present ten novel
loci for white sharks and five novel loci for sand tigers. These markers will enable higher resolution population
genetic studies and open the possibility of comprehensive studies of individual relatedness and breeding biology.
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Abstract

In contrast to freshwater fish it is presumed that marine fish are unlikely to spawn with close relatives due to the
dilution effect of large breeding populations and their propensity for movement and reproductive mixing. Inbreeding
is therefore not typically a focal concern of marine fish management. We measured the effective number of breeders
in 6 New York estuaries for winter flounder (Pseudopleuronectes americanus), a formerly abundant fish, using 11
microsatellite markers (6-56 alleles per locus). The effective number of breeders for 1-2 years was remarkably
small, with point estimates ranging from 65-289 individuals. Excess homozygosity was detected at 10 loci in all
bays (F\s=0.169-0.283) and individuals exhibited high average internal relatedness (IR; mean = 0.226). These both
indicate that inbreeding is very common in all bays, after testing for and ruling out alternative explanations such as
technical and sampling artifacts. This study demonstrates that even historically common marine fish can be prone to
inbreeding, a factor that should be considered in fisheries management and conservation plans.
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