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ABSTRACT 

 

Scalloped hammerheads (Sphyrna lewini) are a circumglobally distributed shark that has 

experienced declines in abundance throughout its range. Management of scalloped hammerheads 

in the U.S. Atlantic is a challenge due to the presence of Carolina hammerheads (S. gilberti), a 

recently discovered, co-distributed, cryptic species. The species are indistinguishable based on 

external morphology and can only be identified with genetics or precaudal vertebrae counts. 

Little is known about Carolina hammerheads, but they are thought to be less abundant than 

scalloped hammerheads and may have a more restricted range. Scalloped hammerhead stocks are 

considered overfished in the U.S. Atlantic and Gulf of Mexico (Gulf) and are managed with 

great hammerheads (S. mokarran) and smooth hammerheads (S. zygaena) as the hammerhead 

shark complex. Carolina hammerheads are not currently considered in management plans, and 

data is needed regarding habitat use, distribution, and relative abundance of the species. 

In each chapter, molecular data is used to investigate questions relevant to the 

conservation and management of scalloped and Carolina hammerheads. Chapter two investigates 

hybridization between the species. First generation hybrids and backcrosses were found 

throughout the region in which the species area co-distributed. Carolina hammerheads were 

typically the mother of hybrids, and most instances of backcrossing were between an F1 and pure 

scalloped hammerhead. Chapter three describes the distribution and relative abundance of 

Carolina and scalloped hammerheads in the U.S. Atlantic and Gulf. Carolina hammerhead were 

more abundant than scalloped hammerheads in South Carolina, but less abundant in the U.S. 

Atlantic overall and were not present in the Gulf. Chapter four evaluates patterns of genetic 

variation between management units in the western North Atlantic. Significant structure was 
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present between the North and central Atlantic, as well as within the central Atlantic. Chapter 

five examines the relative reproductive importance of scalloped and Carolina hammerheads 

nurseries in the U.S. Atlantic and Gulf. Reproductive potential was roughly equivalent between 

nurseries, but site fidelity was high, suggesting nurseries are not used equivalently by individual 

sharks.  

Results presented in this dissertation provide important information on the reproductive 

ecology, distribution, and relative abundance of scalloped and Carolina hammerheads in the U.S. 

Atlantic. Carolina hammerhead abundance was low in the U.S. Atlantic compared to scalloped 

hammerheads and should be considered in future decisions regarding the management of the 

hammerhead shark complex. This dissertation presents some of the first research conducted on 

Carolina hammerheads since the species was described, but many questions remain. Additional 

work is needed to understand adult habitat, movement patterns, and how the species may interact 

with the commercial fishery.  
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CHAPTER I: INTRODUCTION 

Molecular Tools for Fisheries Management and Conservation 

 Marine organisms are the only source of food harvested directly from natural 

populations, yet management of marine species has been historically neglected (Ryman et al., 

1995). In part, this is due to the difficulties of studying species that are not observable, exist in a 

vast continuous environment, and may be highly mobile and utilize habitats spread across 

numerous jurisdictional boundaries (Ryman et al., 1995; Avise, 1998). Advancements in 

molecular genetic techniques have had broad applications for marine conservation and helped to 

overcome some of the unique challenges of the marine environment (Avise, 1998; Burton, 2009). 

Some of the primary contributions of genetics to fisheries management include the delineation of 

stocks across a seemingly homogenous environment, identification of species in which 

morphological identification is difficult or impossible (e.g. fish eggs/larvae, cryptic species, 

forensics), and estimations of genetic diversity and effective population size (Hauser and 

Carvalho, 2008; Burton, 2009; Ovenden et al., 2015). Many of these techniques can be applied in 

a monitoring framework to track populations of conservation concern over time (Schwartz et al., 

2007). More recently, genomic approaches have allowed researchers to more accurately assess 

parameters of interest (e.g. genetic diversity, effective population size, inbreeding, kinship), but 

also to begin to understand complex processes such as fisheries-induced selection and epigenetic 

responses to environmental stressors (Allendorf et al., 2010; Bernatchez et al., 2017) 

 

Scalloped Hammerhead General Biology 

 The scalloped hammerhead (Sphyrna lewini) is a large coastal shark with a 

circumtropical distribution, identifiable by the central indentation on its head that gives it a 
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scalloped appearance (Castro, 2011), and is one of eleven recognized species in the family 

Sphyrnidae (Fricke et al., 2020). Sphyrnids are among the most derived elasmobranchs and have 

developed several specialized adaptations (Gallagher et al., 2014a) the most obvious and unique 

of which involves the morphology of the head, referred to as the cephalofoil, which is flattened 

and laterally elongated. Mature scalloped hammerheads typically occupy waters offshore, while 

juveniles of the species are present in estuarine and coastal waters year-round (Castro, 2011). 

Scalloped hammerheads have slow growth rates, late maturation, and a long lifespan, with 

estimated age to maturity at 10-15 years (Branstetter, 1987) and a maximum lifespan of 30.5 

years (Piercy et al., 2007) in the western North Atlantic and Gulf of Mexico. After accounting 

for differences in methodology, Miller et al. (2013) reported average global age to maturity is 

12.8 years for females and 8.1 years for males. Reproduction occurs on an annual cycle, and 

although reproductive output is low compared to bony fishes, scalloped hammerheads have 

relatively large litters compared to many other large coastal sharks (30+ pups, Branstetter, 1987; 

10-20 pups, Castro, 2011). Sphyrnids are one of few elasmobranch families to exhibit placental 

viviparity, in which embryos initially gain nourishment from the yolk sac, until it elongates and 

attaches to the uterine wall, after which point nutrition is gained directly from the mother until 

fully developed (Wourms, 1977). Reproduction in live-bearing sharks is energetically costly, and 

female sharks have developed a number of early life history strategies to maximize survival of 

offspring (Branstetter, 1990). Scalloped hammerheads employ a reproductive strategy common 

to large coastal sharks, in which adults remain offshore year-round until females migrate to 

coastal nursery habitat for parturition (Springer, 1967; Branstetter, 1990). The use of protected 

nursery habitat is thought to promote survival of offspring by providing resources and protection 
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from predators (Heupel et al., 2007), and scalloped hammerhead pups remain in the nursery for 

up to a year (Duncan and Holland, 2006; Marie et al., 2017).  

 

Conservation and Management 

 The combination of fishing mortality and a relatively K-selected life history makes shark 

species, including scalloped hammerhead, vulnerable to population decline in the face of 

exploitation (Musick et al., 2000), and recent estimates indicate that 18.8% of elasmobranchs are 

threatened with extinction (IUCN, 2019). Scalloped hammerheads have experienced significant 

declines in abundance worldwide, driven largely by high fishing mortality in targeted fisheries as 

a result of the high value of their fins in the global fin trade (Abercrombie et al., 2005) and as 

bycatch (Morgan and Burgess, 2007; Gallagher et al., 2014b; Gulak et al., 2015). Further, 

scalloped hammerheads are available to fisheries at multiple life stages because schooling 

behavior of adults makes it easy to capture many individuals at once (Klimley, 1985; Miller et 

al., 2013), and coastal nursery habitats are sometimes targeted as well in small scale artisanal 

fisheries (Cuevas‐Gómez et al., 2020; Winter et al., 2020). Finally, scalloped hammerheads are 

morphologically similar to other large hammerheads (great hammerheads, S. mokarran, smooth 

hammerheads, S. zygaena), and catch data are often reported under a lumped “hammerhead” 

category, making it difficult to accurately track what has been caught (Clarke et al., 2006). 

Scalloped hammerheads are listed as Threatened or Endangered under the U.S. Endangered 

Species Act throughout a large portion of its distribution (NMFS, 2015), and listed as Critically 

Endangered on a global scale on the International Union for the Conservation of Nature Species 

Red List (Rigby et al., 2019). In the U.S. Atlantic and Gulf of Mexico, the scalloped 

hammerhead stock was reduced by 83% between 1981-2005 (Hayes et al., 2009), and the most 
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recent stock assessment determined the stock was overfished with overfishing occurring (NMFS, 

2011). Scalloped hammerheads are currently managed jointly with great hammerheads (S. 

mokarran) and smooth hammerheads (S. zygaena) as part of the hammerhead shark complex 

(NMFS, 2013), and are not thought to be at significant risk of extinction in the U.S. Atlantic and 

Gulf despite significant population declines (NMFS, 2014).  

 

Discovery of the Carolina Hammerhead 

  In the mid-2000s, a handful of studies independently confirmed the presence of a cryptic 

genetic lineage that morphologically resembled scalloped hammerheads in the western North 

Atlantic Ocean. Molecular evidence of this lineage was first reported by Abercrombie et al. 

(2005) when species-specific primers for a region of the nuclear ITS2 gene failed to amplify in 

three individuals that were captured off the east coast of Florida and identified as scalloped 

hammerheads in the field. The whole ITS2 gene was subsequently sequenced for the anomalous 

individuals, and sequences were identical to each other, but divergent from Atlantic and Pacific 

scalloped hammerhead reference sequences. Differences in the anomalous individuals included 

base substitutions in the primer annealing site, which prevented amplification using the species-

specific primers that had successfully worked for global samples of scalloped, great, and smooth 

hammerheads. During the same time period, Quattro et al. (2006) conducted a study to 

investigate potential cryptic speciation between scalloped hammerheads in the Atlantic and Indo-

Pacific using two mitochondrial genes (CR and COI) and one nuclear gene (LDHA6). 

Mitochondrial genes confirmed divergence between Atlantic and Indo-Pacific haplotypes, but 

unexpectedly, all three gene trees recovered a separate lineage within the Atlantic. Individuals 

that belonged to the cryptic lineage were sympatrically distributed with scalloped hammerheads 
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in the Atlantic clade, and genetic differences coincided with differences in vertebral counts. The 

same year, Duncan et al. (2006) found seven individuals with the cryptic Atlantic lineage 

haplotype as part of a study on the global phylogeography of scalloped hammerheads. Reports of 

the cryptic lineage were restricted to the U.S. Atlantic until Pinhal et al. (2012) identified three 

individuals captured in Brazil that had haplotypes identical to those in the cryptic lineage in U.S. 

waters. The species was formally described as the Carolina hammerhead (S. gilberti) in 2013 

(Quattro et al., 2013). Thorough examinations of over sixty morphological characters found the 

number of precaudal vertebrae to be the only distinguishing characteristic between the two 

species, with 83-91 found in Carolina hammerheads and 92-99 in scalloped hammerheads. 

Gilbert (1967) had previously noted a single scalloped hammerhead specimen captured off the 

coast of South Carolina that had an abnormally low vertebrae count, which is now believed to be 

the first record of a Carolina hammerhead.  

 What is now considered S. lewini historically comprised several different species, and 

some have suggested that Carolina hammerheads are one of the forms once considered distinct. 

Scalloped hammerheads were once divided into a Pacific species (S. lewini) and an Atlantic 

species (S. diplana), which differed morphologically in teeth serration (Springer, 1940; Bigelow 

and Schroeder, 1948; Sadowsky, 1965). Specimens with serrated teeth were later found in both 

basins, and S. lewini and S. diplana were synonymized (Gilbert, 1967). Quattro et al. (2013) 

address the potential for S. gilberti and S. diplana to be synonymous but note that vertebrae 

counts for S. diplana fall within the range reported for S. lewini, suggesting that S. diplana is 

indeed synonymous with S. lewini as previously believed. The whitefin hammerhead, S. couardi, 

was once believed to be a species morphologically similar to scalloped hammerheads, that had a 

restricted geographic range in the eastern Atlantic from Senegal to Gabon (McEachran and Seret, 
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1987; Compagno, 2016). Proposed characters that distinguished S. lewini and S. couardi 

included pectoral fin coloration, ampullae pore pattern, head morphology, and the relative 

positioning of the first dorsal fin compared to the pectoral fins (Cadenat, 1950, 1960; Gilbert, 

1967), however these differences were shown to be consistent with intraspecific variation and S. 

couardi was synonymized with S. lewini (McEachran and Seret, 1987). Some have suggested S. 

gilberti may be S. couardi (Castro, 2011), however, Quattro et al. (2013) confirmed that head 

shape and pectoral fin coloration were highly variable within both S. lewini and S. gilberti and, 

therefore, concluded that S. couardi should not be considered synonymous with S. gilberti.  

 Very little is known about Carolina hammerheads and research is needed to understand 

the basic biology of the species, including life history characteristics, distribution, and 

abundance. Sampling for Carolina hammerheads has been heavily concentrated in the southeast 

United States, and more extensive sampling is required to determine the true distribution of the 

species. The coastal waters of South Carolina are believed to be important nursery areas (Quattro 

et al., 2006), but habitat preferences, behavior, and movement patterns of adults are unknown. In 

addition, Carolina hammerheads may have a lower size at birth and reach a smaller maximum 

size than scalloped hammerheads (Quattro et al., 2013), suggesting other important life history 

characters such as age to maturity, brood size, and longevity may differ as well. Differences in 

life history and reproductive ecology can lead to differences in susceptibility to overexploitation 

(Harry et al., 2012, 2019), and the discovery of a cryptic species sympatrically distributed within 

the overfished scalloped hammerhead stock has significant management implications.     
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Application of Molecular Tools to a Cryptic Species Complex 

 Advancements in molecular techniques have profoundly improved our understanding of 

marine ecology and biodiversity, and the ability to analyze species at the genome level allows 

researchers to investigate compelling questions about ecology and evolution in model and non-

model organisms alike. Data obtained from next generation sequencing can be used to identify 

species, estimate parameters essential to species management, and provide insight into the 

evolutionary processes that have driven presently observed patterns. In this dissertation, double 

digest restriction-site associated DNA (ddRAD) sequencing is used to genotype hammerheads 

sampled in the western Atlantic at thousands of single nucleotide polymorphisms (SNPs). Data 

are screened to identify diagnostic SNPs that reliably differentiate scalloped and Carolina 

hammerheads, and investigate questions relevant to conservation and management of both 

species. Chapter 2 investigates hybridization between scalloped and Carolina hammerheads. Few 

examples of hybridization have been documented in elasmobranchs, and the implications for 

management are complex. An understanding of hybridization rates, offspring viability, and 

potential sex-biases and directionality are needed to understand potential impacts for each 

species. Chapter 3 uses a combination of genetic and environmental data to evaluate the 

distribution of Carolina hammerheads in the U.S. Atlantic and Gulf of Mexico and determine 

abundance relative to scalloped hammerheads. Limited data suggest Carolina hammerheads are 

less abundant than scalloped hammerheads and have a more restricted distribution, but this has 

not been thoroughly evaluated. Chapter 4 examines patterns of genetic variation within and 

between management units of scalloped hammerheads in the western Atlantic Ocean and 

evaluates the extent to which the boundaries of genetic stocks align with managed stocks. An 

understanding of the scale in which gene flow occurs is critical for the implementation of 
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effective fisheries management. Lastly, Chapter 5 evaluates kinship, genetic diversity, and the 

effective number of breeders for important scalloped and Carolina nursery habitats in the U.S. 

Atlantic and Gulf. Habitat usage and reproductive potential may not be equivalent between 

nurseries, and an understanding of the relative importance of individual nurseries can help 

prioritize management.  
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Abstract 
 

Hybridization between closely related species has been documented across a wide range 

of taxa but has not been well studied in elasmobranchs. Hammerhead sharks have drawn global 

conservation concern because they experience some of the highest mortality rates among sharks 

when interacting with fisheries. Here we report on the detection of hybrids between the globally 

distributed scalloped hammerhead (Sphyrna lewini) and recently described Carolina 

hammerhead (S. gilberti) which are only known from the western Atlantic Ocean. Using a 

genomics approach, ten first generation hybrids and 15-17 backcrosses were detected from 554 

individuals. The identification of backcrosses demonstrates hybrids are viable, and all 

backcrosses but one involved a scalloped hammerhead. All hybrids but one possessed Carolina 

hammerhead mtDNA, indicating sex-biased gene flow between species. Repeated hybridization 

and backcrossing with scalloped hammerheads could lead to the loss of endemic Carolina 

hammerheads.  

 
Introduction 
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Hybridization between closely related species is ubiquitous in nature and occurs in at 

least 10% of animal and 25% of plant species (Mallet, 2005). Hybridization can be viewed as a 

constructive or destructive force, and potential consequences have been reviewed at length 

(Rhymer and Simberloff, 1996; Schwenk et al., 2008; Abbott et al., 2013; Richards and Hobbs, 

2015). Positive outcomes of hybridization include movement of potential adaptive variation 

between species (Becker et al., 2013) and creation of novel genotypes that can lead to radiation 

of new species (Anderson and Stebbins, 1954; Seehausen, 2004; Nolte and Tautz, 2010; Meier et 

al., 2017). Negative effects of hybridization include reduction of fitness in endemic species via 

outbreeding depression (Muhlfeld et al., 2009), or reduction of biodiversity via genetic or 

demographic swamping (Roberts et al., 2010; Todesco et al., 2016). A recent review on 

hybridization in marine fishes reported at least 111 hybrids involving 173 species, citing rarity of 

one parental species and ecological overlap as important factors leading to hybridization 

(Montanari et al., 2016). Little attention has been paid to hybridization in chondrichthyans in 

comparison to bony fishes, in large part because conserved morphology among phylogenetically 

related species make hybrids difficult to identify based on morphology, and only a few studies 

have demonstrated contemporary hybridization using genetic techniques (Morgan et al., 2012; 

Walter et al., 2014; Cruz et al., 2015; Donnellan et al., 2015; Marino et al., 2015).  

The scalloped hammerhead, Sphyrna lewini, is a circumglobally-distributed shark found 

in tropical and warm temperate waters (Castro, 2011). Scalloped hammerheads are dependent on 

coastal habitat as nursery grounds (Branstetter, 1990) and reproductively active individuals are 

known to aggregate (Klimley, 1987), making them vulnerable to fisheries when targeted or 

caught as bycatch (Baum et al., 2007). Slow growth rates, low reproductive output (Branstetter, 

1987), high fishing mortality (Baum et al., 2007; Morgan and Burgess, 2007; Gulak et al., 2015), 
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and high value of their fins (Chapman et al., 2009) have resulted in declines in abundance 

throughout their range. As a result, scalloped hammerheads are listed as globally Endangered by 

the International Union for Conservation of Nature (Baum et al., 2007), and four out of six 

population segments are listed as Threatened or Endangered under the U.S. Endangered Species 

Act (ESA; NMFS, 2014).  

Conservation efforts have been complicated by the recent discovery of a cryptic 

congener, the Carolina hammerhead, Sphyrna gilberti, that is sympatrically distributed with 

scalloped hammerheads in the western North Atlantic Ocean (Quattro et al., 2013). The species 

are differentiated morphologically by non-overlapping ranges of precaudal vertebrae counts 

(Carolina hammerhead: 83-91, scalloped hammerhead: 92-99) and estimated to have diverged 

4.5 million years ago (95% CI ~2-10 Ma; Pinhal et al., 2012). Carolina hammerheads are only 

known from specimens collected off the east coast of the U.S. from North Carolina to Florida, 

with the exception of three individuals captured off southern Brazil (Pinhal et al., 2012). Little is 

known about the biology of Carolina hammerheads, but coastal waters from South Carolina to 

central Florida may be important nursery areas for this species (Quattro et al., 2006), which is 

also critical nursery habitat for scalloped hammerheads (Castro, 1993; Adams and Paperno, 

2007). 

As part of a study designed to investigate nursery habitat usage and relative abundance of 

scalloped and Carolina hammerheads in the U.S. Atlantic and Gulf of Mexico (GoM), diagnostic 

single nucleotide polymorphisms (SNPs) that were fixed between species were identified using 

double-digest restriction associated DNA sequencing (ddRAD). Individuals captured in 

nearshore habitats were genotyped at each SNP, but the identity of 33 young-of-the-year (YOY) 

individuals was equivocal. Inspection of genotypes of ambiguous individuals revealed some to 
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be heterozygous at nearly all diagnostic loci and some with approximately 75% alleles from one 

species and 25% from the other, consistent with contemporary hybridization. In this study, 

patterns of hybridization between globally distributed scalloped hammerheads and endemic 

Carolina hammerheads in the western North Atlantic are assessed.  

 
Methods 
 

Fin clips were collected between 2010-2017 from 600 individuals identified as scalloped 

hammerheads in situ from the U.S. Atlantic and GoM (Fig. 2.1), including 506 YOY, 83 

juveniles, and 11 adults. Genomic DNA was extracted with a Mag-Bind® Blood & Tissue DNA 

Kit (Omega Bio-Tek). Preparation of ddRAD libraries followed a modified Peterson et al. (2012) 

protocol (supplemental methods; Peterson et al., 2012). The dDocent pipeline (Puritz et al., 

2014) was used to map reads to a de novo reference constructed from scalloped, Carolina, and 

great (Sphyrna mokarran) hammerhead sequences, and call SNPs. Raw variants and individuals 

were filtered for quality using VCFTools (supplemental methods; Danecek et al., 2011). 

Individuals were identified as scalloped hammerhead, Carolina hammerhead, great hammerhead, 

or undetermined using a custom python script and two panels of diagnostic SNPs, and a match of 

95% to one species was required for identification. Four individuals identified as great 

hammerheads were removed from the dataset. After filtering, 554 individuals genotyped at 2,512 

SNPs remained in the dataset (Barker, 2018).  

Hybrids were identified using the program NEWHYBRIDS, a Bayesian clustering method 

that estimates the posterior probability that an individual belongs to pure species or hybrid 

genotype classes (Anderson and Thompson, 2002). Posterior probabilities were calculated for 

five genotype classes: pure scalloped hammerhead, pure Carolina hammerhead, F1 hybrid, 

scalloped hammerhead backcross, or Carolina hammerhead backcross. The F2 genotype class 
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(offspring of two hybrids) was not included due to low frequency of putative F1 hybrids 

suggested by the panel of diagnostic SNPs. Due to computational limitations, the dataset of 

2,512 SNPs was reduced to a subset of 142 diagnostic SNPs for the NEWHYBRIDS analysis. Five 

independent runs were conducted with 1,000,000 sweeps following a 100,000 burn-in period, 

using Jeffreys-like priors for estimating allele frequencies and mixing proportions. Results of all 

runs were compared to ensure congruence. Individuals were considered to belong to a specific 

genotype class if the posterior probability for any single class was >0.80.  

A Discriminant Analysis of Principal Components (DAPC; Jombart et al., 2010) was 

conducted using the R package ADEGENET (Jombart, 2008) as an additional method of hybrid 

identification. DAPC is a multivariate method that identifies genetic clusters by maximizing 

genetic differentiation between groups while minimizing variation within. ADEGENET was used 

to simulate 100 individuals for each hybrid class to include in the DAPC using genotypes of pure 

individuals of each species. Following an initial principal component analysis to summarize 

variability among individuals, unsupervised clustering was performed for K=5. One hundred and 

fifty principal components were retained, which resulted in both the lowest mean square error 

and highest mean success of group assignment in a cross-validation test. 

The Bayesian clustering program STRUCTURE (Pritchard et al., 2000; Falush et al., 2003) 

was used to estimate individual admixture coefficients (q) and visualize admixture and 

distinctiveness between species. Five runs of 1,000,000 iterations following a 250,000 burn-in 

period were conducted for K=2, using STRAUTO (Chhatre and Emerson, 2017) for automation 

and parallelization. Runs were summarized with CLUMPAK (Kopelman et al., 2015), and 

STRUCTURE PLOT (Ramasamy et al., 2014) was used to visualize STRUCTURE and NEWHYBRIDS 

results. Pairwise FST between pure scalloped and Carolina hammerheads was calculated with the 
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R package HIERFSTAT (Goudet, 2005) using the Weir and Cockerham method (Weir and 

Cockerham, 1983). 

To determine the maternal species of hybrids, a 683-base pair region of the mitochondrial 

control region (mtCR) was sequenced for seven F1 hybrids, twelve scalloped hammerhead 

backcrosses and one Carolina hammerhead backcross, using the primers Pro-Shark (5- 

GCCCTTGGCTCCCAAAGC -3’) and Phe-Shark (5’- TCATCTTAGCATCTTCAGTGCCA -

3’). See supplemental methods for PCR conditions.  

 

Results 
 

Of the 33 unidentified individuals, 27 were assigned to a hybrid class by NEWHYBRIDS 

(posterior probabilities >0.98), and 25 by DAPC (Fig. 2.2; Table 2.1; group membership 

probabilities >0.97), and all hybrids were YOY. Both methods detected the same ten F1 hybrids 

but differed slightly in the number of backcrossed individuals; differences are likely due to how 

each program handles missing data. NEWHYBRIDS ignores missing data, while DAPC requires no 

missing data, so mean allele frequencies were used to fill in missing genotypes. Due to the 

comparatively large number of scalloped hammerheads in the dataset, individuals with missing 

data were skewed toward scalloped hammerhead genotypes, therefore NEWHYBRID results may 

be more accurate. For both analyses, scalloped hammerhead backcrosses (16 NEWHYBRIDS, 13 

DAPC) were more common than Carolina hammerhead backcrosses (1 NEWHYBRIDS, 2 DAPC). 

The remaining unidentified individuals were classified as pure scalloped or Carolina 

hammerheads. STRUCTURE analysis indicated q was <1% for 503 individuals, 1-5% for 23 

individuals, and 6-50% for the remaining 28 individuals that had been flagged as admixed by at 

least one of the two previous analyses (Supplemental Fig. 2.1).  Pairwise FST between pure 
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scalloped and Carolina hammerheads was 0.876. Analysis of mtCR haplotypes showed all 

individuals but one possessed a Carolina hammerhead haplotype (Supplemental data I; 

Accession Nos. KY315827.1 and MK173053), indicating most observed instances of 

hybridization involved a female Carolina hammerhead. 

 

Discussion 
 

Hybrids occurred where Carolina hammerheads are distributed in the U.S. Atlantic (Fig. 

2.2), with the greatest number in South Carolina. The overall proportion of sampled individuals 

assigned to a hybrid class was 4.5%-4.9% (DAPC and NEWHYBRIDS, respectively). It should be 

noted some individuals identified as hybrids were captured in the same location within a short 

timeframe (same day to two weeks apart). In other shark species, brood mates are known to 

associate for extended periods of time (Larson et al., 2011), therefore, it is possible some hybrids 

belong to the same brood. Because the markers were diagnostic between species and Carolina 

hammerheads have very few mtDNA haplotypes present in the U.S. Atlantic (four; Quattro et al., 

2013; Barker et al., 2017), assessing sibling status was not possible. However, if full siblings are 

present in our data, the frequency of hybrid mating would be less than the frequency of hybrid 

individuals. Regardless, identification of YOY hybrids across multiple sampling years and 

nurseries suggests contemporary hybridization is not exceedingly rare. Low levels of admixture 

(1-5%) were detected in some individuals (~5%), consistent with introgression between species. 

However, the species were strongly differentiated (FST = 0.876), and most individuals 

unambiguously assigned to one of the pure species groups. This suggests reproductive barriers 

exist, and the rate of admixture is not yet sufficient to homogenize gene pools.   
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Analysis of hybrid mtCR indicated Carolina hammerheads are nearly always the maternal 

species. Sex-bias in hybridization is common and there are many drivers of this phenomenon 

(Wirtz, 1999). Rarity of conspecifics is thought to be a primary driver of hybridization (Wirtz, 

1999; Montanari et al., 2016) and when the relative abundance of hybridizing species differs, 

females of the rarer species often engage in interspecific mating because of increased contact 

frequencies with interspecific males relative to conspecifics (Avise and Saunders, 1984). Current 

knowledge regarding the range of Carolina hammerheads suggests they exist in a comparatively 

restricted region within the larger global distribution of scalloped hammerheads, thus it seems 

likely Carolina hammerheads are rare relative to scalloped hammerheads. However, more 

research defining the distribution, relative abundance, and conservation status of Carolina 

hammerheads is needed to predict the effects of hybridization. Differences in parental investment 

in offspring can also drive unidirectional hybridization and theory predicts the high investment 

sex will resist interspecific mating when an adequate supply of conspecifics are available while 

the low investment sex will not (Wirtz, 1999). Female scalloped hammerheads are live-bearing 

with relatively long gestation periods (Branstetter, 1987) and make long migrations to deliver 

young to appropriate nursery habitat (Branstetter, 1990), and may resist interspecific mating 

while male scalloped hammerheads may not. 

Hybridization poses a challenge to conservation when species are threatened or 

endangered (Allendorf et al., 2001). Difficulties arise in setting guidelines because circumstances 

(e.g. natural vs anthropogenic) and consequences of hybridization are context specific and no 

single policy can encompass every situation (Allendorf et al., 2001; Jackiw et al., 2015). 

Hybridization can be a source of genetic variation for imperiled species (Allendorf et al., 2001) 

and introduce adaptive variants that facilitate species survival in changing environments (Becker 
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et al., 2013). Alternatively, introgressive hybridization threatens the genetic purity of parental 

species (Barwick et al., 2006; Bangs et al., 2018) and can result in loss of rare species (Rhymer 

and Simberloff, 1996). Results of this study suggest hybridization is nearly unidirectional, with 

female Carolina hammerheads mating with male scalloped hammerheads, and F1 hybrids nearly 

always backcrossing into scalloped hammerheads; a pattern that could lead to the loss of 

Carolina hammerheads over time. The identification of backcrossing and introgression in our 

data indicates F1 hybrids are viable; however, if later generation hybrids have reduced fitness, 

hybridization could threaten Carolina hammerheads through wasted reproductive effort (Rhymer 

and Simberloff, 1996).  

In the final determination, U.S. ESA protection for scalloped hammerheads in the 

northwest Atlantic and GoM was not warranted (NMFS, 2014). However, this decision did not 

consider the presence of the sympatrically distributed and morphologically indistinguishable 

Carolina hammerhead, which has undoubtedly been included in previous assessments for 

scalloped hammerheads. Life history data also likely contain information from both species, 

which could severely bias results that rely heavily on von Bertalanffy growth parameter 

estimates (von Bertalanffy, 1938). Future decisions regarding the conservation status of 

scalloped hammerheads will not only have to consider the presence and status of Carolina 

hammerheads, but should also consider the potential consequences of continued hybridization 

between these vulnerable species.  
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Figure 2.1. Map of sampling locations. 
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Figure 2.2. (A) DAPC results showing groupings of sampled and simulated individuals. Points 

are colored according to the genotype class assigned in NEWHYBRIDS analysis. BX indicates 

backcross. (B) Map depicting sampling locations of F1 hybrids, backcrosses (BX) and pure 

species individuals as determined by NEWHYBRIDS. The Gulf of Mexico is not shown because no 

hybrids or Carolina hammerheads were detected there.   
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Table 2.1. The number of individuals assigned to each genotype class by NewHybrids and 

Discriminant Analysis of Principal Components (DAPC). 

Genotype Class NewHybrids DAPC 
Pure S. lewini 437 440 
S. lewini backcross 16 13 
F1 10 10 
S. gilberti backcross 1 2 
Pure S. gilberti 90 89 
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Supplementary Methods 
 
DdRAD Library Preparation 

Extracted genomic DNA was digested with the enzymes EcoRI and SphI. Reactions were 

purified using AMPure XP (Agencourt) following complete digestion and adapter 

oligonucleotides (P1 and P2) were ligated onto fragments. The P1 adapter contains one of 48 

possible barcode sequences and the P2 adapter contains one of twelve possible index sequences, 

allowing individuals to be pooled and sequenced simultaneously. A PCR test was conducted to 

ensure successful ligation and individuals were pooled and loaded into a Pippin Prep (Sage 

Science) gel cassette for selection of fragments between 313-437 base pairs in length. Illumina 

flow cell annealing sequences were added with 14 cycles of PCR. A total of five libraries were 

prepared and sequenced as paired-end runs on an Illumina HiSeq 4000 DNA sequencer.  

 

Reference Construction  

 Twenty individuals (17 scalloped hammerheads, 3 Carolina hammerheads, 2 great 

hammerheads) previously identified based on mtCR haplotypes were sequenced as a paired-end 

run on an Illumina MiSeq sequencer. The library was prepared following the same method as 

previously described. The dDocent pipeline  (Puritz et al., 2014) was used to assemble a de novo 

reference with the clustering similarity value (c) set to 0.9 (default). Reads were required to have 

at least 3X coverage (K1 parameter) in at least 2 individuals (K2 parameter) to be included in the 

reference. To determine the optimal values for K1 and K2, the script RefMapOpt.sh 

(https://github.com/jpuritz/dDocent/blob/master/scripts/RefMapOpt.sh) was used. Given a value 

of c, the script creates references based on a range of K1 and K2 values and maps sequences 

back to each reference. The optimal values were determined as those that maximized the total 
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number of mapped reads while minimizing the number of read pairs mapped to different contigs. 

The final reference contained 39,955 contigs.  

 

Diagnostic SNPs and Species Identification 

The twenty individuals used to construct the de novo reference were screened for single 

nucleotide polymorphisms (SNPs) that could be used to distinguish scalloped, Carolina and great 

hammerheads. DDocent was used to map reads and call SNPs, and raw variants were filtered 

using VCFTools (Danecek et al., 2011) for a minimum quality score of 20, minimum mean 

depth of 10, 0% missing data, and indels were removed. SNPs were thinned to retain only one 

SNP per contig. Two sets of diagnostics SNPs were identified, one set to distinguish great 

hammerheads from scalloped and Carolina hammerheads, and a second set to distinguish 

scalloped hammerheads from Carolina hammerheads. To identify the first set, allele frequencies 

were calculated and SNPs that were fixed between great hammerheads and scalloped and 

Carolina hammerheads (grouped together) were selected. To identify the second set, great 

hammerheads were removed from the dataset and allele frequencies were recalculated to identify 

SNPs fixed between scalloped and Carolina hammerheads. The first panel contained 2,695 

SNPs, and the second panel contained 1,491.  

To identify unknown individuals, dDocent was used to map reads and call SNPs. Raw 

variants were filtered to only retain diagnostic SNPs using VCFTools. First, individuals were 

identified as either a scalloped/Carolina hammerhead or great hammerhead using a custom 

python script to compare genotypes to the first diagnostic panel. Individuals identified as great 

hammerheads were then removed from the dataset, and the remaining individuals were identified 
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as scalloped or Carolina hammerheads with another python script and the second diagnostic 

panel. A match of 95% to one species was required for positive species identification.  

 

Data Filtering 

DDocent was used to map reads and call SNPs for 600 individuals sequenced on an 

Illumina HiSeq platform. Raw variants were filtered using VCFTools (Danecek et al., 2011). 

Individuals with greater than 25% missing data were removed from the dataset. Sites with a 

sequence quality score less than 20 and genotypes with a quality score less than 30 were 

removed. Loci were filtered for a genotype call rate of 0.90, minimum allele count of 3, a 

minimum depth of 5, a mean minimum depth of 15, and maximum depth of 250. Indels were 

removed from the dataset. Sites were also filtered for mapping quality ratio, quality to depth 

ratio, allele balance, strand bias, and properly paired status. Finally, loci with more than 15% 

missing data within any particular sequencing library were removed from analysis, as well as 

loci with more than 10% missing data within species groups (scalloped hammerhead, Carolina 

hammerhead, undetermined/hybrid) as determined by the panel of diagnostic SNPs used to 

identify species. As a quality control measure to identify library effects across separate 

sequencing runs, 14 individuals were sequenced twice, and replicate individuals were removed 

prior to further analysis if they were not already filtered in a previous step. After filtering, 7,199 

SNPs on 2,512 contigs remained in the dataset. SNPs were thinned to retain one SNP per contig 

resulting in a final dataset of 2,512 loci and 554 individuals. Mean read depth was 97.00 per 

individual and 97.24 per locus. Mean missing data was 2.15% per individual and 1.28% per 

locus.  
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Mitochondrial DNA Analysis 

To determine the maternal lineage of hybrids, a 683-base pair region of the mitochondrial 

control region (mtCR) was sequenced for seven F1 hybrids, eleven scalloped hammerhead 

backcrosses and one Carolina hammerhead backcross, based on assignments from NewHybrids, 

with the primers Pro-Shark (5- GCC CTT GGC TCC CAA AGC -3’) and Phe-Shark (5’- TCA 

TCT TAG CAT CTT CAG TGC CA -3’). Only a subset of hybrids was sequenced because all 

DNA for some individuals had been used for ddRAD sequencing and no tissue remained to re-

extract DNA. PCR amplification was performed in 25 µl reactions containing approximately 50-

100 ng template DNA, 1x GoTaq Flexi buffer, 0.2 mM of each dNTP, 1.5 mM MgCl2, 0.25 µM 

of each primer, and 0.5 units of Taq Flexi DNA polymerase. Amplification was performed using 

a touchdown PCR protocol that consisted of an initial denaturation for 2 min at 95°C, followed 

by 40 cycles of 95°C for 1 min, 60°C for 1 min, and 72°C for 1.5 min, with the annealing 

temperature reduced by 0.5°C each cycle until reaching 55°C. This was followed by a final 

extension for 10 min at 72°C. The PCR product was visualized on a gel to ensure successful 

amplification and cleaned with AmpureXP (Agencourt) prior to bidirectional sequencing at 

Texas A&M University- Corpus Christi Genomics Core Laboratory 

(http://genomics.tamucc.edu). Sequences were trimmed and edited using Geneious version 7.1.9 

(Kearse et al., 2012) and compared to haplotypes available on GenBank.  
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Figure S2.1. (A) Posterior probabilities of genotype class membership calculated by 

NEWHYBRIDS. (B) Individual admixture coefficients calculated by STRUCTURE. Individuals are 

ordered the same way in each plot. 
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CHAPTER III: DISTRIBUTION AND RELATIVE ABUNDANCE OF SCALLOPED 

(SPHYRNA LEWINI) AND CAROLINA (S. GILBERTI) HAMMERHEADS IN THE 

WESTERN NORTH ATLANTIC OCEAN 

 
This chapter has been submitted to the journal Fisheries Research.  
 
 
Abstract 

  The scalloped hammerhead (Sphyrna lewini) and its cryptic congener, Carolina 

hammerhead (S. gilberti), are sympatrically distributed in the western North Atlantic Ocean. 

Because the species are indistinguishable based on external morphology, little research focused 

on Carolina hammerheads exists. In this study, the distribution of Carolina hammerheads in 

waters of the United States off the east coast (U.S. Atlantic) and Gulf of Mexico (Gulf) was 

examined and their abundance relative to scalloped hammerheads assessed by genetically 

identifying 1,232 individuals using diagnostic single nucleotide polymorphisms. Both species 

were found in the U.S. Atlantic, where 27% of individuals were Carolina hammerheads, but only 

scalloped hammerheads were identified in the Gulf. In Bulls Bay, SC, a well-known 

hammerhead nursery, assessment of relative abundance from May to September showed 

scalloped hammerheads were more abundant May-June and Carolina hammerheads more 

abundant July-September. Results of this study suggest Carolina hammerheads have a spatially 

limited distribution in the western North Atlantic and highlight the importance of Bulls Bay as a 

nursery for the species. In addition, the results suggest Carolina hammerheads may comprise a 

non-trivial proportion of what is considered the U.S. Atlantic scalloped hammerhead stock and 

should be considered in future decisions regarding management of the hammerhead complex. 
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Introduction 

Advancements in molecular techniques have led to the discovery of hidden genetic 

diversity (cryptic species) within morphologically conserved taxa across metazoans and 

biogeographic regions (Pfenninger and Schwenk, 2007). Cryptic species are groups of 

evolutionary independent lineages that appear morphologically indistinguishable from one 

another (Sáez and Lozano, 2005; Bickford et al., 2007). Genetic differentiation with a lack of 

morphological change is thought to occur when mating cues are nonvisual (e.g. chemical or 

auditory) or when there is strong selective pressure that promotes preservation of morphological 

characters (Bickford et al., 2007). Strong selection also could promote convergence in 

morphology, resulting in genetically distinct species that are similar in appearance (Fišer et al., 

2018). Alternatively, cryptic species may have diverged too recently for morphological 

differentiation to take place (Fišer et al., 2018).  

Cryptic species may have different habitat requirements, life history characteristics, and 

responses to disturbance and therefore pose a challenge to conservation and management. The 

inability to distinguish species based on external morphology makes it difficult to monitor 

populations (Schönrogge et al., 2002; Morningstar et al., 2014; Lintott et al., 2016) and 

appropriately manage stocks (Bickford et al., 2007; Rocha et al., 2007). Molecular methods have 

revealed several cryptic species complexes in commercially important marine fishes  (e.g. 

rockfish, Hyde et al., 2008; grouper, Craig et al., 2009; amberjack, Martinez-Takeshita et al., 

2015), and in some cases, these cryptic lineages co-occur (e.g. bonefish, Colborn et al., 2001; 

opah, Hyde et al., 2014). Additional challenges arise when cryptic species coexist in all or part of 

their range and, in these cases, research is needed to understand how potential differences in life 
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history, reproductive ecology, behavior and habitat use may need to be accounted for in 

approaches to co-management.  

Many groups of elasmobranchs (sharks, skates and rays) are morphologically conserved 

and challenges associated with species-level identification have historically been an impediment 

to effective management. Recent estimates indicate 18.8% of elasmobranchs assessed under 

International Union for Conservation of Nature (IUCN) Red List criteria are considered to be 

threatened with extinction (IUCN, 2019), and declines have been largely driven by targeted 

fisheries and mortality as bycatch (Dulvy et al., 2017). Catch records often lump sharks into 

broad categories based in part on morphological and or biological similarity, making it difficult 

to accurately assess what species were caught (Barker and Schluessel, 2005; Clarke et al., 2006). 

Complicating the issue is the growing number of cryptic lineages that have been revealed by 

molecular techniques, highlighting the importance of genetic methods in monitoring exploited 

elasmobranchs (Portnoy and Heist, 2012; White and Last, 2012; Ovenden et al., 2015). 

Molecular techniques have not only been used to identify cryptic elasmobranch species 

(guitarfishes, Sandoval-Castillo et al., 2004; dogfishes, Ward et al., 2007; wobbegong, Corrigan 

et al., 2008; skates, Griffiths et al., 2010), but also to understand distributions of morphologically 

conserved species and evaluate their relative abundance in regions in which they are sympatric 

(blacktip sharks, Ovenden et al., 2010; houndsharks, Giresi et al., 2015). 

Sphyrnids, collectively known as hammerhead sharks, are a morphologically conserved 

group of international conservation concern. Great hammerheads (Sphyrna mokarran), scalloped 

hammerheads (S. lewini), and smooth hammerheads (S. zygaena) are often confused for one 

another despite having distinct morphological characteristics, and thus have been reported under 

a general category of “hammerheads” (Miller et al., 2013). Sphyrnids have experienced declines 
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in abundance throughout their range due to slow growth rates and relatively low reproductive 

outputs, as compared to bony fish (Branstetter, 1987), high directed catch due to their desirability 

in the global fin trade market (Abercrombie et al., 2005), and high rates of at-vessel as well as 

post-release mortality associated with non-target commercial catch (Morgan and Burgess, 2007; 

Gallagher et al., 2014; Gulak et al., 2015). As a result, both scalloped and great hammerheads 

are considered Critically Endangered on a global scale by the IUCN and smooth hammerheads 

are considered Vulnerable (Rigby et al., 2019a, 2019b, 2019c). 

Management and conservation of scalloped hammerheads in the Atlantic Ocean is further 

complicated by the presence of the sympatrically distributed cryptic congener, the Carolina 

hammerhead (S. gilberti). The existence of a cryptic hammerhead lineage in the Atlantic was 

first detected in the mid-2000s (Abercrombie et al., 2005; Duncan et al., 2006; Quattro et al., 

2006), and the species was formally described in 2013 (Quattro et al., 2013). Scalloped and 

Carolina hammerheads are indistinguishable based on external morphology and can only be 

identified using precaudal vertebrae counts (83-91 Carolina hammerhead, 92-99 scalloped 

hammerhead) or genetics (Quattro et al., 2013). Limited data suggest that Carolina hammerheads 

are found primarily off the southeastern United States (hereafter U.S.; Abercrombie et al., 2005; 

Duncan et al., 2006; Quattro et al., 2006), with the exception of three individuals reported near 

southern Brazil (Pinhal et al., 2012). Data collected from Carolina hammerheads have likely 

been included in previous stock assessments of scalloped hammerheads in the U.S. Atlantic 

(Hayes et al., 2009) and this could create a variety of problems. For example, Carolina 

hammerheads are thought to reach a smaller maximum size than scalloped hammerheads, 

(Quattro et al., 2013) and this could bias age and growth estimates that are important 

components of fisheries stock assessments (Cailliet et al., 2006; Pardo et al., 2013). Further, 
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when a status review was conducted in 2013 to determine if protection under the U.S. 

Endangered Species Act (ESA) was warranted for scalloped hammerheads (Miller et al., 2013), 

the presence of a sympatrically distributed cryptic species was known, but a lack of data on 

distribution, abundance and life history for Carolina hammerheads prevented species-specific 

assessments and could not be factored into listing decisions. Under the ESA, listing decisions can 

be applied to specific portions of a species range (distinct population segments), rather than 

listing the species as a whole. In the final determination, four out of six distinct population 

segments were listed as Threatened or Endangered, however protection was not warranted for 

scalloped hammerheads in the U.S. Atlantic and Gulf of Mexico (hereafter Gulf; NMFS, 2014), 

where the species are thought to overlap. 

Both scalloped and Carolina hammerheads employ a reproductive strategy in which 

females utilize discrete coastal nursery habitats (Branstetter, 1987; Quattro et al., 2006). Shark 

nurseries are defined as areas where young sharks are encountered more commonly than other 

areas, remain resident for extended periods of time, and use the habitat repeatedly across years 

(Heupel et al., 2007). In the U.S. Atlantic, estuarine waters of South Carolina, most notably, 

Bulls Bay, SC (hereafter Bulls Bay), and nearshore waters of Cape Canaveral, Florida (hereafter 

Cape Canaveral) have been identified as primary nursery habitat for scalloped hammerheads 

(Castro, 1993; Adams and Paperno, 2007; Ulrich et al., 2007). Bulls Bay is a shallow estuarine 

system composed of Sporobolus sp. saltmarsh flats with anastomosing small creeks, large 

shallow mudflats, and barrier islands. The seafloor is primarily composed of fine sediments with 

occasional shell rakes, and gently slopes from exposed mudflats to 4 m deep (at low tide) 6 km 

offshore. The bay has minimal freshwater discharge, and waters are turbid with high (32-36 ppt) 

salinities. The nearshore nursery habitats off Cape Canaveral have no direct estuarine influence 
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and extend approximately 5000 m offshore from the shoreline. The Southeast Shoal area is 

characterized by shallow, low-relief shoal habitat (1-5 m depths) with sand-shell substrate. 

Canaveral Bight, a deeper basin habitat (6-10 m depth) south of the shoals is characterized by 

more turbid water with fine sediments, and the shelf transition zone directly south of Canaveral 

Bight are also frequently used by scalloped hammerhead young-of-the-year (YOY; Adams and 

Paperno, 2007). Scalloped hammerhead YOY are also frequently observed in the Tolomato 

River, Florida (hereafter Tolomato River), a portion of the Atlantic Intracoastal Waterway that 

appears to serve as a unique, inshore primary nursery for this species based on comparisons of 

catch data from other northeast Florida estuaries (B.Wargat and J. Gelsleichter, unpublished 

data). Additional nursery habitat may exist in Georgia and North Carolina. In the Gulf, scalloped 

hammerhead YOY have been found in estuaries, bays, and beaches in Florida and Texas (Hueter 

and Tyminski, 2007). Coastal waters of South Carolina are also thought to provide important 

nursery habitat for Carolina hammerheads (Quattro et al., 2006), but their occurrence elsewhere 

has not been thoroughly evaluated.  

 In this study, a panel of diagnostic single nucleotide polymorphisms (SNPs) was 

generated using double-digest restriction associated DNA sequencing (ddRAD) to identify 

scalloped and Carolina hammerheads sampled in the U.S. Atlantic and Gulf, with a focus on 

known and potential nursery areas (hereafter nurseries). Data were used to describe the 

distribution of Carolina hammerheads and determine their abundance relative to scalloped 

hammerheads. An understanding of the relative abundance of scalloped and Carolina 

hammerheads in U.S. waters will be needed in future assessments, and results of this study will 

help managers identify nursery areas for both species and are an important first step toward 

developing appropriate, species-specific management strategies. 
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Methods 

 A total of 1,241 individuals were sampled in the U.S. Atlantic and Gulf (Fig. 3.1, Table 

3.1) between 2010-2019 and tissues stored in 20% salt-saturated DMSO buffer (Seutin et al., 

1991) or molecular grade EtOH initially and subsequently transferred to DMSO buffer for long-

term storage. Sharks were captured using longlines, gillnet, otter trawl, or hook and line from a 

combination of targeted collection and fishery independent surveys. Fin clips were also obtained 

from mortalities in commercial shrimp trawls. Collections were made following animal care and 

use protocols of academic partners and standard operating procedures of state and federal 

agencies (see animal care statement). Genomic DNA was extracted using a Mag-Bind® Blood & 

Tissue DNA Kit (Omega Bio-Tek), and preparation of ddRAD libraries followed methods 

described in Barker et al. (2019). Following sequencing, individuals were demultiplexed using 

the script process_radtags (Catchen et al., 2013), and the DDOCENT pipeline was used for de 

novo reference construction, read mapping and SNP calling (Puritz et al., 2014). A de novo 

reference assembly was constructed from twenty individuals (15 scalloped hammerheads, 3 

Carolina hammerheads, and 2 great hammerheads) sequenced as a paired-end run on an Illumina 

MiSeq sequencer, with initial species identifications based on mitochondrial control region 

(mtCR) haplotypes (Barker et al., 2017). Great hammerheads were included as the morphology 

of YOY great hammerheads is similar to that of the other two species and YOY great 

hammerheads are sometimes misidentified as scalloped hammerheads (Barker et al., 2017). The 

twenty individuals used to construct the reference assembly were subsequently screened for 

SNPs that could be used to distinguish scalloped, Carolina, and great hammerheads. Raw 

variants were filtered using VCFTOOLS (Danecek et al., 2011) with a minimum quality score of 
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20 and mean minimum depth of 10. Indels and sites with any missing data were removed, and 

the dataset was thinned to retain only one SNP per contig. Two panels of diagnostic SNPs were 

identified, the first to distinguish great hammerheads from scalloped and Carolina hammerheads 

(Panel 1) and the second to distinguish scalloped hammerheads from Carolina hammerheads 

(Panel 2). Panel 1 was designed by calculating allele frequencies in GENODIVE (Meirmans and 

Van Tienderen, 2004) and selecting SNPs that were completely fixed between great 

hammerheads and scalloped and Carolina hammerheads (grouped together). To design Panel 2, 

great hammerheads were removed from the dataset and allele frequencies were recalculated to 

identify SNPs that were completely fixed between scalloped and Carolina hammerheads. A total 

of 2,695 diagnostic SNPs were identified for Panel 1 and 1,491 for Panel 2.  

Due to sequencing variation within and across runs, individuals varied in the number of 

diagnostic SNPs that were successfully genotyped. Additionally, due to the small number of 

Carolina and great hammerheads used to initially identify diagnostic SNPs and individual 

variation, as well as potential admixture between species (Barker et al., 2019), it was expected 

that at least some of the diagnostic SNPs would not be completely fixed in all individuals of a 

given species. To determine the minimum number of diagnostic SNPs required for accurate 

species identification, data from a subset of 127 individuals previously identified using genetics 

were resampled. Random subsets of loci ranging in number from 5-2,000 loci in Panel 1 and 5-

1,200 loci in Panel 2 were selected and individuals reidentified. This procedure was repeated for 

1,000 iterations, and the average number of correct identifications for each individual with each 

subset of loci determined. 

The remaining individuals were sequenced across 11 lanes on an Illumina HiSeq 4000 

DNA. Each sequencing run contained a mix of individuals from different sampling locations to 
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minimize library effects. DDOCENT was used to map reads and call SNPs and raw variants were 

filtered to retain only diagnostic SNPs using VCFTOOLS. Individuals were first identified as 

either great hammerhead or scalloped/Carolina hammerhead using composite genotypes of Panel 

1 SNPs and a custom Python script. Species identity was considered unknown if an individual 

had less than a 95% match to a single category. Individuals identified as a great hammerhead or 

unknown were removed from the dataset, and the remaining individuals identified as either a 

scalloped hammerhead, Carolina hammerhead or undetermined by using composite genotypes of 

Panel 2 SNPs and a custom Python script. As above, a match of 95% to one species was required 

for positive species identification, and if an individual did not meet this threshold for any one 

species it was classified as undetermined. Individuals that were not genotyped at a minimum of 

300 diagnostic SNPs were removed from the dataset. The program NEWHYBRIDS (Anderson and 

Thompson, 2002) was used to assess if undetermined individuals could be assigned into a hybrid 

(F1 hybrid, scalloped hammerhead backcross, Carolina hammerhead backcross) or non-hybrid 

category (scalloped hammerhead, Carolina hammerhead) following the methods of Barker et al. 

(2019).  

Relative abundance (percent) was determined by dividing the number of individuals 

identified as each species by the total number of scalloped and Carolina hammerheads. Relative 

abundance was calculated for each region, as well as for known and potential nurseries, defined 

in this study as areas in which at least 20 YOY or small juveniles (total length < 1,000 mm) were 

sampled. Regions were generally defined by state (North Carolina, South Carolina, and Georgia) 

with the exception of Florida, which was split into five regions (Atlantic northern Florida, 

Atlantic central Florida, the Florida Keys, Gulf central Florida, and Gulf northern Florida). 

Temporal trends in relative abundance of YOY over the sampling season for both species were 
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assessed in Bulls Bay by pooling catch data across years (2013-2018) and standardizing to catch 

per unit effort (CPUE, sharks caught/gillnet set). Permutation tests implemented in the R 

package COIN (Hothorn et al., 2008) were used to test for associations between species identity 

and environmental variables (salinity, dissolved oxygen, and water temperature) measured at 

time of sampling using a YSI Pro 2030. Generalized linear models were used to test for 

associations of environmental variables and month with the relative probability that a sampled 

individual was a scalloped or Carolina hammerhead. All models were compared against a null 

model and tested for goodness of fit and the optimal model was selected to minimize AIC values. 

Abundance trends and associations with environmental variables were evaluated only in Bulls 

Bay because YOY Carolina hammerheads were not identified in large enough numbers in other 

nurseries. 

 

Results 

 Identification accuracy for Panel 1 was high even when very few SNPs were used, with 

an overall average of 99.2% correct identification with five loci. The overall average correct 

identification for Panel 2 was similarly high for five loci (95.1%), however, individual variation 

in correct identification was substantial (48.0-100.0%; Fig. S3.1). Reliable and accurate 

identification (>99% individuals identified correctly in >95% of the iterations) with Panel 2 was 

not achieved until 300 loci were used, and 500 loci were required for 100% of individuals to be 

identified correctly in >95% iterations.  

 A total of 1,120 individuals were identified with the panels of diagnostic SNPs (scalloped 

hammerhead = 878, Carolina hammerhead = 236, great hammerhead = 6), and 83 individuals 

were assigned into a hybrid category by NEWHYBRIDS (F1 = 37, scalloped hammerhead 
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backcross = 38, Carolina hammerhead backcross = 8; Table 3.2). NEWHYBRIDS also identified an 

additional 13 scalloped hammerheads and 15 Carolina hammerheads that could not be identified 

with the diagnostic panel, and these individuals were added to species totals for subsequent 

analysis. One individual could not be distinguished by Panel 1 and had a mix of 

scalloped/Carolina hammerhead alleles and great hammerhead alleles. The anomalous 

individual, which was sampled in the U.S. Atlantic near central Florida, was sequenced at the 

mitochondrial cytochrome oxidase subunit 1 (COI, see supplementary methods) gene and 

identified as a smooth hammerhead (S. zygaena; accession no MT863713). Nine individuals 

were genotyped at too few loci or had low sequence quality and were removed from the dataset. 

Scalloped hammerheads were identified in all areas sampled in both the U.S. Atlantic and Gulf. 

Carolina hammerheads were identified across the sampled area in the U.S. Atlantic, though not 

in every location, and were absent in the Gulf (Fig. 3.2). Carolina hammerhead abundance was 

heavily concentrated in South Carolina.  

 The relative abundance of Carolina to scalloped hammerheads was highest in South 

Carolina (56.4%, total hammerheads = 351) and North Carolina (33.3%, total hammerheads = 

12; Table 3.3). Relative abundance of Carolina hammerheads roughly decreased along a 

latitudinal gradient, with the lowest relative abundance observed in the Florida sampling 

locations. However, Carolina hammerhead abundance was higher in central Florida (12.9%, total 

hammerheads = 194) than northern Florida, where Carolina hammerheads were particularly rare 

(3.6%, total hammerheads = 195). Relative abundance of Carolina hammerhead YOY was 

calculated for six nurseries in the U.S. Atlantic (Fig. 3.3) and was highest in Bulls Bay (61.0%, 

total hammerheads = 287) and lowest in Tolomato River (0%, total hammerheads = 148; Table 

3.4).  
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In Bulls Bay, Carolina hammerheads were more abundant than scalloped hammerheads 

in all years but two, however, the relative proportion of Carolina to scalloped hammerheads was 

variable, ranging from 31.2% in 2019 to 87.0% in 2012 (Table 3.5). Analysis of CPUE data from 

May to September showed that YOY of both species were present in Bulls Bay in May. 

Scalloped hammerheads were relatively more abundant from May through June, but both species 

increased in abundance during this time and abundances peaked at the end of July (Fig. 3.4). 

Scalloped hammerhead CPUE decreased rapidly after July, and the species was absent by the 

end of August. Carolina hammerhead CPUE increased sharply in July and declined through 

August and September. Permutation tests showed that salinity (Z = 4.636, P < 0.001) and water 

temperature (Z = 5.059, P < 0.001) were significant predictors of species identity. The optimal 

generalized linear model also indicated salinity (Z = 3.771, P < 0.001) was significant, as well as 

month (Z = 2.360, P = 0.018) and these variables had a significant positive association with 

Carolina hammerhead abundance, meaning that the relative probability that an individual caught 

was a Carolina hammerhead, increased with higher salinity and later months in the sampling 

period (Fig. S3.2).  

 

Discussion 

Hammerhead sharks sampled along the U.S. Atlantic and Gulf of Mexico were 

genetically identified to describe the relative abundance and distribution of scalloped and 

Carolina hammerheads. In the U.S. Atlantic, 63.6 % of identified hammerhead sharks were 

scalloped hammerheads, 27.0% were Carolina hammerheads, 8.9% had mixed ancestry, and 

0.4% were smooth or great hammerheads. Scalloped and Carolina hammerheads were identified 

in the U.S. Atlantic from North Carolina to Florida. In the Gulf, 99% of identified hammerhead 
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sharks were scalloped hammerheads and no Carolina hammerheads were identified; the 

remaining 1% were great hammerheads. Carolina hammerheads were more abundant than 

scalloped hammerheads in South Carolina, but the relative abundance of Carolina hammerheads 

decreased with latitude.  

Though the focus of the study was scalloped and Carolina hammerheads, genetic 

identifications revealed that four different species were sampled, with three great hammerheads 

sampled in the Gulf, and three great hammerheads and one smooth hammerhead sampled in the 

Atlantic. Most misidentified hammerheads were small juveniles (5 of 7 <1,000 mm total length) 

and the result demonstrates that even experienced researchers and fishers may have difficulty 

differentiating among known sphyrnids, especially at small sizes. The shape of the anterior 

margin of the cephalofoil is one of the morphological characters used to distinguish among 

scalloped, great and smooth hammerheads, but cephalofoil shape changes with age and 

distinguishing features are not always apparent in small individuals (Gilbert, 1967; Castro, 

2011). Data regarding the early life history of smooth and great hammerheads is limited, and 

minor diagnostic morphological differences present in YOY of different species may be easily 

missed when certain species are not reported to occur in a given area.  

Relative abundance of Carolina hammerheads was highest in Bulls Bay (61%, n = 287), 

and more than 70% of all Carolina hammerheads identified in this study were sampled there. 

Reasons for such high abundance (relative and absolute) in a limited geographic area are not 

clear. One possible explanation is that Carolina hammerheads exhibit a high degree of natal 

philopatry, with a large proportion of breeding females in the western North Atlantic having 

been born in Bulls Bay and then returning to the same site to give birth. Philopatric behavior at a 

regional scale has been documented in a number of shark species (reviewed in Chapman et al., 
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2015), but evidence of natal philopatry is less common. A combination of tag-recapture and 

genetic data has shown that some lemon sharks (Negaprion brevirostris) in Bimini, Bahamas 

exhibit strong long-term site fidelity to their natal nursery, despite the availability of other 

appropriate nursery habitat nearby (Feldheim et al., 2014). Natal philopatry has also been 

suggested in blacktip reef sharks (Carcharhinus melanopterus) in Moorea, where some females 

made repeated migrations to the same nursery outside their usual home range (Mourier and 

Planes, 2013). Long term genetic profiling of Carolina hammerhead YOY and genetic 

reconstruction of parental genotypes would be needed to determine if the progeny of individual 

female sharks are using Bulls Bay year after year. 

 In Bulls Bay the abundance of scalloped and Carolina hammerhead YOY varied across 

the sampling season. Both species were first documented in the nursery in early May and both 

increased in abundance until peaking in July. Scalloped hammerheads were more abundant until 

mid-July, when a large spike in Carolina hammerhead abundance was observed (Fig. 3.4). 

Carolina hammerheads were more abundant for the remainder of the season and appeared to stay 

in the nursery at least a month longer than scalloped hammerheads. The increase in abundance 

for both species from May to July suggests parturition may occur over a prolonged period, but 

the surge of Carolina hammerhead abundance in July may indicate that time of peak parturition 

in Carolina hammerheads is offset from that of scalloped hammerheads. In addition, parturition 

in one or both species may occur at locations outside the nursery area, a reproductive strategy 

seen in Atlantic sharpnose sharks (Rhizoprionodon terraenovae; Ulrich et al., 2007) and 

bonnetheads (S. tiburo; Frazier et al., 2014). If Carolina hammerhead parturition occurs at a 

more remote location, the observed increase in July could reflect an offset in time of peak arrival. 

The observation of a temporal offset in abundance is consistent with temporal habitat 
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partitioning, a mechanism that minimizes competition among species because shared limited 

resources are used at different times (Schoener, 1974; Ross, 1986). Temporal partitioning can 

occur on a diel scale, where competitors are active during different times of the day (Kronfeld-

Schor and Dayan, 2003) or on a seasonal scale, such that peak abundance occurs during different 

times of the year (Paine, 1963; Sandercock, 1967). If Carolina hammerheads give birth later or 

delay movement into the nursery until scalloped hammerhead neonates have grown, it could 

minimize overlap of resource usage.  

By contrast to the results seen in South Carolina, relatively few Carolina hammerheads 

were captured in northern Florida, with none found in the Tolomato River, even though Carolina 

hammerheads were found in areas north and south of the Tolomato River, including adjacent 

coastal waters near Jacksonville and the Tolomato River was well-sampled (n = 148). The 

Tolomato River differs from other sampled nurseries along the U.S. Atlantic in that it is behind a 

series of barrier islands and therefore not directly connected to the western North Atlantic. 

Instead, it only receives saltwater influx from the St. Johns River to the north and St. Augustine 

inlet to the south, both of which are approximately 20 miles in distance from the sampling site. 

Higher salinity was a significant predictor of Carolina hammerheads in Bulls Bay, and average 

monthly salinity was consistently lower in the Tolomato River than in Bulls Bay (Table 3.6). The 

other nurseries sampled in Florida occur in nearshore waters rather than estuaries, with stable 

salinities more closely matching oceanic conditions (Cape Canaveral ~36 ppt, Jacksonville ~32 

ppt, Table 3.6; Iafrate et al., 2019). In Georgia nurseries, scalloped hammerheads were sampled 

in both estuaries as well as nearshore waters, while Carolina hammerheads were sampled almost 

solely in nearshore waters (Fig. S3.3). Salinity is one of the most important predictors of shark 

species abundance in estuaries and bays in the Gulf and U.S. Atlantic (Ulrich et al., 2007; Bethea 
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et al., 2015), and a preference for higher salinity waters may explain the absence of Carolina 

hammerheads in the Tolomato River.  

Carolina hammerheads also were absent in the Gulf, a result that is somewhat surprising 

given the high dispersive capability of hammerheads. One possibility is that Carolina 

hammerheads prefer temperate waters, which restricts their movement around the southern 

Florida Peninsula and into the Gulf. A preference for temperate water is consistent with the 

identification of Carolina hammerheads in southern Brazil, the only location that Carolina 

hammerheads have been identified outside the southeast U.S. (Pinhal et al., 2012), and the 

observation that the relative abundance of Carolina hammerheads decreased from north to south 

in the western North Atlantic. South of Cape Canaveral is a well-known biogeographic break 

that marks the transition from temperate to tropical fauna of south Florida and coincides with 

genetic divergence between Atlantic and Gulf populations of many coastal marine fishes, 

including sharks (Avise, 1992; Portnoy et al., 2014, 2015, 2016). Similarly, the range of the 

closely related smooth hammerhead was also thought to include mostly temperate water of the 

Atlantic (Castro, 2011), though the collection of one individual in the Gulf was recently reported 

(Deacy et al., 2020). Few samples of mature adult Carolina hammerhead were obtained, and it is 

possible that adult Carolina hammerheads move into the Gulf, but despite robust sampling (n = 

303) no YOY or juvenile Carolina hammerhead were caught, consistent with the species being 

absent. This is further supported by the fact that admixture between Carolina and scalloped 

hammerheads was detected in the Atlantic but not in the Gulf. An aversion to lower salinity 

waters could also partially explain the absence of Carolina hammerheads in the Gulf as there are 

several significant freshwater inflows in the northern temperate Gulf, including the Mississippi 

River, Mobile Bay and Atchafalaya River (Morey et al., 2003), but this does not explain the 
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absence of Carolina hammerheads from more saline habitat along the West Florida Shelf and the 

coast of Texas. This potential lack of appropriate nursery habitat types or conditions coupled 

with philopatric behavior may have contributed to the present-day absence of Carolina 

hammerheads in the Gulf.  

Research on Carolina hammerheads has thus far focused on immature individuals, 

making it difficult to relate relative abundances in nurseries to relative abundances within 

managed populations of mature hammerheads. Samples for this study were collected primarily 

from fishery-independent surveys in which large juveniles and adults are not commonly 

encountered (n = 87; Atlantic = 47, Gulf = 40; Fig. S3.4). Three adult male Carolina 

hammerheads were captured offshore of South Carolina on longlines along with large juvenile 

and adult scalloped hammerheads. It is unclear if the species are spatially segregated as adults or 

if they use similar habitat at all life stages, but contemporary hybridization between species 

indicates some overlap of reproductive habitat (Barker et al., 2019). Recent methods using 

morphometrics and machine learning have been developed to aid in field identification of cryptic 

blacktip (Carcharhinus limbatus) and Australian blacktip sharks (C. tilstoni), and while large 

individuals were accurately identified 96% of the time in field trials, identification was less 

successful for smaller sharks (<1,200 mm total length; Johnson et al., 2017). Continued research 

on Carolina hammerheads of all sizes may reveal subtle differences that may be useful in 

differentiating the species based on morphology and thus enable a further understanding of 

species-specific habitat utilization based on field identifications. 

Differences in life history characteristics have been observed in cryptic shark species, and 

similar differences could exist between scalloped and Carolina hammerheads. For example, the 

blacktip shark and Australian blacktip shark are difficult to distinguish morphologically, but 
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differ in length at maturity, maximum body size, habitat requirements, and time of parturition 

(Harry et al., 2012, 2019). These differences in life history and reproductive ecology have 

significant management implications because the species differ in their susceptibility to 

exploitation and respond differently to management measures (Harry et al., 2012, 2019). In 

addition to physiological differences suggested by the observed preference for higher salinity, 

Carolina hammerheads are reported to have a smaller size at birth than scalloped hammerheads 

(Quattro et al., 2013) and this may be indicative of life history differences between mature 

scalloped and Carolina hammerheads (e.g. differences in maternal length or brood size). 

Currently insufficient data exist to determine if size differences persist throughout their life span. 

Differences in body size can act as a mechanism that maintains species boundaries through 

assortative mating in sympatrically distributed species (Nagel and Schluter, 1998), but 

hybridization between scalloped and Carolina hammerheads (Barker et al., 2019) indicates that if 

there are differences in adult size they do not act as a complete reproductive barrier.  

Over 25% of hammerheads sampled in the U.S. Atlantic were identified as Carolina 

hammerheads, and if mature individuals are found in a similar proportion, they would comprise a 

significant part of what is currently considered to be the U.S. Atlantic scalloped hammerhead 

stock. Scalloped hammerheads in the U.S. Atlantic are currently considered overfished with 

overfishing occurring (NMFS, 2011) and managed as part of the hammerhead shark complex, 

which also includes great and smooth hammerheads. Quotas for the hammerhead complex are set 

according to the total allowable catch of scalloped hammerhead (Hayes et al., 2009; NMFS, 

2013). If past assessments include data from a second species that differs biologically, it would 

have significant implications for management of the hammerhead complex. There is also a 

critical need for Carolina hammerhead life history data. The results of this study suggest that 
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Carolina hammerheads have a limited range in the western North Atlantic, and only three 

Carolina hammerheads have been identified in the South Atlantic (Pinhal et al., 2012). Although 

the effects are difficult to predict, ongoing hybridization and backcrossing with scalloped 

hammerheads could contribute to the loss of Carolina hammerheads over time (Barker et al., 

2019). Further, given the observed limited range, unknown life history characteristics, and 

continued directed and incidental fishing pressure, there is potential for Carolina hammerheads 

to be overfished in the U.S. Atlantic. Scalloped hammerheads are listed as Critically Endangered 

on the IUCN Red List of Threatened Species (Rigby et al., 2019b), and international trade is 

regulated by the Convention on International Trade in Endangered Species of Wild Fauna and 

Flora (CITES, Appendix II). However, the status of Carolina hammerheads has not been 

assessed. Consideration of Carolina hammerheads separate from scalloped hammerheads in 

future national and international management is warranted but will likely require the 

development of methods to differentiate them in the field. 
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Figure 3.1. Map of sampling locations, colored by region: North Carolina (NC), South Carolina 

(SC), Georgia (GA), Atlantic northern Florida (Atl FL-N), Atlantic central Florida (Atl FL-C), 

Florida Keys (FL-KY), Gulf central Florida (G FL-C), Gulf northern Florida (G FL-N), Central 

Gulf (CG), Texas (TX). 
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Figure 3.2. Sampling locations of scalloped (A) and Carolina hammerheads (B) in the U.S. 

Atlantic and eastern Gulf of Mexico. 
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Figure 3.3. Relative abundance of Carolina and scalloped hammerheads in U.S. Atlantic 

nurseries: Bulls Bay, SC (BB, n = 287), Sapelo Island, GA (SI, n = 24), Cumberland Island, GA 

(CI, n = 25), Jacksonville, FL (JV, n = 21), Tolomato River, FL (TR, n = 148), and Cape 

Canaveral, FL (CC, n = 177). 
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Figure 3.4. Catch per unit effort (defined as the number of sharks caught per gillnet set) of 

young-of-the-year Carolina and scalloped hammerheads in Bulls Bay, SC from May through 

September 2013-2018. N indicates the total number of gillnet sets performed in each month. 

  

(N=27) (N=40) (N=27) (N=32) (N=6) (N=0)
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Table 3.1. Total number of young-of-the-year and small juveniles (Sjuv, <1000 mm total length), 

large juveniles (Ljuv, >1000 mm total length), and mature (Mat) individuals sampled in each 

region: North Carolina (NC), South Carolina (SC) , Georgia (GA), Atlantic northern Florida (Atl 

FL-N), Atlantic central Florida (Atl FL-C), Florida Keys (FL-KY), Gulf central Florida (G FL-

C), Gulf northern Florida (G FL-N), Central Gulf (CG), Texas (TX). One sample was from an 

unspecified location in the Atlantic (Atl-U). 

Location Sjuv Ljuv Mat Total 
NC 8 1 5 14 
SC 389 1 30 410 
GA 93 1 10 104 

Atl FL-N 198 0 1 199 
Atl FL-C 199 10 1 210 

FL-KY 0 23 13 36 
G FL-C 3 0 0 3 
G FL-N 116 2 0 118 

CG 0 33 20 53 
TX 84 2 7 93 

Atl-U 0 1 0 1 
Total 1080 74 87 1241 
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Table 3.2. Species identifications in each region: North Carolina (NC), South Carolina (SC) , 

Georgia (GA), Atlantic northern Florida (Atl FL-N), Atlantic central Florida (Atl FL-C), Florida 

Keys (FL-KY), Gulf central Florida (G FL-C), Gulf northern Florida (G FL-N), Central Gulf 

(CG), Texas (TX). One sample was from an unspecified location in the Atlantic (Atl-U). Scal 

indicates scalloped hammerhead, Car indicates Carolina hammerhead, Great indicates great 

hammerhead, F1 indicates a first-generation hybrid, ScBX indicates scalloped hammerhead 

backcross, CarBX indicates Carolina hammerhead backcross and UND indicates the sample 

could not be identified using diagnostic panel or NEWHYBRIDS. 

Location Scal Car Great F1 ScBX CarBX Und 
NC 8 4 0 2 0 0 0 
SC 153 198 1 27 23 7 0 
GA 72 17 2 4 5 0 0 

Atl FL-N 188 7 0 0 1 0 0 
Atl FL-C 169 25 0 4 9 1 1 

FL-KY 36 0 0 0 0 0 0 
G FL-C 3 0 0 0 0 0 0 
G FL-N 117 0 1 0 0 0 0 

CG 53 0 0 0 0 0 0 
TX 91 0 2 0 0 0 0 

Atl-U 1 0 0 0 0 0 0 
Total 891 251 6 37 38 8 1 
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Table 3.3. Relative abundance (as a percentage) of scalloped (Scal) and Carolina (Car) 

hammerheads in sampled regions of the U.S. Atlantic: North Carolina (NC), South Carolina 

(SC), Georgia (GA), Atlantic northern Florida (Atl FL-N), Atlantic central Florida (Atl FL-C). N 

indicates the total number of individuals used to calculate relative abundance. Locations are 

listed from highest to lowest latitude. 

Location N Scal Car 
NC 12 66.7 33.3 
SC 351 43.6 56.4 
GA 89 80.9 19.1 

Atl FL-N 195 96.4 3.6 
Atl FL-C 194 87.1 12.9 
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Table 3.4. Relative abundance (as a percentage) of scalloped (Scal) and Carolina (Car) 

hammerhead young-of-the-year and small juveniles (< 1000 mm TL) in nurseries in the U.S. 

Atlantic: Bulls Bay, SC (BB), Sapelo Island, GA (SI), Cumberland Island, GA (CI), 

Jacksonville, FL (JV), Tolomato River, FL (TR), Cape Canaveral, FL (CC). N indicates the total 

number of individuals used to calculate relative abundance. Locations are listed from highest to 

lowest latitude. 

Location N Scal Car 
BB 287 39.0 61.0 
SI 24 95.8 4.2 
CI 25 68.0 32.0 
JV 21 76.2 2.8 
TR 148 100.0 0.0 
CC 177 87.0 13.0 
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Table 3.5. Relative abundance (as a percentage) of scalloped and Carolina hammerhead young-

of-the-year in Bulls Bay, SC from 2012-2014 and 2016-2019 during the months May-August. N 

indicates the total number of individuals used to calculate relative abundance. 

 2012 2013 2014 2016 2017 2018 2019 
Scal 13.00 59.60 42.90 48.00 41.40 21.60 68.80 
Car 87.00 40.40 57.10 52.00 58.60 78.40 31.20 
N 23 47 28 25 70 74 16 

 

  



  

105 
 

Table 3.6. Average salinity in U.S. Atlantic nurseries during sampling seasons from August 

2012-June 2019: Bulls Bay, SC (BB), Jacksonville, FL (JV), and Tolomato River, FL (TR). 

Nursery May June July Aug Sept 
BB 32.06 31.45 31.33 32.52 30.70 
JV 31.60 NA 32.04 32.83 32.39 
TR 30.53 28.62 24.61 24.3 22.19 
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Supplementary Methods 
 
 Species identification using the diagnostic panels of SNPs revealed an anomalous 

individual that could not be identified. To further investigate species identity of this individual, 

the mitochondrial cytochrome oxidase subunit 1 (COI) gene was sequenced using the primers 

Fish-F1 (5’- TCAACCAACCACAAAGAGATTGGCAC-3’), Fish-F2 (5’-

TCGACTAATCATAAAGATATCGGCAC-3’), Fish-R1 (5’-

TAGACTTCTGGGTGGCCAAAGAATCA-3’). PCR amplification was performed in 30 µl 

reactions containing approximately 50-100 ng template DNA, 1x GoTaq Flexi buffer, 0.2 mM 

dNTPs, 1.5 mM MgCl2, 0.04% tween-20, 0.25 µM of each primer, and 0.2 units of Taq Flexi 

DNA polymerase. PCR amplification was performed under the following conditions: initial 

denaturation for 2 min at 95°C, followed by 35 cycles of 95°C for 1 min, 52°C for 1 min, and 

72°C for 1.5 min, and a final extension for 10 min at 72°C. The PCR product was visualized on a 

gel to ensure successful amplification and cleaned with AmpureXP (Agencourt) prior to 

bidirectional sequencing at Retrogen, Inc. (https://retrogen.net). Sequences were trimmed and 

edited using SEQUENCHER v5.4.6 and identified as smooth hammerhead by comparing to 

haplotypes available on GenBank.  
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Figure S3.1. Proportion of individuals correctly identified as a scalloped hammerhead or 

Carolina hammerhead using subsamples of SNPs from Panel 2. Red open circles represent the 

mean for each iteration, and closed black circles represent the overall mean across all 1000 

iterations. 
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Figure S3.2. The relative probability of an individual being a Carolina hammerhead across a 

range of salinities and months. Colored points represent individuals genetically identified as a 

scalloped (0) or Carolina hammerhead (1), with month indicated by color. 
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Figure S3.3. Sampling locations of scalloped hammerheads (A) and Carolina hammerheads (B) 

in Cumberland Island (circles) and Sapelo Island (triangles) nurseries. 

 

 

Figure S3.4. Sampling locations of mature scalloped and Carolina hammerheads. 
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CHAPTER IV: POPULATION GENOMICS OF SCALLOPED HAMMERHEADS (SPHYRNA 

LEWINI) IN THE WESTERN ATLANTIC OCEAN 

Abstract 
 
 An understanding of population structure is necessary for the implementation of effective 

fisheries management strategies but barriers to gene flow do not always coincide with 

geopolitical boundaries. When population connectivity occurs across management units a 

cooperative approach among regions or nations is necessary, and when population structure 

exists within management units, a more localized approach is needed to reduce the risk of 

localized depletion of resources. The scalloped hammerhead (Sphyrna lewini) is a globally 

distributed shark that has experienced declines in abundance throughout its range that have 

largely been driven by overexploitation. Under the U.S. Endangered Species Act, two 

management units (distinct population segments, DPS) are recognized in the western Atlantic 

Ocean, the Northwest Atlantic (U.S. Atlantic) and Gulf of Mexico (Gulf) DPS, and the Central 

and Southwest Atlantic DPS. In this study, we used 4,703 loci to assess the genomic population 

structure of 774 scalloped hammerheads sampled in the western North Atlantic (U.S. Atlantic 

and Gulf of Mexico), and western central Atlantic (Belize and Trinidad in the western and 

eastern Caribbean, respectively). Significant genetic heterogeneity was detected among samples 

(FST = 0.0012, P < 0.0001). Divergence between North and central Atlantic samples was 

supported by hierarchical analyses of molecular variance and clustering analyses, and there was 

evidence of divergence between Belize and Trinidad (pairwise FST = 0.0041, P = 0.003). 

Significant structure was detected between the U.S. Atlantic and the Gulf of Mexico (pairwise 

FST = 0.0001, P = 0.0392), but when randomly sampled, related individuals were removed from 

the dataset, the signal of structure disappeared (pairwise FST = 0.0000, P = 0.5144). In U.S. 
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waters, management measures are in place to rebuild overfished stocks, but fishing regulations in 

portions of the Caribbean Sea are either nonexistent or unenforced, and divergence across the 

region may increase the risk of local depletion.   

 
Introduction 
 
 Effective fisheries management relies on the appropriate delineation of stocks, and 

genetic tools are an important component of a holistic approach to stock identification (Begg and 

Waldman, 1999). Patterns of gene flow across a species’ range may not correspond to the 

boundaries of designated management units, and a molecular approach to stock identification can 

uncover unrecognized subdivision within management units, helping to prevent extirpation 

through overexploitation, as well as preserve locally adapted variation critical to long-term 

species persistence (Carvalho and Hauser, 1994; Begg and Waldman, 1999; Hilborn et al., 

2003).  

The implementation of effective management strategies can be particularly challenging 

for highly mobile and migratory species that cross international boundaries, as is the case for 

many shark species (Dulvy et al., 2017). Current estimates indicate 18.8% of elasmobranchs 

(sharks, skates and rays) are threatened with extinction (IUCN, 2019). Targeted fishing is the 

primary driver of declines (Dulvy et al., 2017), and the number of jurisdictions encompassed 

within a species range has been associated with an increased risk of extinction (Dulvy et al., 

2014). Slow growth rates, low reproductive output, and late maturity observed in many species 

make it difficult for exploited populations to recover from overexploitation (Musick et al., 2000).  

 The scalloped hammerhead (Sphyrna lewini) is a large coastal shark found in tropical and 

warm-temperate waters worldwide (Castro, 2011). Adults of the species are generally found 

offshore but move into coastal waters for parturition and/or mating, and juveniles are found in 
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coastal waters year-round (Castro, 2011). In addition to the risks associated with a relatively K-

selected life history typical of large coastal sharks (Musick et al., 2000), scalloped hammerheads 

face several challenges that have contributed to worldwide declines in their abundance. 

Scalloped hammerhead fins are highly prized in the global fin trade market (Abercrombie et al., 

2005). Despite international trade regulations meant to limit their sale (CITES Appendix II; 

Cardeñosa et al., 2018), they are among the most commonly encountered species in the largest 

shark fin retail-markets in Hong Kong and mainland China (Fields et al., 2018; Cardeñosa et al., 

2020) indicating that global rates of fishing mortality are still high. In addition, scalloped 

hammerheads employ a reproductive strategy in which females give birth in (or near) coastal 

nurseries that are separate from adult habitat in the U.S. Atlantic (Branstetter, 1990), which are 

thought to provide plentiful resources and/or protection from predators (Heupel et al., 2007). 

However, coastal nursery grounds are easily accessed by fishers, and juvenile scalloped 

hammerheads are commonly found in some small-scale fisheries (Cuevas‐Gómez et al., 2020; 

Winter et al., 2020). Unlike some coastal sharks, adult scalloped hammerheads form large 

aggregations that in some cases are in predictable locations, making it easy for fishers to target 

and capture many individuals at once (Miller et al., 2013). Finally, scalloped hammerheads are 

particularly sensitive to the physiological stress of capture, and high rates of at-vessel mortality 

relative to other sharks have been reported for the species (62.9-91.4%; Morgan and Burgess, 

2007; Gulak et al., 2015), suggesting non-target fisheries interaction and catch-and-release 

fishing may be important sources of mortality as well (Gallagher et al., 2014).  

Due to significant decreases in global abundance, scalloped hammerheads are listed as 

Critically Endangered on the International Union for Conservation of Nature (IUCN) Red List of 

Threatened Species (Rigby et al., 2019), and listed as Threatened or Endangered under the U.S. 
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Endangered Species Act (ESA) throughout portions of its range (NMFS, 2014). Under the power 

of the ESA, extinction risk is not evaluated at the species level, but at the level of distinct 

population segments (DPS), which are measured by discreteness and significance (NMFS, 1996). 

A population segment is considered discrete if it is separated from other populations of the 

species through physical or biological means, or by jurisdictional boundaries that differ in 

regulatory mechanisms, enforcement, or habitat management. Significance is less well-defined, 

but determined by evaluating the importance of the population segment to species persistence 

(e.g. loss of the segment would result in a significant gap in the species range or loss of genetic 

diversity; NMFS, 1996). Six DPS have been defined for scalloped hammerheads: (1) Eastern 

Pacific, (2) Central Pacific, (3) Indo-West Pacific, (4) Eastern Atlantic, (5) Northwest Atlantic 

and Gulf of Mexico, and (6) Central and Southwest Atlantic. Two scalloped hammerhead DPS 

have been listed as Threatened (Indo-West Pacific and Central and Southwest Atlantic) and two 

have been listed as Endangered (Eastern Pacific and Eastern Atlantic; NMFS, 2014).  

 Genetic connectivity of scalloped hammerhead populations has been studied on both 

global and regional scales using mitochondrial DNA (mtDNA), microsatellites, and single 

nucleotide polymorphisms (SNPs; Duncan et al., 2006; Castillo-Olguín, 2012; Daly-Engel et al., 

2012; Spaet et al., 2015; Marie et al., 2019). Global studies of population structure have found 

generally high levels of gene flow along continental margins with both maternally-inherited 

mtDNA and bi-parentally inherited microsatellites, but gene flow across ocean basins has been 

supported only by microsatellites, suggesting a pattern of male-mediated gene flow (Duncan et 

al., 2006; Daly-Engel et al., 2012). However, regional studies have highlighted some exceptions 

to the pattern of gene flow along continuous coastlines (Chapman et al., 2009; Castillo-Olguín, 

2012; Spaet et al., 2015). Although there are two recognized DPS in the western Atlantic, 
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genetic data suggests at least three stocks exist, including the U.S. Atlantic and Gulf of Mexico, 

central Atlantic, and southwest Atlantic (Chapman et al., 2009; Pinhal et al., 2020). In addition, 

strong differentiation has been observed between the U.S. Atlantic and Gulf of Mexico (Daly-

Engel et al., 2012), suggesting additional genetic subdivision may exist throughout the western 

Atlantic. 

 In this study, double-digest restriction associated DNA sequencing is used to characterize 

patterns of genetic variation within and between management units in the western North and 

central Atlantic. In the U.S. Atlantic and Gulf of Mexico, the scalloped hammerhead stock was 

depleted by an estimated 83% (Hayes et al., 2009), and was considered to be overfished with 

overfishing occurring in the last stock assessment (NMFS, 2011). Although they are thought to 

be at low risk of extinction in U.S. waters due to existing regulatory measures (NMFS, 2014), a 

thorough understanding of genetic connectivity would help ensure that regulations are placed at 

the appropriate scale. Within the central Atlantic, the implementation of effective management 

strategies is a challenge due to the multitude of nations encompassing the region, but patterns of 

genetic variation could be used to identify areas where cooperative management is most crucial. 

Data were also screened for the presence of Carolina hammerheads (S. gilberti), a cryptic species 

that occurs sympatrically with scalloped hammerheads in the U.S. Atlantic (Quattro et al., 2013). 

Carolina hammerheads have also been documented in the western South Atlantic (Pinhal et al., 

2012), but have not been observed in the central Atlantic.  

 
Methods 
 
 Fin clips were collected from 1,293 hammerheads in the western Atlantic from 2007-

2020 (Fig 4.1) and stored in molecular grade ethanol or 20% salt-saturated DMSO buffer (Seutin 

et al., 1991). Genomic DNA was extracted from tissues using a Mag-Bind® Blood & Tissue 
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DNA Kit (Omega Bio-Tek). Double digest restriction associated DNA libraries were prepared 

following a modified Peterson et al. (2012) protocol as described in Barker et al. (2019). To 

minimize library effects, each library was prepared with individuals from across locations, and 

replicate individuals were included across libraries to assess genotyping error. Libraries were 

sequenced across a total of 11 paired-end runs with an Illumina HiSeq 4000 DNA sequencer. 

Individuals were identified as scalloped hammerhead, Carolina hammerhead, great hammerhead 

(S. mokarran) or hybrid using a panel of diagnostic SNPs and the program NEWHYBRIDS 

(Anderson and Thompson, 2002) following the methods described in Barker et al. (2019). After 

species identity was confirmed, the DDOCENT pipeline (Puritz et al., 2014) was used to map 

scalloped hammerheads to a species-specific reference and call SNPs. VCFTOOLS (Danecek et 

al., 2011) was used to remove sites, contigs, or individuals that did not meet the following 

thresholds: minimum quality score of 20, minor allele count of 3, genotype call rate of 0.90, 

minimum depth per genotype of 5, mean minimum depth of 15, maximum mean depth of 200, 

and 25% maximum missing data per individual. Indels were removed, as well as sites or contigs 

with excess heterozygosity across the dataset. DDOCENT filters for quality depth ratio, allelic 

balance, properly paired status, and strand balance were also implemented (see 

https://github.com/jpuritz/dDocent/blob/master/scripts/dDocent_filters). Sites that had greater 

than 10% missing data in any single location, or greater than 15% missing data in any single 

library were removed. Inbreeding coefficients (FIS) were assessed to identify and remove 

problematic individuals. High values of FIS (excess homozygosity) suggest a high rate of false 

homozygotes, while low values of FIS (excess heterozygosity) can be indicative of sample 

contamination. Individuals with FIS greater than 0.3 coupled with greater than 10% missing data 

were removed, as well as individuals with FIS less than -0.5. Library effects were identified using 
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principle components analysis (PCA) with individuals grouped by library, and suspect loci 

identified by evaluating allele loadings and removing sites with the greatest contribution to the 

signal (>90th percentile). To account for physical linkage of SNPs as well as to identify 

paralogous loci, genotypes were phased into multi-allelic SNP-containing loci (hereafter loci) 

with the program RAD_HAPLOTYPER (Willis et al., 2017). Haplotyped loci were removed if they 

were not called in at least 90% of individuals, flagged as a possible paralog in greater than 5% of 

individuals, or flagged as possible genotyping error in greater than 1% of individuals. Individuals 

that were not successfully haplotyped at 90% of loci were removed. Finally, loci with systematic 

genotyping error were identified and removed by comparing replicate individuals across 

libraries.  

 Relatedness coefficients and 95% confidence intervals were estimated using the triadic 

likelihood method (Wang, 2007) as implemented in the R package RELATED (Pew et al., 2015). 

Relatedness coefficients were evaluated to screen for potential contamination, which were 

identified as pairs of individuals with high relatedness coefficients that were adjacent to each 

other during library preparation, coupled with low FIS in one or both individuals. After 

contaminated individuals were removed, relatedness coefficients were examined to identify 

related individuals in the dataset. Pairs of individuals with relatedness coefficients >0.4 were 

assumed to be full siblings (FS) or parent and offspring, and pairs with relatedness coefficients 

0.2-0.4 were assumed to be half siblings (HS). Relatedness coefficients in this range can also 

indicate an avuncular or grandparent relationship, and capture date and length measurements 

were used to infer the type of relationship between related pairs. Related individuals that were 

sampled on the same day and in the same location were considered nonrandomly sampled, and 
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one individual from each nonrandomly sampled pair was removed from the dataset for 

subsequent analyses (Waples and Anderson, 2017).  

 A PCA as implemented in the R package ADEGENET (Jombart, 2008) was performed as 

an initial assessment of variation among samples. The PCA showed three general groups 

consisting of North Atlantic, Belize, and Trinidad samples (Fig 4.2), and BAYESCAN (Foll and 

Gaggiotti, 2008) was used to identify outlier loci putatively under selection among these groups. 

BAYESCAN uses allele frequency differences among populations to identify loci with FST values 

higher than expected given the background level of differentiation. Loci with a major allele 

frequency above 0.95 were excluded from outlier-detection analysis to remove bias introduced 

by the inclusion of low minor allele frequency loci (Roesti et al., 2012). BAYESCAN was run with 

30 pilot runs, prior odds set to 100, a thinning interval of 50, a burn-in length of 100,000 and 

default settings for the remaining parameters. Alpha coefficients for outlier loci were examined 

to determine if outliers were influenced by diversifying selection (positive value of alpha) or 

balancing selection (negative value of alpha). The Blastn algorithm was used to screen the 

reference contig for each outlier locus against the NCBI nucleotide database. Loci identified as 

outliers were then removed to create a neutral dataset. 

 To assess population structure at multiple geographic scales, samples were organized into 

three levels of groupings that were consistent across analyses: ocean, region and site. At the 

ocean level, samples were grouped into western North Atlantic Ocean (NAtl) and central 

Atlantic Ocean (CAtl) in concordance with DPS management units. Samples within oceans were 

further divided by region, which included U.S. waters of the Atlantic Ocean (USAtl) and the 

Gulf of Mexico (Gulf) in the NAtl and Belize (BZ) and Trinidad (TD) in the CAtl. The U.S. 

Atlantic and Gulf were further divided by site, in which individuals were generally grouped by 
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state: North Carolina (NC), South Carolina (SC), Georgia (GA), and Texas (TX). Florida was 

separated into five groups comprising central and northern samples in the Atlantic and Gulf, and 

the FL Keys (Atl FL-C, Atl FL-N, G FL-C, G FL-N, FL-KY). Individuals collected in Alabama, 

Mississippi, and Louisiana were grouped into one central Gulf sampling location (CG).  

 To test for genetic heterogeneity among samples, a single-level locus-by-locus analyses 

of molecular variance (AMOVA) was performed with ARLEQUIN v.3.5 (Excoffier and Lischer, 

2010). To evaluate genetic heterogeneity among management units, a hierarchical locus-by-locus 

AMOVA was performed with samples grouped by DPS, but with the NAtl DPS further separated 

into USAtl and Gulf groups to coincide with management groups of the U.S. commercial shark 

fishery. Post-hoc estimates of pairwise FST were generated using ARLEQUIN to assess 

differentiation among regions (USAtl, Gulf, BZ, and TD), as well as among sites within the 

USAtl and Gulf (NC, SC, GA, Atl FL-N, Atl FL-C, FL-KY, G FL-N, CG, and TX). Samples 

from G FL-C were not included in this analysis due to small sample size (n =3). Pairwise FST 

between regions and between sites was also calculated with one individual from each sibling 

group removed from the dataset to evaluate the potential effects of kin sampling. Significance of 

covariance components and fixation indices were evaluated using 10,000 permutations, and p-

values adjusted for multiple comparisons using a false discovery rate procedure (Benjamini and 

Hochberg, 1995). 

 Additionally, two clustering approaches were used to assess population structure, 

discriminant analysis of principal components (DAPC, Jombart et al., 2010) as implemented in 

ADEGENET (Jombart, 2008), and the Bayesian clustering approach implemented in STRUCTURE 

(Pritchard et al., 2000; Falush et al., 2003; Hubisz et al., 2009). DAPC was conducted with 

group membership defined a priori by ocean (NAtl and CAtl) and by region (USAtl, Gulf, BZ, 
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and TD). The regional DAPC was also run with siblings removed to evaluate potential effects of 

kin sampling. A cross-validation analysis was performed for each DAPC to determine the 

optimal number of principal components (PCs) to retain for analysis to ensure high 

discriminatory power without overfitting the data. STRUCTURE analysis was performed with five 

replicate runs of 1,000,000 iterations following a 500,000 burn-in period for K = 1-5 with the no 

admixture and LOCPRIOR models, and STRAUTO (Chhatre and Emerson, 2017) was used for 

parallelization of runs. Because STRUCTURE can only detect the highest level of subdivision in a 

population, separate runs were conducted on identified clusters to identify further subdivision 

(Evanno et al., 2005). CLUMPAK was used to summarize STRUCTURE runs (Kopelman et al., 

2015), and the optimal value of K chosen by evaluating Δ𝐾 and P(K) (Pritchard et al., 2000; 

Evanno et al., 2005). Although Δ𝐾 is generally accepted as a better method for identifying the 

number of clusters, it cannot be used if the true value of K is one (Evanno et al., 2005), thus P(K) 

was also evaluated. STRUCTURE PLOT V2.0 was used to generate barplots (Ramasamy et al., 

2014). 

 
Results 
 
 Three hammerhead species were identified among samples (scalloped hammerhead = 

938, Carolina hammerhead = 258, great hammerhead = 9; Table 4.1), and an additional 88 

samples had mixed scalloped and Carolina hammerhead ancestry (F1 hybrid = 34, scalloped 

hammerhead backcross = 45, Carolina hammerhead backcross = 9). One of the Carolina 

hammerheads, two F1 hybrids, and two scalloped hammerhead backcrosses were sampled in 

Trinidad. After extensive data filtering, 774 scalloped hammerheads genotyped at 4,708 loci 

remained in the dataset (Table 4.2). Relatedness analysis revealed seventeen FS and fifty-five HS 

pairs among scalloped hammerheads (Table 4.3). Eight FS pairs were nonrandomly sampled 
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(captured in the same location on the same day), and one individual from each pair was removed 

from the final dataset (Table 4.4). The remaining nine FS pairs and all HS pairs were considered 

randomly sampled and retained for downstream analyses. Five outlier loci were detected in 

BAYESCAN analysis, all of which had positive alpha values indicating they were candidate loci 

under diversifying selection. The Blastn search using reference contigs of outlier loci yielded no 

hits. Outliers were removed, resulting in a final dataset of 4,703 neutral loci.  

Single-level AMOVA indicated low but significant heterogeneity among samples (FST = 

0.0012, P < 0.0001). Hierarchical AMOVA with samples grouped by management units (CAtl, 

U.S. Atlantic, and Gulf) revealed significant variation among groups (FCT = 0.0017, P < 0.0001; 

Table 4.5) and among populations within groups (FSC= 0.0003, P < 0.0001). Estimates of 

pairwise FST between regions revealed significant differentiation between every pair of regions 

(FST = 0.0001-0.0150, P < 0.0001-0.0392; Table 4.6), but when siblings were removed from the 

dataset, the comparison between the U.S. Atlantic and Gulf was no longer significant (FST = 

0.0000,  P = 0.5144; Table 4.7). Pairwise comparisons of FST for sites within and between the 

U.S. Atlantic and Gulf did not follow a clear trend (Table 4.8). Prior to correction for multiple 

comparisons, six significant pairwise differences were identified between sites, three of which 

were between sites within the Atlantic (FST = 0.0002-0.0003, P = 0.0015-0.0366) and three were 

between one site in the Atlantic and one site in the Gulf (FST = 0.0002-0.0003, P = 0.0082-

0.0366). Most significant comparisons involved South Carolina, which was significantly 

differentiated from northern Florida and Texas in the Gulf (FST = 0.0002, P = 0 0.0310-0.0323), 

as well as both northern and central Florida in the Atlantic (FST = 0.0002-0.0003, P = 0.0015-

0.0025). After correction for multiple comparisons, differences between South Carolina and Gulf 

samples were no longer significant, but divergence between South Carolina and the 
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geographically proximate sites in Atlantic Florida remained. The only differentiation identified 

between Atlantic and Gulf sites that remained significant after correction was between central 

Atlantic Florida and northern Gulf Florida (FST = 0.0003, P = 0.0082). When pairwise FST was 

re-estimated with siblings removed from the dataset, significant differences were no longer 

observed between any sites in the U.S. Atlantic of Gulf (Table 4.9). 

 Individuals grouped a priori by DPS (NAtl vs CAtl) were well discriminated by DAPC, 

and 100% of individuals were assigned back into their geographic group with high posterior 

probabilities of group membership (Figs 4.3, 4.4). When grouped by region (USAtl, Gulf, BZ 

and TD), groups were moderately discriminated (Fig 4.5A). Overall, 75.0% of individuals were 

assigned back to their geographic group, with high proportions for the USAtl, BZ, and TD 

groups (85.4%-100%), but only 53.1% of individuals sampled in the Gulf were assigned back to 

that region, with all other Gulf samples assigned to the USAtl. Posterior probabilities of group 

membership were high for BZ and TD, but variable in the USAtl and Gulf (Fig 4.6A). The 

overall pattern was consistent when the regional DAPC was performed again with siblings 

excluded (Fig 4.5B), but the proportion of individuals assigned back to their group decreased to 

67.5%. Reassignment was still high for the USAtl, BZ, and TD (89.8%-100%), but only 25.8% 

of Gulf individuals were assigned back to that region. Although individuals in the USAtl were 

assigned correctly back in most cases (89.8%), posterior probabilities of group membership were 

generally not high for the USAtl or Gulf (Fig 4.6B). 

 STRUCTURE clustering analysis was also affected by siblings in the data. Initial results 

indicated Δ𝐾 was highest for K= 3 and P(K) was highest for K= 2, but evaluation of independent 

runs for those K values showed that runs were generally consistent, with the exception of one for 

K= 2 in which one of the clusters was composed of individuals that belonged to a sibling group, 
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and the other cluster was composed of individuals that did not have a relative in the dataset. The 

run had lower likelihood and higher variance compared to other runs for K = 2. With the run 

removed, K = 2 was supported as the best K by both metrics and individuals were clustered into 

NAtl and CAtl groups for the most part (Fig 4.7). Three individuals sampled in Atl-FL N and 

two sampled in Gulf FL-N had group membership probabilities of 50-100% to the CAtl cluster, 

but these were groups of siblings and this result is likely an artifact of relatedness. One mature 

male sampled in Belize had an equal membership probability to both clusters and could 

potentially be a vagrant. Additional STRUCTURE runs were performed for the NAtl and CAtl 

clusters individually to identify potentially substructure within each cluster, but no additional 

clusters were identified within either region. STRUCTURE results for the NAtl groups showed that 

Δ𝐾 was highest for K =2, but K =1 had the highest P(K). When STRUCTURE was run with CAtl 

samples, Δ𝐾 was highest for K =3, but P(K) was highest for K = 1. Runs for the CAtl were not 

consistent and individual assignment to clusters varied.   

 
Discussion 
 
 Patterns of genetic variation were assessed among scalloped hammerheads sampled in the 

U.S. Atlantic Ocean, Gulf of Mexico, Belize and Trinidad using several thousand SNP-

containing loci. All analyses supported divergence between the North and central Atlantic. 

Within regions, DAPC and FST-based analyses supported divergence between Belize and 

Trinidad in the central Atlantic, but divergence between the U.S. Atlantic and Gulf was not 

supported when siblings were removed from the dataset. In addition, a Carolina hammerhead and 

scalloped and Carolina hammerhead hybrids were identified in Trinidad, a region in which they 

have not been previously documented.  
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 Assessment of genetic population structure of highly mobile marine species can be 

difficult, partially due to the challenge of collecting unbiased samples (Waples, 1998). When 

tissue samples are obtained from large individuals, it is not known if that individual is native to 

the region in which it was sampled, a migrant, or a vagrant. Although directed sampling of YOY 

of live bearing sharks in nurseries reduces problems associated with collecting samples from 

large individuals, it can lead to the introduction of another source of bias. Reproductive 

philopatry, in which females return to the same region or site for parturition, has been 

documented in many shark species (Chapman et al., 2015), and samples obtained from 

individual nurseries may have an increased probability of containing related individuals, and 

inclusion of related individuals in population genetic datasets can lead to erroneous conclusions 

of population divergence (Allendorf and Phelps, 1981). This effect has been previously noted in 

school sharks (Galeorhinus galeus), a commercially important species in Australia and New 

Zealand (Devloo‐Delva et al., 2019), for which conclusions regarding connectivity between 

Australian and New Zealand stocks differed significantly when nonrandom siblings were 

included in or removed from the dataset. Determining which siblings should be retained or 

removed remains a challenge when related individuals are present within population genetics 

datasets (Waples and Anderson, 2017). Some consider it standard practice to remove one sibling 

from each pair prior to analyses, however, siblings naturally occur in populations and the 

presence or absence of related individuals in a sample is in part related to the number of breeders 

and the breeding system of a population. Thus, removing siblings can lead to the removal of 

biologically important signal and it is important to consider which sibling pairs are detected as a 

result of sampling and which are detected as a result of population dynamics (Waples and 

Anderson, 2017). In this study, siblings sampled in the same place on the same day were 
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considered nonrandomly sampled and eight nonrandomly sampled sibling pairs were identified 

and removed, which left 9 FS and 55 HS pairs in the dataset. The related individuals that 

remained did not greatly influence overall conclusions, however, some unexpected differences in 

pairwise FST were resolved when all siblings were removed, suggesting patterns were indicative 

of female nursery-site fidelity rather than long-term gene flow.   

 Previous studies that assessed genetic population structure of scalloped hammerheads in 

the western Atlantic reported divergence between the North, central, and South Atlantic, a 

pattern that was supported by both mtDNA (Chapman et al., 2009) and microsatellites (Pinhal et 

al., 2020). While sampling in this study does not extend to Brazil at the southern end of the 

species distribution in the western Atlantic, the data support previous findings of structure 

between the North and central Atlantic, a pattern also observed in blacktip sharks (Carcharhinus 

limbatus), another large coastal species with a similar life history (Keeney et al., 2005). Other 

studies of population structure across the western Atlantic in large-bodied, widely distributed 

sharks have generally found evidence of structure between the North and South Atlantic with 

mtDNA (e.g. silky sharks Carcharhinus falciformes, Domingues et al., 2018; dusky sharks C. 

obscurus, Benavides et al., 2011; tiger sharks Galeocerdo cuvier, Bernard et al., 2016; Carmo et 

al., 2019). For some species, structure was supported by maternally inherited mtDNA, but not by 

bi-parentally inherited microsatellites, such as and night sharks, (C. signatus, Domingues et al., 

2019), suggesting these patterns are largely driven by philopatric behavior of female sharks with 

male-mediated gene flow (Chapman et al., 2015). For scalloped hammerheads, evidence of 

divergence across the western Atlantic in nuclear DNA reported here and in other recent studies 

(Pinhal et al., 2020) suggests movements of male scalloped hammerheads may be somewhat 

limited on a broad scale.    
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 Studies of population structure of sharks in the western Atlantic have generally included 

few (or no) samples from the Caribbean Sea and patterns of gene flow across the region are not 

well understood. Some evidence of genetic heterogeneity between Caribbean reef sharks (C. 

perezi) sampled in Belize, Cayman Islands, and U.S. Virgin Islands was found using mtDNA, 

but results were not consistent among metrics, and no evidence of differentiation was found 

using microsatellites (Bernard et al., 2017). An assessment of genetic structure of night sharks 

(C. signatus) in the western Atlantic with mtDNA and microsatellites included samples from 

Belize and Venezuela (Domingues et al., 2019) but significant variation was not detected 

between the sites, although sample sizes were small (Belize = 14, Venezuela = 6). The data here 

provide evidence of divergence between Belize in the western Caribbean and Trinidad in the 

southeastern Caribbean. DAPC, AMOVAs, and pairwise FST values suggest the sites are 

differentiated, but the STRUCTURE results were not consistent, likely due to the small sample size 

in Belize (n = 7). The Caribbean region is composed of numerous independent nations with 

varying fishing regulations and levels of enforcement (Kyne et al., 2012), presenting a 

significant conservation challenge. Scalloped hammerheads in the Central and Southwest 

Atlantic DPS to which the Caribbean belongs, are listed as Threatened under the ESA (NMFS, 

2014), and overexploitation through artisanal fishing has been identified as the primary threat to 

species persistence in the Caribbean (Miller et al., 2013). Significant declines in shark 

abundance, including hammerheads, have been reported in Belize (Graham, 2007), and in 

Trinidad immature scalloped hammerheads are among the most commonly caught species in 

shark fisheries (FAO Western Central Atlantic Fishery Commission, 2018). The existence of 

multiple management units within the greater Central and Southwest Atlantic DPS could 

increase the risk of extirpation in parts of the DPS, and further research with larger sample sizes 
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and expanded geographic coverage of the DPS is needed to better elucidate population 

connectivity within the region.  

The identification of a Carolina hammerhead and hybrids (two F1 hybrids and two 

scalloped hammerhead backcrosses) in Trinidad is the first documented occurrence of the species 

in the central Atlantic. Carolina hammerheads are primarily known to occur off the coast of the 

southeastern U.S. (Quattro et al., 2013; Barker et al., 2019), and three Carolina hammerheads 

identified off the coast of southern Brazil are the only other confirmed occurrence of the species 

in another region (Pinhal et al., 2012). Size data were available for the Carolina hammerhead, 

one F1 hybrid, and one scalloped hammerhead backcross, and all were small juveniles (fork 

length = 736.6-1000.0 mm). The presence of Carolina hammerheads in the region has significant 

management implications. If what was thought to be scalloped hammerheads in the region is 

actually two species, the scalloped hammerhead stock in the eastern Caribbean may be more 

imperiled than what is currently believed, and Carolina hammerheads likely threatened as well. 

More research is needed to better understand the distribution and abundance of Carolina 

hammerheads in the Caribbean.  

 Previous studies have produced conflicting evidence regarding the connectivity of 

scalloped hammerheads in the U.S. Atlantic and Gulf. Assessments of mtCR haplotypes have 

indicated the regions belong to the same stock (Duncan et al., 2006; Chapman et al., 2009), but 

more recently, strong divergence was detected with microsatellites (Daly-Engel et al., 2012). In 

the present study, differentiation between the U.S. Atlantic and Gulf was weak and appeared to 

be driven by female behavior rather than gene flow, as the signal went away when randomly 

sampled siblings were removed. Pairwise FST between the regions was low but very weakly 

significant (FST = 0.0001, P = 0.0392), and although some estimates of pairwise FST between 
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individual sites were significant, the pattern was not consistent with divergence between the 

regions. More differences were observed within the U.S. Atlantic than between the U.S. Atlantic 

and Gulf and involved sites in which a relatively high number of siblings were identified. 

Further, significant differences were no longer observed when siblings were removed from the 

dataset. While differentiation at nuclear markers between the U.S. Atlantic and Gulf appears to 

be common in smaller coastal sharks (Portnoy et al., 2014, 2015, 2016), patterns are not as 

consistent among other large coastal sharks with similar life histories and dispersive capability to 

scalloped hammerheads. For example, divergence between the U.S. Atlantic and Gulf has been 

observed in blacktip sharks using mtDNA and microsatellites (Keeney et al., 2005), while 

divergence was only supported with mtDNA in bull sharks (C. leucas; Sandoval Laurrabaquio-A 

et al., 2019). Although mtDNA was not evaluated here, the high number of half siblings sampled 

in the same nursery across cohorts provides evidence of female site fidelity (Barker, 

unpublished), and site fidelity coupled with a lack of structure between regions supports the idea 

of male-mediated gene flow (Daly-Engel et al., 2012). Alternatively, the two regions may have 

diverged too recently for structure to be detected using nuclear markers. The reasons for the 

disparity between Daly-Engel et al. (2012) and the present study regarding divergence between 

the U.S. Atlantic and the Gulf are not clear, but given the large number of markers used, 

increased sample size, and greater geographic coverage within each region in the present study, it 

seems unlikely that true population structure would not be detected. 

 Although genetic differentiation was not observed between the U.S. Atlantic and Gulf, it 

is possible that the regions are demographically independent. Few migrants per generation are 

needed to maintain homogeneity between populations, and failure to detect divergence between 

regions does not necessarily mean enough individuals move between regions to make them 
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demographically intertwined (Waples, 1998). Although scalloped hammerheads are capable of 

long-range movements (>1900 km; Bessudo et al., 2011), movements of such distances do not 

appear to be common and data compiled from the NMFS Cooperative Shark Tagging Program 

from 1962-1997 showed 75% of recaptured scalloped hammerheads travelled less than ~500 km, 

with median distance closer to 100 km, (Kohler and Turner, 2001). Although movements across 

the U.S. Economic Exclusion Zone were recorded, including one individual tagged in North 

Carolina and recaptured in Cuba, there were no reports of movement between the U.S. Atlantic 

and Gulf (Kohler et al., 1998). More recently, satellite tracking studies showed limited 

movement of scalloped hammerheads in the Gulf, with no evidence of dispersal into the U.S. 

Atlantic (Wells et al., 2018; Rooker et al., 2019).  

In the U.S., scalloped hammerheads are managed as part of the hammerhead shark 

complex, which also includes great hammerheads and smooth hammerheads (S. zygaena). 

Quotas for the complex are allocated regionally (U.S. Atlantic, eastern Gulf, western Gulf) 

according to the total allowable catch of scalloped hammerheads (NMFS, 2013). The scalloped 

hammerhead stock in the U.S. Atlantic and Gulf is considered overfished with overfishing 

occurring (Hayes et al., 2009; NMFS, 2011), but the species is not thought to be at significant 

risk of extinction in the region due to existing regulatory mechanisms (NMFS, 2014). Similar 

mechanisms are not in place in the Caribbean, and although results were based on small sample 

sizes and should be treated as preliminary, significant population structure across the Caribbean 

increases the potential for extirpation of the species. Management in the Caribbean is difficult 

due to the numerous jurisdictional boundaries, but additional research focused on fine scale 

structure may help identify the regions in which cooperative international conservation measures 

would be most beneficial.  
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Figure 4.1. Map of sampling locations with points colored by site: North Carolina (NC), South 

Carolina (SC), Georgia (GA), Atlantic northern Florida (Atl FL-N), Atlantic central Florida (Atl 

FL-C), Florida Keys (FL-KY), Gulf central Florida (G FL-C), Gulf northern Florida (G FL-N), 

Central Gulf (CG), Texas (TX), Belize (BZ), and Trinidad (TD). Regions are represented by 

shape: United States Atlantic (US Atlantic), Gulf of Mexico (Gulf), Belize, and Trinidad. 
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Figure 4.2. Principal components analysis as an initial assessment of variation between regions: 

U.S. Atlantic Ocean (US Atlantic), Gulf of Mexico (Gulf), Belize, and Trinidad. 

 
Figure 4.3. Density of individuals across discriminant function 1 (DF 1) with individuals 

grouped a priori by ocean (North Atlantic, N Atlantic; central Atlantic, C Atlantic). 
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Figure 4.4. Posterior membership probabilities of individual assignments to groups from DAPC 

analysis grouped a priori by ocean (North Atlantic, N Atlantic; central Atlantic, C Atlantic). 

Individuals in block 1 were sampled in the North Atlantic, individuals in block 2 were sampled 

in the central Atlantic. 

 

Figure 4.5. Scatterplot of DAPC results with individuals grouped a priori by region (U.S. 

Atlantic Ocean, US Atlantic; Gulf of Mexico, Gulf; Belize, and Trinidad) with siblings (A) 

included and (B) removed. 
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Figure 4.6. Posterior membership probabilities of individual assignments to groups from DAPC 

analysis grouped a priori region (U.S. Atlantic Ocean, US Atlantic; Gulf of Mexico, Gulf; 

Belize, and Trinidad) with siblings (A) included and (B) removed. Individuals in block 1 were 

sampled in the US Atlantic, individuals in block 2 were sampled in the Gulf, individuals in block 

3 were sampled in Belize, and individuals in block 4 were sampled in Trinidad. 

 

Figure 4.7. Individual membership probabilities to clusters identified in STRUCTURE analysis for 

K= 2. Individuals in block 1 were sampled in the U.S. Atlantic, individuals in block 2 were 

sampled in the Gulf of Mexico, individuals in block 3 were sampled in Belize, and individuals in 

block 4 were sampled in Trinidad. 
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Table 4.1. Hammerhead species genetically identified in each region. 

Location Scalloped Carolina Great F1 Scalloped BX Carolina BX 
NC 21 17 0 2 0 1 
SC 150 190 1 22 25 7 
GA 66 18 2 4 5 0 
Atl FL-N 197 6 0 0 0 0 
Atl FL-C 166 26 0 4 13 1 
FL-KY 38 0 0 0 0 0 
G FL-C 3 0 0 0 0 0 
G FL-N 113 0 0 0 0 0 
CG 53 0 0 0 0 0 
TX 94 0 2 0 0 0 
BZ 10 0 4 0 0 0 
TD 27 1 0 2 2 0 
Total 938 258 9 34 45 9 
NC, North Carolina; SC, South Carolina;  GA, Georgia; Atl FL-N, Atlantic northern Florida; 
Atl FL-C, Atlantic central Florida; FL-KY, Florida Keys; G FL-C, Gulf central Florida; G FL-
N, Gulf northern Florida; CG, Central Gulf; TX, Texas; BZ, Belize; TD, Trinidad; F1, first-
generation hybrid; BX,  backcross. 
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Table 4.2. Total number of scalloped hammerhead small juveniles (<1000 mm total length), 

large juveniles (>1000 mm total length, Lg. Juv), and mature individuals in the final dataset. 

Location Sm. Juv Lg. Juv Mature Unknown Total 
NC 2 9 9 0 20 
SC 108 0 26 0 134 
GA 48 0 7 0 55 
Atl FL-N 154 0 0 0 154 
Atl FL-C 114 7 1 0 122 
FL-KY 0 21 11 0 32 
G FL-C 3 0 0 0 3 
G FL-N 100 2 0 0 102 
CG 0 28 17 0 45 
TX 71 2 6 0 79 
BZ 3 1 3 0 7 
TD 11 7 0 3 21 
NC, North Carolina; SC, South Carolina;  GA, Georgia; Atl FL-N, Atlantic northern Florida; Atl FL-C, Atlantic 
central Florida; FL-KY, Florida Keys; G FL-C, Gulf central Florida; G FL-N, Gulf northern Florida; CG, Central 
Gulf; TX, Texas; BZ, Belize; TD, Trinidad 

 

Table 4.3. Total number of full sibling (FS) and half sibling (HS) pairs detected within and 

between sites. 

Location FS HS 
NC 1 0 
SC 3 12 
GA 0 1 
Atl FL-N 2 10 
Atl FL-C 7 8 
G FL-N 3 9 
TD 0 1 
NC/Atl FL-N 0 1 
NC/Atl FL-C 0 1 
SC/GA 0 2 
GA/Atl FL-N 0 1 
Atl FL-N/Atl FL-C 1 8 
Atl FL-N/G FL-N 0 1 
Total 17 55 
NC, North Carolina; SC, South 
Carolina; GA, Georgia; Atl FL-N, 
Atlantic northern Florida; Atl FL-C, 
Atlantic central Florida; G FL-N, 
Gulf northern Florida; TD, Trinidad 
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Table 4.4. Total number of randomly sampled full sibling (FS) and half sibling (HS) pairs 

detected within and between sites. 

Location FS HS 
NC 0 0 
SC 2 12 
GA 0 1 
Atl FL-N 2 10 
Atl FL-C 2 8 
G FL-N 2 9 
TD 0 1 
NC/Atl FL-N 0 1 
NC/Atl FL-C 0 1 
SC/GA 0 2 
GA/Atl FL-N 0 1 
Atl FL-N/Atl FL-C 1 8 
Atl FL-N/G FL-N 0 1 
Total 9 55 
NC, North Carolina; SC, South 
Carolina; GA, Georgia; Atl FL-N, 
Atlantic northern Florida; Atl FL-C, 
Atlantic central Florida; G FL-N, 
Gulf northern Florida; TD, Trinidad 

 

Table 4.5. Results of hierarchical analysis of molecular variance with samples grouped by 

management units (central Atlantic Ocean, U.S. Atlantic Ocean, Gulf of Mexico). 

 
 

SS VC %V F P values 
Among groups FCT 2313.428 1.1652 0.1664 0.0017 <0.0001 

Among pop w/in groups FSC 5805.935 0.1968 0.0281 0.0003 <0.0001 
W/in pop FST 10561183.426 698.9086 99.8055 0.0019 <0.0001 

Pop; populations; SS, sum of squares; VC, variance component; %V, percentage of variance; and F, fixation 
index 
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Table 4.6. Pairwise FST (above the diagonal) and p-values (below the diagonal) between regions. 

 U.S. Atlantic (478) Gulf (257) Belize (7) Trinidad (21) 
U.S. Atlantic  0.0001* 0.0051* 0.0150* 

Gulf 0.0392*  0.0048* 0.0143* 
Belize 0.0004* 0.0006*  0.0041* 

Trinidad <0.0001* <0.0001* 0.0030*  
Bolded values significant before correction, * significant after correction for multiple comparisons; sample size 
for each region indicated in parenthesis; U.S. Atlantic, U.S. Atlantic Ocean; Gulf, Gulf of Mexico 

 

Table 4.7. Pairwise FST (above the diagonal) and p-values (below the diagonal) between regions 

with siblings removed. 

 U.S. Atlantic (430) Gulf (249) Belize (7) Trinidad (20) 
U.S. Atlantic  0.0000 0.0050* 0.0145* 

Gulf 0.5144  0.0047* 0.0137* 
Belize 0.0004* 0.0006*  0.0037* 

Trinidad <0.0001* <0.0001* 0.0030*  
Bolded values significant before correction, * significant after correction for multiple comparisons; sample size 
for each region indicated in parenthesis; U.S. Atlantic, U.S. Atlantic Ocean; Gulf, Gulf of Mexico 
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Table 4.8. Pairwise FST (above the diagonal) and p-values (below the diagonal) between sites in 

the U.S. Atlantic Ocean and Gulf of Mexico.   

 NC 
(19) 

SC 
(133) 

GA 
(55) 

Atl FL-
N (154) 

Atl FL-
C (117) 

FL-KY 
(32) 

G FL-
N (101) 

CG 
(45) 

TX 
(79) 

NC  0.0002 0.0000 0.0001 0.0002 0.0001 0.0003 -0.0004 -0.0001 

SC 0.2757  0.0002 0.0002* 0.0003* 0.0003 0.0002 0.0001 0.0002 

GA 0.4469 0.0766  0.0001 0.0000 -0.0002 0.0003 -0.0001 0.0002 

Atl 
FL-N 0.3477 0.0025* 0.1506  0.0002 0.0000 0.0001 -0.0001 0.0002 

Atl 
FL-C 0.2837 0.0015* 0.4150 0.0366  -0.0001 0.0003* 0.0000 0.0001 

FL-
KY 0.3937 0.1298 0.6518 0.4449 0.5649  -0.0004 -0.0003 0.0000 

G FL-
N 0.2253 0.0310 0.0647 0.1721 0.0082* 0.8462  -0.0002 0.0002 

CG 0.8172 0.2780 0.5294 0.6219 0.4266 0.7195 0.6904  -0.0001 

TX 0.5893 0.0323 0.1762 0.0822 0.1577 0.4144 0.0566 0.5811  

Bolded values significant before correction, * significant after correction for multiple comparisons; sample size 
for each region indicated in parenthesis; NC, North Carolina; SC, South Carolina;  GA, Georgia; Atl FL-N, 
Atlantic northern Florida; Atl FL-C, Atlantic central Florida; FL-KY, Florida Keys; G FL-N, Gulf northern 
Florida; CG, Central Gulf; TX, Texas 
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Table 4.9. Pairwise FST (above the diagonal) and p-values (below the diagonal) between sites in 

the U.S. Atlantic Ocean and Gulf of Mexico with siblings removed.   

 NC 
(18) 

SC 
(119) 

GA 
(52) 

Atl FL-
N (141) 

Atl FL-
C (100) 

FL-KY 
(32) 

G FL-
N (93) 

CG 
(45) 

TX 
(79) 

NC  -0.0001 0.0002 0.0000 0.0003 0.0000 0.0001 -0.0005 -0.0002 

SC 0.5489  0.0001 0.0000 0.0000 0.0002 -0.0002 -0.0001 0.0001 

GA 0.3103 0.3181  0.0001 0.0000 -0.0001 0.0000 -0.0001 0.0002 

Atl 
FL-
N 

0.4070 0.2765 0.1756  0.0000 0.0000 -0.0001 -0.0002 0.0001 

Atl 
FL-C 0.2033 0.3297 0.5329 0.2945  -0.0002 -0.0001 -0.0002 0.0000 

FL-
KY 0.4037 0.2034 0.5991 0.4569 0.7351  -0.0005 -0.0003 0.0001 

G 
FL-
N 

0.3229 0.8954 0.4217 0.8718 0.6735 0.9560  -0.0004 0.0000 

CG 0.8378 0.5909 0.5931 0.8079 0.7422 0.7111 0.9621  -0.0001 

TX 0.7344 0.1324 0.1981 0.2116 0.3859 0.4038 0.4015 0.6009  

Sample size for each region indicated in parenthesis; NC, North Carolina; SC, South Carolina;  GA, Georgia; Atl 
FL-N, Atlantic northern Florida; Atl FL-C, Atlantic central Florida; FL-KY, Florida Keys; G FL-N, Gulf northern 
Florida; CG, Central Gulf; TX, Texas 

 

  



  

151 
 

CHAPTER V: THE RELATIVE REPRODUCTIVE IMPORTANCE OF SCALLOPED 

HAMMERHEAD (SPHYRNA LEWINI) AND CAROLINA HAMMERHEAD (S. GILBERTI) 

NURSERIES IN THE WESTERN NORTH ATLANTIC OCEAN EXAMINED THROUGH 

PATTERNS OF SITE FIDELITY AND GENETIC DIVERSITY  

Abstract 
 
 Scalloped hammerheads (Sphyrna lewini) and Carolina hammerheads (S. gilberti) are a 

cryptic species pair that are co-distributed in the western North Atlantic Ocean. Scalloped 

hammerheads have experienced global declines in abundance, primarily due to overfishing, and 

are listed as Critically Endangered globally by the International Union for the Conservation of 

Nature. The status of Carolina hammerheads has not been assessed but given their restricted 

range and low abundance in the U.S. Atlantic relative to scalloped hammerheads, population size 

and genetic diversity may be low. Both species exhibit a reproductive strategy in which 

parturition takes place in or near coastal nursery habitat, to which females may be philopatric, 

and some nurseries may have greater reproductive potential than others. Therefore, 

understanding patterns of female site fidelity, and the relative number of breeders using specific 

nurseries, is important for conservation and management. To this end, genomic data were used to 

estimate relatedness of young-of-the-year (YOY) within and among nurseries as a proxy for 

female site fidelity, the effective number of breeders (Nb), expected heterozygosity (HS), and 

allelic richness (AR) for four scalloped hammerhead nurseries in the U.S. Atlantic and Gulf of 

Mexico, and one Carolina hammerhead nursery in the U.S. Atlantic. Seventeen full sibling (FS) 

and 54 half sibling (HS) pairs were identified among scalloped hammerheads, and 7 FS and 10 

HS among Carolina hammerheads. For scalloped hammerheads, 77.8% of HS caught across 

cohorts were sampled in the same nursery, while 72.7% of Carolina hammerhead HS caught 
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across cohorts were sampled in the same nursery. Estimates of scalloped hammerhead Nb 

calculated with the linkage disequilibrium (LD) and sibship frequency (SF) methods were similar 

among nurseries, with Tolomato River in the U.S. Atlantic having the highest estimates (LD Nb = 

2344.6, SF Nb = 1907) and the Florida Panhandle in the Gulf having the lowest estimates (LD Nb 

= 1282.1, SF Nb = 1320). No significant differences in HS were observed between nurseries (HS = 

0.297-0.298), though differences in AR were identified (2.478-2.493). Carolina hammerheads had 

higher Nb in Bulls Bay, SC than scalloped hammerheads (LD Nb  = 2596.6 and 1539.0, 

respectively), but had lower levels of HS (0.204) and AR (2.078), and Nb for the overall U.S. 

Atlantic region was smaller for Carolina hammerheads (LD Nb  with siblings = 2781.6; without 

siblings = 6549.3) than scalloped hammerhead (LD Nb  with siblings = 5521.4; without siblings = 

15,795.6). Overall, the data suggest female scalloped hammerheads display site fidelity, and 

individual nurseries support progeny from similar numbers of breeders. Additionally, lower 

levels of genetic diversity in Carolina hammerheads are consistent with the lower regional 

estimates of Nb, supporting the idea that the Carolina hammerhead population is small relative to 

the western North Atlantic population of scalloped hammerheads.  

 
Introduction 
 
 Molecular methods have become an important tool for elasmobranch (sharks, skates, and 

rays) management and conservation (Dudgeon et al., 2012). Many species possess life history 

characteristics that make it difficult for populations to rebound once exploited, such as late age at 

maturity, slow growth rates, and low fecundity relative to bony fishes (Musick et al., 2000). A 

recent assessment by the International Union for the Conservation of Nature (IUCN) Shark 

Specialist Group reported that 18.8% of elasmobranchs are threatened with extinction (IUCN, 

2019). Scalloped hammerheads (Sphyrna lewini) are among those of highest extinction risk and 
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are listed as Critically Endangered on the IUCN Red List (Rigby et al., 2019). A number of 

factors have contributed to the global decline of scalloped hammerheads, including schooling 

behavior that makes it easy to capture many individuals at once (Klimley and Nelson, 1981; 

Klimley, 1985), high fishing mortality (Morgan and Burgess, 2007; Gallagher et al., 2014; Gulak 

et al., 2015), and high value in the global fin trade market (Abercrombie et al., 2005). Scalloped 

hammerheads are listed as Threatened or Endangered under the U.S. Endangered Species Act 

(ESA) throughout most of their range, with the exception of the central Pacific, and western 

North Atlantic and Gulf of Mexico (NMFS, 2014). The scalloped hammerhead stock in U.S. 

waters of the western North Atlantic (U.S. Atlantic) and Gulf of Mexico (Gulf) has been reduced 

by 83% compared to virgin stock size (Hayes et al., 2009), and the last assessment conducted by 

the National Marine Fisheries Service determined the stock was presently overfished and 

overfishing was ongoing (NMFS, 2011). Despite this, the U.S. Atlantic and Gulf were not listed 

under the ESA due to existing regulatory measures deemed sufficient such that extinction risk is 

not high in the region (NMFS, 2014).  

 Recovery of the scalloped hammerhead stock in the U.S. Atlantic is complicated by the 

presence of the Carolina hammerhead (S. gilberti), a sympatrically distributed cryptic species 

(Quattro et al., 2013). There are no known external morphological characters that can be used to 

distinguish Scalloped and Carolina hammerheads, but they can be identified by nonoverlapping 

precaudal vertebrae counts (Carolina hammerhead 83-91, scalloped hammerhead 92-99) or 

molecular methods (Quattro et al., 2013). Carolina hammerheads are primarily found in the U.S. 

Atlantic from North Carolina to Florida (Barker, unpublished; Quattro et al., 2013), but a handful 

of individuals have also been identified in the central and South Atlantic (Barker, unpublished; 

Pinhal et al., 2012). Genetic identification of putative scalloped hammerheads in the U.S. 
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Atlantic revealed >25% were Carolina hammerheads, but abundance was heavily concentrated in 

South Carolina (Barker, unpublished). Recent research has focused on Carolina hammerhead 

juveniles and little is known about adults, but hybridization has been documented between 

scalloped and Carolina hammerheads, suggesting that adult habitat overlaps, at least partially 

(Barker et al., 2019). Previous stock assessments for scalloped hammerheads in the U.S. Atlantic 

therefore likely included data from both species, and abundance of scalloped hammerheads may 

be lower than previously believed.   

 Scalloped and Carolina hammerheads depend on coastal nursery habitats for parturition 

(Branstetter, 1990; Quattro et al., 2006). Coastal nurseries are typically found in bays and 

estuaries and are thought to provide young with food resources and/or protection from predators 

(Heupel et al., 2007). Three specific requirements must be met for an area to be defined as a 

shark nursery: (1) juvenile sharks are observed there more frequently than other areas, (2) 

juvenile sharks remain in the area for an extended period of time, and (3) the area is regularly 

used across years (Heupel et al., 2007). In the U.S. Atlantic, nurseries for scalloped 

hammerheads have been identified in coastal waters of South Carolina, primarily in Bulls Bay, 

SC (Castro, 1993; Ulrich et al., 2007) and Cape Canaveral, FL (Adams and Paperno, 2007). The 

Tolomato River, FL is also likely a nursery for scalloped hammerheads based on frequent 

observation of young-of-the-year (YOY) in the area compared to other areas (Wargat and 

Gelsleichter, unpublished). In the Gulf, scalloped hammerhead YOY are commonly observed in 

Florida bays between Apalachicola and Panama City (hereafter FL Panhandle Bethea et al., 

2015), and additional nursery habitat may exist in Corpus Christi Bay and beaches along the 

lower Texas coast (Hueter and Tyminski, 2007; Swift and Portnoy, 2020). Carolina hammerhead 



  

155 
 

YOY have been observed in Cape Canaveral and other nearshore water off the southeast U.S., 

but are primarily found in Bulls Bay (Barker, unpublished; Quattro et al., 2006).  

 The predictable use of nursery habitat at a distinct life stage provides an ideal system in 

which molecular tools can be applied to learn information important for management, such as 

habitat usage, genetic diversity, and population size. Reproductive philopatry in which female 

sharks return to the same region or nursery site for parturition has been documented in several 

species (Dudgeon et al., 2012; Portnoy and Heist, 2012; Chapman et al., 2015). Evidence for 

reproductive philopatry is indirectly inferred when significant population structure is observed 

with maternally inherited mitochondrial DNA (mtDNA), but not with bi-parentally inherited 

nuclear DNA markers (Karl et al., 2011; Tillett et al., 2012), a pattern that has been observed in 

a number of shark species including scalloped hammerheads (Chapman et al., 2009; Daly-Engel 

et al., 2012). Sampling of juvenile sharks over multiple years and subsequent kinship analysis 

and parentage assignment has been used to directly identify female nursery site philopatry 

(Feldheim et al., 2004, 2014; Mourier and Planes, 2013). Reconstruction of parental genotypes is 

difficult when candidate parents have not been sampled and there is no prior knowledge of the 

relationships among sampled offspring, but sibship reconstruction can be used to infer patterns of 

parentage instead (Jones et al., 2010). Evaluation of kinship in shark nurseries across a broad 

spatial and temporal scale can provide evidence of site fidelity for female sharks by determining 

if siblings are more frequently found in the same nursery or are distributed randomly among 

nurseries. If site fidelity is high, nurseries may support separate portions of the female breeding 

population, which has significant management implications (Hueter et al., 2004) and can also 

lead to local adaptation over time (Portnoy et al., 2015). Coastal nursery habitats are often in 

close proximity to human development and are particularly vulnerable to anthropogenic impacts 
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and habitat degradation (Knip et al., 2010), and loss of appropriate nursery habitat could be a 

significant threat to species persistence if fidelity is high.  

 Measures of genetic diversity also provide information about the relative reproductive 

and adaptive potential of individual nurseries. Genetic diversity relates directly to a population’s 

ability to respond to change, and the maintenance of genetic diversity is critical to population (or 

species) persistence (Ovenden et al., 2015; Funk et al., 2019). Both natural and anthropogenic 

factors can contribute to the loss of genetic diversity, including disease, selection, habitat loss, 

hybridization, and overharvest (Ryman et al., 1995). Contemporary effective population size (Ne) 

is one of the primary parameters used to evaluate genetic diversity in populations (Luikart et al., 

2010). Contemporary Ne is the size of an idealized population that would experience the same 

rate of allele change (via drift and inbreeding) as the population of study and thus provides 

information about the evolutionary potential of populations (Wright, 1931). Therefore, estimates 

of Ne can be used to identify populations of conservation concern and detect changes in 

population size (Luikart et al., 1998, 2010; Hare et al., 2011). For several decades, it was thought 

that a minimum Ne of 50 is necessary to avoid the negative effect of inbreeding and a minimum 

Ne of 500 is necessary to maintain long term evolutionary potential (the 50/500 rule; Franklin, 

1980) and while some still support this guideline (Jamieson and Allendorf, 2012), others have 

argued that a 100/1000 rule (Frankham et al., 2014), or potentially up to 5000 (Nunney and 

Campbell, 1993; Lande, 1995), may be more appropriate.  

Effective population size is difficult to estimate in species with overlapping generations, 

in which case a similar measure, the effective number of breeders (Nb), can be estimated, which 

applies only to breeders that produced sampled cohorts (Waples, 2005; Waples and Antao, 

2014). Estimates of Nb for individual nurseries are useful from a management perspective 
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because they provide direct information about the sampled cohort within a nursery (Waples and 

Antao, 2014), can be compared to understand the relative number of breeders across nurseries, 

and can also be monitored over time to identify changes in relative abundance (Schwartz et al., 

2007; Luikart et al., 2020).  

In addition to Ne and Nb, expected heterozygosity (HS) and allelic richness (AR) can used 

to quantify and monitor genetic diversity within populations (Schwartz et al., 2007). 

Heterozygosity is the proportion of heterozygotes expected under Hardy-Weinberg equilibrium 

(Nei, 1973), and allelic richness is the number of alleles at a given locus. Heterozygosity is 

important for a population’s immediate persistence, while AR is thought to be more important for 

long term species persistence (Allendorf, 1986; Petit et al., 1998). 

In this study, genetic data generated from double-digest restriction associated DNA 

(ddRAD) sequencing were used to evaluate the reproductive potential of four scalloped 

hammerhead nurseries and potential nurseries (hereafter nurseries) in the U.S. Atlantic and Gulf 

of Mexico, and one Carolina hammerhead nursery in the U.S. Atlantic (Fig 5.1). Estimates of 

relatedness among YOY were used to evaluate the proportion of half siblings across cohorts that 

were sampled in the same nursery versus a different nursery. A high proportion of half siblings 

identified in the same nursery across separate years indicates female sharks are faithful to 

parturition sites. If site fidelity is high, each nursery supports the reproductive effort of a semi-

independent portion of the breeding population. Genetic diversity and the effective number of 

breeders were estimated and compared among nurseries to determine if nursery use is equivalent, 

or if particular nurseries support a higher number of breeders and whether nurseries had similar 

levels of evolutionary potential. An understanding of the relative importance of nursery habitats 

to long term adaptive potential, as well as the relative importance to specific individuals, is 
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important for characterizing habitat usage at a critical life stage and can help prioritize 

management. 

 
Methods 
 
 Samples were collected from 1,245 hammerheads in the U.S. Atlantic and Gulf from 

2012-2019 (Fig 5.2). Genomic DNA was extracted with a Mag-Bind® Blood & Tissue DNA Kit 

(Omega Bio-Tek), and preparation of ddRAD libraries followed a modified Peterson et al. 

(2012) protocol as described in Barker et al. (2019). Libraries were sequenced on eleven lanes of 

an Illumina HiSeq 4000 DNA sequencer. Each library contained samples from multiple locations 

to minimize library effects, as well as replicate individuals to be used to assess genotyping error. 

Individuals were identified using panels of diagnostic single nucleotide polymorphisms (SNPs) 

as described in Barker et al. (2019). Briefly, the first diagnostic panel was used to identify great 

hammerheads, and a second panel was used to identify scalloped and Carolina hammerheads. 

Great hammerheads and potential hybrids were removed from the dataset. Following species 

identification, the DDOCENT pipeline (Puritz et al., 2014) was used to map scalloped and 

Carolina hammerheads to species-specific references and call SNPs. Raw variants were 

extensively filtered with VCFTOOLS (Danecek et al., 2011). Individuals with greater than 25% 

missing data were removed from the dataset. Sites with a sequence quality score less than 20 and 

genotypes with a quality score less than 30 were removed. Loci were filtered for a genotype call 

rate of 0.90, a minimum allele count of 3, a minimum depth of 5, a mean minimum depth of 15, 

and maximum depth of 200. Indels were removed and DDOCENT filters for mapping quality ratio, 

quality to depth ratio, allele balance, strand bias, and properly paired status were implemented 

(https://github.com/jpuritz/dDocent/blob/master/scripts/dDocent_filters). Loci with more than 

10% missing data in any single sampling region (scalloped hammerheads only) were removed 
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from the dataset, as well as loci with 15% (scalloped hammerheads) or 25% (Carolina 

hammerheads) missing data within any single library. Inbreeding coefficients (FIS) were assessed 

to identify and remove problematic individuals. Low values of FIS can be an indicator of sample 

contamination, while high FIS suggests a high rate of false homozygotes. Individuals were 

removed if they had FIS greater less than -0.5 or FIS greater than 0.25 with more than 10% 

missing data. Library effects were evaluated by performing a PCA. If individuals grouped by 

sequencing run, the loci that contributed most to this pattern were removed. This was repeated 

until there was no longer any clear grouping by sequencing run. Individual SNP genotypes on the 

same fragment were phased into multi-allelic SNP-containing loci (hereafter loci) with the 

program RAD_HAPLOTYPER to account for physical linkage as well as to identify paralogous loci 

manifest as loci with too many or too few haplotypes for an individual given its genotype (one 

for a homozygote, two for a heterozygote; Willis et al., 2017). Loci were removed if they were 

haplotyped in less than 90% of individuals, identified as a possible paralog in more than 5% of 

individuals, flagged with possible genotyping error in more than 1% of individuals, or contained 

>10 SNPs or >12 haplotypes. Individuals haplotyped at less than 90% of loci were removed. 

Replicate individuals were examined across libraries, and loci that had mismatched genotypes in 

one or more replicate pairs were removed. One individual from each replicate pair was removed 

from the final data set.  

 Pairwise relatedness (r), and 95% confidence intervals, were estimated using the triadic 

likelihood method (Wang, 2007) as implemented in the R package RELATED  (Pew et al., 2015). 

The triadic method uses a third individual as a reference when estimating r to reduce the chance 

that loci identical by state are mistaken for identical by descent, thus reducing overestimation of 

relatedness. The method also takes inbreeding and genotyping error into account, and generally 
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performs better than other commonly used estimators of r (Wang, 2007). Pairs of individuals 

with r > 0.4 were considered full siblings (FS) or parent/offspring (PO). Pairs of individuals with 

values between 0.2 and 0.4 were considered half sibling (HS), avuncular, or 

grandparent/grandchild relationship, and capture dates and length measurements were used to 

infer the type of relationships between pairs. YOY that were captured in the same location on the 

same day were considered to be nonrandomly sampled, and one individual from each nonrandom 

sibling pair was removed for analyses. Polyandrous mating and female reproductive philopatry 

are common reproductive behaviors of elasmobranchs (Byrne and Avise, 2012; Portnoy and 

Heist, 2012; Chapman et al., 2015), and gene flow is often male-mediated in large coastal sharks 

(Keeney et al., 2005; Portnoy et al., 2010; Daly-Engel et al., 2012; Sandoval Laurrabaquio-A et 

al., 2019). As a result, HS are more likely to be related maternally than paternally (Feldheim et 

al., 2004). Therefore, nursery site fidelity of female scalloped and Carolina hammerheads was 

assessed by comparing the proportion of half sibling YOY identified across cohorts and sampled 

in the same nursery to those sampled in different nurseries. Only YOY pairs were considered 

because older juveniles have the potential to move between nurseries.  

 The effective number of breeders (Nb) was estimated for each nursery using the linkage 

disequilibrium (LD) method (Hill, 1981) as implemented in the program NEESTIMATOR V2.1 

(Do et al., 2014). Alleles with a frequency of <0.02 were excluded from analysis, and 95% 

confidence intervals were generated using the jackknife method. Estimates of Nb were generated 

for nurseries and the overall U.S. Atlantic and Gulf regions. Although siblings retained were 

randomly sampled in the context of nursery-level population dynamics, they are not randomly 

sampled in the context of the breeding population as a whole. Therefore, regional estimates were 

also calculated with one individual from every sibling pair removed. The sibship frequency (SF) 
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method (Wang, 2009) implemented in COLONY2 (Jones and Wang, 2010) was also used to 

estimate Nb for nurseries. Five runs were conducted for each nursery individually with the full 

likelihood method, high precision, long run length, and a strong sibship prior of 1 because most 

individuals were known to be unrelated. A polygamous mating system was set for both females 

and males with no inbreeding, and allele frequencies calculated from the entire dataset were 

used. Sibling pairs were not pre-defined based on earlier estimates, however the sibship method 

assumes that any siblings present in the data are randomly sampled, thus any nonrandomly 

sampled sibling pairs identified previously were removed prior to analysis.  

 The R package HIERFSTAT (Goudet, 2005) was used to estimate gene diversity (HS) and 

POPGENREPORT was used to estimate rarefied allelic richness (AR) for scalloped and Carolina 

hammerhead nurseries. Friedman’s tests were used to determine if diversity estimates were 

homogenous among scalloped hammerhead nurseries, and post-hoc Wilcoxon signed rank tests 

were used for pairwise nursery comparisons. P-values were corrected for multiple comparisons 

using a false discovery rate procedure (Benjamini and Hochberg, 1995).   

 
Results 
 
 In total 901 scalloped hammerheads, 257 Carolina hammerheads, 5 great hammerheads, 

and 84 individuals with mixed scalloped and Carolina hammerhead ancestry (first generation 

hybrid = 32, scalloped hammerhead backcross = 43, Carolina hammerhead backcross = 9; Table 

5.1) were identified. After extensive filtering, the final dataset of scalloped hammerheads 

contained 4,708 loci and 764 individuals (Table 5.2), and the final dataset of Carolina 

hammerheads contained 1,945 loci and 220 individuals (Table 5.3). Mature individuals and large 

juveniles (>1000 mm; 146 scalloped hammerheads, 9 Carolina hammerheads) were included in 

relatedness analysis only.  
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 Seventeen FS relationships were identified among scalloped hammerheads, with the most 

(7) found in Cape Canaveral (Figure 5.3; Table 5.4). Fifty-four scalloped hammerhead HS pairs 

were detected, with the most (11) found in Bulls Bay. Two HS pairs in FL Panhandle and one in 

Bulls Bay were YOY sampled in the same year and likely belonged to multiply sired litters. For 

twelve HS pairs, one or both individuals were small or large juveniles, and their natal nursery 

was not inferred. Of the remaining cross-cohort YOY HS pairs, 77.8% were sampled in the same 

nursery (Table 5.5). Most detections of HS across nurseries occurred between nurseries in 

relatively close proximity to each other (Fig 5.4), with the most between Tolomato River and 

Cape Canaveral (4). The exception was one pair in which one YOY was sampled in the Florida 

Panhandle on the Gulf Coast in 2016, and the other YOY sampled in Tolomato River on the 

Atlantic Coast of Florida in 2018. Seven FS pairs and nineteen HS pairs were identified among 

Carolina hammerheads, with the most related individuals identified in Bulls Bay (3 FS, 8 HS; 

Figure 5.5; Table 5.6). Evidence of multiple paternity was also observed in Carolina 

hammerheads, with one pair of YOY HS sampled in the same year and a family group of a FS 

pair and their HS were also sampled on the same day, both in Cape Canaveral. Of the HS 

identified across cohorts, three pairs included at least one non-YOY individual and were 

excluded from fidelity assessment. Of the remaining cross-cohort HS pairs, 72.7% were sampled 

in the same nursery (Fig 5.6; Table 5.7). Eight scalloped hammerhead FS and 5 Carolina 

hammerhead FS pairs were nonrandomly sampled (sampled in the same place on the same day), 

and one sibling from each nonrandom pair was removed from downstream analyses. Sibling 

reconstruction in COLONY2 was reviewed for congruence with relationships assigned with the 

triadic method. Since COLONY2 was run separately for each nursery to get nursery specific Nb 

estimates, only sibships identified within nurseries were compared. Full sibling assignments 
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were the same between methods, and all HS pairs identified with the triadic method were also 

identified by COLONY2. However, COLONY2 identified 1-6 additional HS pairs in every 

scalloped hammerhead nursery (12 total) that were supported with high assignment probabilities 

(0.99-1.00), except for two HS pairs in Tolomato River (0.11-0.53).  COLONY2 also identified an 

additional six Carolina hammerhead HS pairs, but assignment probabilities of all but one pair 

(1.00) were low (0.01-0.57). As a conservative approach to sibling assignment, these additional 

HS were not considered in assessments of site fidelity.  

 Most FS scalloped hammerhead pairs were YOY sampled in the same year in the same 

nursery, with two exceptions. First, one FS pair was two large mature males (total length 2,620 

mm and 2,800 mm), both sampled on the same day near St. Helena Sound, SC in 2019. In 

addition, a parent-offspring relationship was detected between one of these males and a YOY 

sampled in Bulls Bay, SC in 2013. Although the relatedness coefficient between the YOY and 

other mature male did not quite meet the designated threshold (r = 0.18), the upper bound of the 

95% confidence interval supported an avuncular relationship between the pair (95% CI: 0.14-

0.21).  The second FS pair was between a YOY (TL = 450 mm) sampled in Cape Canaveral, FL 

in 2014 and a small juvenile (TL = 1,000 mm) sampled approximately 100 miles north of Cape 

Canaveral near St. Augustine, FL in 2016. Given the size of the juvenile captured two years later, 

these are likely individuals from the same litter.  

 Inspection of sibling pairs revealed several small family groups of multiple related 

individuals (3-4 individuals) in both species. In most cases, families were composed of a FS pair 

and their HS, or groups of HS. For some HS groups, one individual was found to have a HS 

relationship with two other individuals that were unrelated to each other, suggesting at least one 

HS pair was paternally related (Fig 5.7). One large 7-member group was identified among 
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scalloped hammerheads, which was composed primarily of YOY from FL Panhandle and one 

YOY from Tolomato River. Evaluation of relatedness coefficients between all family members 

suggested the group was composed of a combination of paternal and maternal HS and cousins 

(Fig 5.8). 

 Minimum estimates of Nb generated with the LD method for scalloped hammerheads 

nurseries ranged from 643.5 (FL Panhandle) to 1,245.1 (Tolomato River), and point estimates 

ranged from 1,282.1 (FL Panhandle) to 2,344.6 (Tolomato River; Table 5.8). Finite upper 

bounds were obtained for all scalloped hammerhead nurseries and ranged from 6,068.9 (Cape 

Canaveral) to 28,361.0 (FL Panhandle). In Bulls Bay, Carolina hammerhead Nb was estimated at 

2,596.6 (95% CI: 1,522.4-8,433.5). Regional estimates of LD Nb were 5,521.4 and 2,684.2 for 

scalloped hammerheads in the U.S. Atlantic and Gulf respectively, and 2,781.6, for Carolina 

hammerheads in the U.S. Atlantic (Table 5.9). When siblings were removed, regional estimates 

were 15,795.6 and 6,388.2 for scalloped hammerheads in the U.S. Atlantic and Gulf, and 6,549.3 

for Carolina hammerheads in the U.S. Atlantic (Table 5.10). Estimates of Nb for each nursery 

generated with the SF method in COLONY2 generally fell within the bounds of the LD estimates 

(Table 5.11). Minimum estimates for scalloped hammerheads ranged from 851 (FL Panhandle) 

to 1,240 (Tolomato River), and point estimates ranged from 1,320 (FL Panhandle) to 1,907 

(Tolomato River). For Carolina hammerheads in Bulls Bay, estimates were larger than those 

observed with the LD method (4,061, 95% CI: 2,497-10,141).   

 Scalloped hammerhead HS ranged from 0.297-0.298 and was highest in Bulls Bay (Table 

5.12). The Friedman’s test for scalloped hammerhead HS was weakly significant (P = 0.0439), 

however, pairwise Wilcoxon signed rank tests were not significant between any nurseries. 

Scalloped hammerhead AR was significantly different among nurseries (P < 0.001) and was 
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lowest in FL Panhandle (2.478) and highest in Tolomato River and Cape Canaveral (2.93). 

Pairwise Wilcoxon signed rank tests indicated that Tolomato River had significantly greater AR 

than all other nurseries (P<0.001-0.023), and FL Panhandle had significantly greater AR than 

Bulls Bay (P <0.001) despite a slightly lower mean (Bulls Bay AR = 2.480, FL Panhandle AR = 

2.478; Fig 5.9). Estimates of diversity for Carolina hammerheads in Bulls Bay were lower than 

those for scalloped hammerheads in any nursery area (HS = 0.204, AR = 2.078).   

 
Discussion 
 
 Of 764 scalloped hammerheads and 220 Carolina hammerheads assessed, 71 and 26 pairs 

of related individuals (r > 0.2) were identified, respectively. Half siblings of both species that 

were identified across cohorts were more frequently sampled in the same nursery than in 

different nurseries, suggesting female fidelity to parturition sites may be high. Estimates of 

scalloped hammerhead genetic diversity did not reveal large differences in reproductive 

potential, but there was some evidence that the Tolomato River nursery may support a higher 

number of breeders than FL Panhandle in the Gulf. Carolina hammerhead estimates of Nb were 

higher in Bulls Bay compared to scalloped hammerheads in Bulls Bay, but were lower when 

estimates were made for the U.S. Atlantic overall, and estimates of genetic diversity were lower 

in Carolina hammerhead as well.   

 Many related individuals within and among nurseries were detected (scalloped 

hammerhead FS = 17, HS= 54; Carolina hammerhead FS = 7, HS = 19). Siblings were identified 

in all sampled regions in the U.S. Atlantic, but only in the FL Panhandle in the Gulf.  The lack of 

siblings in the central Gulf and Florida Keys is not surprising, given that tissues mostly come 

from large juveniles and adults and were not collected in nursery habitat. Samples in Texas were 

primarily collected from YOY or small juveniles in potential nurseries (Hueter and Tyminski, 
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2007; Swift and Portnoy, 2020) and the overall sample size was relatively large (n = 78), but 

sampling effort was spread across the Texas coastline and sample sizes for individual nurseries 

were low (n = 4-21).  

 Previous research has documented regional philopatry in scalloped hammerheads 

(Chapman et al., 2009; Daly-Engel et al., 2012), meaning that females return as adults to the 

region in which they were born for reproduction (Chapman et al., 2015). However, strong direct 

evidence of natal philopatry, in which sharks return to their specific natal nursery for 

reproduction, is limited (Mourier and Planes, 2013; Feldheim et al., 2014), largely due to the 

logistical difficulties of acquiring direct evidence from species with late age to maturity. 

Although our data cannot be used to infer the birthplace of mothers, the identification of 

numerous HS within nurseries across cohorts indicates that many females returned to the same 

region/site for reproduction multiple times. Mature female scalloped hammerheads are rarely 

encountered in nearshore waters immediately adjacent to nursery habitat (Castro, 1993; Ulrich et 

al., 2007), and there is no record of any mature female captured inside Bulls Bay (Frazier, 

personal communication). This suggests parturition may occur in an area outside the nursery 

habitat, to which neonates subsequently travel to, a reproductive strategy observed in Atlantic 

sharpnose sharks (Rhizoprionodon terraenovae) and bonnetheads (S. tiburo; Ulrich et al., 2007; 

Frazier et al., 2014). Some cross-cohort YOY HS pairs that were not sampled in the same 

nursery involved one sibling sampled within a known nursery (e.g. Bulls Bay, Cape Canaveral), 

and the other sampled in nearby coastal habitat (e.g. St. Augustine, FL, and Kiawah Island, SC) 

and it may be that these individuals were sampled while still in transit to or from the nursery, or 

they represent strays. The proportion of kin captured in the same nursery was lower in Carolina 

hammerheads than scalloped hammerheads (77.8% and 72.7% respectively), potentially 
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indicating less site fidelity for Carolina hammerheads. Peak abundance of Carolina hammerhead 

YOY in Bulls Bay occurs later in the season than scalloped hammerheads, and Carolina 

hammerhead neonates are born with greater nutritional reserves to rely on before they begin 

feeding (Barker, in review; Lyons et al., 2020). This suggests Carolina hammerhead parturition 

may occur further away from nurseries than scalloped hammerheads, meaning that Carolina 

hammerhead neonates might have to travel a further distance to reach appropriate nursery 

habitat, increasing the potential for straying. 

 Evaluation of sibling pairs provided additional insight into scalloped and Carolina 

hammerhead reproductive behavior. Evidence of multiply sired litters was found in both species, 

consistent with what has been documented in scalloped hammerheads, where the rates of genetic 

polyandry were estimated to be 46%-100% (Rossouw et al., 2016; Green et al., 2017). However, 

genetic polyandry has not been evaluated in Carolina hammerheads and although this study 

cannot quantify the rate, the identification of YOY half siblings in the same nursery in the same 

year indicates that genetic polyandry does occur. The results of this study also provide evidence 

that male sharks may exhibit reproductive philopatry on a regional scale. Evidence of regional 

philopatry in males has been observed in some small coastal sharks (Portnoy et al., 2014, 2016), 

but in large coastal sharks, philopatry is thought to be a behavior specific to females. The 

distributions of mature males, mature females, and juveniles are segregated in many coastal 

sharks (Springer, 1967), and differences in philopatric behavior between the sexes is thought to 

be driven by differences in parental investment in offspring. Reproduction in female live-bearing 

sharks is energetically costly because young are carried until fully developed, thus litter sizes are 

typically small (Castro, 2011). As a result, females are heavily invested in the survival of their 

offspring and display a number strategies to maximize survival including use of protected 
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nursery habitat (Springer, 1967; Branstetter, 1990). Therefore, returning to nursery habitat 

known to provide ample resources and protection for young is a behavior that may be selectively 

favored (Hueter et al., 2004; Portnoy et al., 2010; Dudgeon et al., 2012). Similar philopatric 

behavior would not be expected in males since parental investment is low, and philopatry 

reported in small coastal sharks is likely related to the proximity of parturition and mating sites 

(Portnoy et al., 2014, 2016). Breeding grounds for large coastal sharks are remote from 

parturition sites, thus males have no need to return to particular sites or regions to mate 

(Chapman et al., 2015). The HS scalloped hammerhead pair identified on opposite sides of 

peninsular FL are likely paternally related, consistent with male-mediated gene flow and the lack 

of genetic differentiation observed between the U.S. Atlantic and Gulf (Barker, unpublished). 

However, dispersal between the U.S. Atlantic and Gulf has not been reported in tagging studies 

(Kohler et al., 1998; Kohler and Turner, 2001; Wells et al., 2018; Rooker et al., 2019), and the 

identification of two mature male full sibling scalloped hammerheads sampled on the same day 

in the same location, along with the identification of one of their offspring in a nearby nursery, 

suggests males may also exhibit some level of regional philopatry. In addition, relatedness 

coefficients of individuals in some family groups supported paternally related sibships (3 

scalloped hammerhead, 1 Carolina hammerhead) in the same nursery across cohorts, an 

observation that further supports this idea.  

 Comparisons of genetic diversity indices among scalloped and Carolina hammerhead 

nurseries provided some evidence of differences in reproductive potential. The two methods used 

to estimate Nb produced similar minimum and point estimates for each nursery, however the 

upper bound of LD estimates were much larger than those observed with the SF method. The 

jackknife method used to estimate confidence intervals for LD Nb is known to produce a 
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conservative upper bound (Jones et al., 2016), and maximum estimates from the SF method may 

be more meaningful. Because estimates of Ne and Nb are often used in the context of risk 

assessment (Waples and Do, 2010), maximum estimates are of less importance than minimum 

estimates. Confidence intervals for Nb estimates of scalloped hammerheads overlapped between 

all nurseries, suggesting true Nb may not differ significantly between nurseries, but the point 

estimate for FL Panhandle LD Nb was nearly out of the confidence interval range for Tolomato 

River. Differences in HS were not observed, but AR in Tolomato River was significantly higher 

than all other nurseries, consistent with a higher number of effective breeders for the nursery. 

Recent reevaluation of the 50/500 rule suggested an effective size of at least 1,000 may be 

necessary for long term population viability (Frankham et al., 2014), and some have argued that 

Ne up to 5,000 may be required (Nunney and Campbell, 1993; Lande, 1995). Minimum estimates 

for all nurseries were below 5,000, but regional estimates are more representative of the overall 

breeding population. The lower bound of regional LD Nb for the U.S. Atlantic was below 5,000 

when siblings were included, but far above the threshold when removed. Because the true value 

of regional LD Nb likely lies somewhere between those values, the data indicate that scalloped 

hammerheads in the U.S. Atlantic are not likely to be at risk of losing long-term adaptive 

potential. In the Gulf, LD Nb was below 5,000, but sample coverage was limited spatially, and 

the regional LD Nb estimate is unlikely to represent the effective number of breeders for the 

entire region.   

 Differences in reproductive potential of scalloped and Carolina hammerhead nurseries 

were observed. Although 95% confidence intervals for LD Nb of scalloped and Carolina 

hammerheads in Bulls Bay overlapped, the point estimate for scalloped hammerheads was 

almost below the lower bound of the Carolina hammerhead estimate. When comparing SF Nb, 
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the difference between species was much larger. By contrast, estimates of HS and AR were lower 

for Carolina hammerheads than scalloped hammerheads (although this could not be statistically 

tested because species were genotyped at species-specific loci) and regional Nb was relatively 

small. Taken together these results are congruent with research that found Carolina 

hammerheads in relatively high abundance in Bulls Bay compared to scalloped hammerheads, 

but in relatively low abundance in the U.S. Atlantic overall (Barker, unpublished). 

 The effective number of breeders for scalloped and Carolina hammerhead nurseries 

reported here are generally larger than what has been observed for nurseries in other regions, as 

well as other species. For example, estimates of Nb for two cohorts in the scalloped hammerhead 

nursery in the Rewa Delta, Fiji (LD Nb = 343.6; SF Nb = 191) were substantially lower than U.S. 

Atlantic and Gulf nurseries. The difference in estimates likely has to do with differences in 

nursery location, as Fiji is a small, remote oceanic island, and the nurseries here are in large 

systems connected by continuous coastline. Estimates in this study are also larger than estimates 

reported for cohorts of sandbar sharks (C. plumbeus) from lagoons of the eastern shore of 

Virginia (LD Nb = 416-798), but similar to cohorts from Delaware Bay (LD Nb = 1038-1079; 

Portnoy et al., 2009). Differences in reproductive biology may explain why these estimates were 

comparatively lower than scalloped hammerheads. Sandbar sharks reproduce on a biennial or 

triennial cycle (Baremore and Hale, 2012), and because estimates were produced from single 

cohorts, they likely represent a fraction of the number of available breeders using specific 

nurseries. In addition, Delaware Bay is relatively large compared to the lagoons of the eastern 

shore of Virginia, as are the scalloped hammerhead nurseries sampled in this study, and size of 

available habitat may also explain the larger Nb.   
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 Effective population size and effective number of breeders are useful metrics for fisheries 

management because they provide information about the evolutionary potential and 

sustainability of a population (Hare et al., 2011). However, it is difficult to translate these 

estimates of census size (NC), and the relationship between Ne and NC (Ne/NC ratio) has been 

discussed at length (Frankham, 1995; Luikart et al., 2010; Waples et al., 2013; Waples, 2016). 

For sharks, estimated Ne/NC ratio have been ~0.5 or higher, (Portnoy et al., 2009; Dudgeon and 

Ovenden, 2015) which is substantially larger than the average of 10-4 reported for other marine 

organisms (Hauser and Carvalho, 2008). Variation in lifetime reproductive success is one of the 

primary factors that influences Ne/NC ratios (Hedgecock and Beaumont, 1994; Hauser and 

Carvalho, 2008), and the relationship between Ne and NC is expected to be more predictable in 

relatively K-selected species with low potential fecundity and low variance in lifetime 

reproductive success (Luikart et al., 2010). Scalloped and Carolina hammerheads likely have 

similar life histories and would be expected to have similar Ne/NC ratios, thus abundance 

estimates for one species could provide information about the Ne/NC ratio that could be applied to 

the other. The large number of related individuals identified in this study suggest close-kin mark-

recapture (CKMR) could be an effective approach for calculating scalloped and Carolina 

hammerhead abundance. For species in which samples can be easily obtained from juveniles, the 

basic premise is that the genotype of a juvenile contains the mark of its parents, which are 

recaptured through the identification of half siblings, and the proportion of related and unrelated 

individuals can be used to estimate adult abundance and other demographic parameters of 

interest (Bravington et al., 2016). CKMR has not yet been widely adopted as a fisheries 

management tool, but was recently used to estimate total abundance of white sharks in eastern 

Australia (Hillary et al., 2018). One of the primary challenges of implementing a CKMR 
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framework to estimate abundance is that models require species-specific life history information, 

which does not exist for Carolina hammerheads and is likely inaccurate for scalloped 

hammerheads, because data from both species was included in life history studies. However, the 

impact of error associated with life history data on CKMR abundance estimates has not been 

empirically evaluated, and data from biologically similar species may still provide useful 

information.  

 Under the Magnuson-Stevens Act, NMFS is required to identify and conserve Essential 

Fish Habitat (EFH) for managed species, which is defined as habitat essential for species 

breeding, growth, and survival (50 CFR 600.10). Currently, EFH for scalloped hammerhead 

neonates and YOY includes coastal waters in the U.S. Atlantic from Winyah Bay, SC to central 

FL, and in the Gulf includes portions of the FL coastline (Charlotte Harbor, Tampa Bay, FL 

Panhandle region) and all of coastal Texas (NMFS, 2017). Additionally, under the U.S. ESA, 

critical habitat within U.S. jurisdiction that is essential for the survival of listed species must be 

identified, and this study provides important information about habitat use at critical life stages. 

Overall, high levels of site fidelity inferred in scalloped hammerheads suggest nurseries are not 

used equivalently by individuals and that availability of appropriate nursery habitat nearby does 

not necessarily provide a buffer against disturbance or loss of individual nurseries (Hueter et al., 

2004). For Carolina hammerheads, Bulls Bay appears to be essential for species sustainability in 

the western North Atlantic, and consistent with findings in other studies it appears there may be 

relatively fewer Carolina hammerheads in the U.S. Atlantic compared to scalloped hammerheads 

(Barker, unpublished). Hammerheads are managed as a complex, which also includes great 

hammerheads (S. mokarran) and smooth hammerheads (S. zygaena; NMFS, 2013), and 

scalloped hammerheads are currently considered overfished with overfishing occurring (NMFS, 
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2011). The quota for the hammerhead complex as a whole is set according to the species-specific 

total allowable catch of scalloped hammerheads to ensure that misidentification doesn’t lead to 

excess mortality of scalloped hammerheads (Hayes et al., 2009; NMFS, 2013). Carolina 

hammerheads have not been assessed separately by governing bodies or the IUCN and are not 

currently considered in any management plan. Results of this study indicate they need to be 

considered in future decisions regarding management and condition of species in the 

hammerhead complex.  
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Figure 5.1. Location of scalloped and Carolina hammerhead nurseries. 

 

 

Figure 5.2. Map of sampling locations with points colored by site: North Carolina (NC), South 

Carolina (SC), Georgia (GA), Atlantic northern Florida (Atl FL-N), Atlantic central Florida (Atl 

FL-C), Florida Keys (FL-KY), Gulf central Florida (G FL-C), Gulf northern Florida (G FL-N), 

Central Gulf (CG), and Texas (TX). 
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Figure 5.3. Histogram of scalloped hammerhead relatedness coefficients for (A) all pairs and (B) 
pairs greater than 0.1.  
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Figure 5.4. Sampling locations of young-of-the-year half sibling scalloped hammerheads from 

separate cohorts that were not sampled in the same nursery. 
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Figure 5.5. Histogram of Carolina hammerhead relatedness coefficients for (A) all pairs and (B) 

pairs greater than 0.1. 
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Figure 5.6. Sampling locations of young-of-the-year half sibling Carolina hammerheads from 

separate cohorts that were not sampled in the same nursery. 
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Figure 5.7. Hypothetical pedigree of maternally and paternally related half siblings. Offspring 1 

(O1) and offspring 2 (O2) are half siblings (r = 0.25), offspring 2 (O2) and offspring 3 (O3) are 

half siblings (r = 0.25), but offspring 1 and offspring 3 are unrelated (r = 0). For this to be 

possible, one sibship must be maternally related (both offspring of female 1, F1) and one sibship 

must be paternally related (both offspring of male 2, M2), Squares represent males (M), circles 

represent females (F), and diamond represent offspring of unknown sex (O).   
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Figure 5.8. Proposed pedigree of large family group consisting of maternal half siblings (M-HS), 

paternal half siblings (P-HS), and cousins. Circles represent mothers, squares represent fathers, 

and diamonds represent offspring sampled in the Florida Panhandle (FPH) or Tolomato River 

(TR). Approximate relatedness coefficients are shown (r). 

 

Figure 5.9. Boxplots of rarefied allelic richness for Bulls Bay (BB), Tolomato River (TR), Cape 

Canaveral (CC), and Florida Panhandle (FPH). 
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Table 5.1. Hammerhead species genetically identified in each region. 

Location Scalloped Carolina Great F1 Scalloped BX Carolina BX 
NC 21 17 0 2 0 1 
SC 150 190 1 22 25 7 
GA 66 18 2 4 5 0 

Atl FL-N 197 6 0 0 0 0 
Atl FL-C 166 26 0 4 13 1 
FL-KY 38 0 0 0 0 0 
G FL-C 3 0 0 0 0 0 
G FL-N 113 0 0 0 0 0 

CG 53 0 0 0 0 0 
TX 94 0 2 0 0 0 

Total 901 257 5 32 43 9 
NC, North Carolina; SC, South Carolina;  GA, Georgia; Atl FL-N, Atlantic northern Florida; 
Atl FL-C, Atlantic central Florida; FL-KY, Florida Keys; G FL-C, Gulf central Florida; G FL-
N, Gulf northern Florida; CG, Central Gulf; TX, Texas; F1, first-generation hybrid; BX,  
backcross. 

 

Table 5.2. Total number of YOY/small juvenile (<1000 m total length, Sm. Juv), large juvenile 

(>1000 mm total length, Lg. Juv), and mature scalloped hammerhead in the final dataset. 

Location YOY/Sm. Juv Lg. Juv Mature Total 
NC 2 9 9 20 
SC 109 0 26 135 
GA 48 0 7 55 
Atl FL-N 160 0 0 160 
Atl FL-C 122 7 1 130 
FL-KY 0 21 11 32 
G FL-C 3 0 0 3 
G FL-N 101 2 0 103 
CG 0 28 17 45 
TX 73 2 6 81 
Total 618 69 77 764 
NC, North Carolina; SC, South Carolina;  GA, Georgia; Atl FL-N, Atlantic northern Florida; Atl FL-C, Atlantic 
central Florida; FL-KY, Florida Keys; G FL-C, Gulf central Florida; G FL-N, Gulf northern Florida; CG, Central 
Gulf; TX, Texas 
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Table 5.3. Total number of YOY and small juvenile (<1000 m total length, Sm. Juv), large 

juvenile (>1000 mm total length, Lg. Juv), and mature scalloped hammerhead in the final 

dataset. 

Location YOY/Sm. Juv. Lg. Juv Mature Total 
NC 10 6 0 16 
SC 157 0 3 160 
GA 17 0 0 17 
Atl FL-N 3 0 0 3 
Atl FL-C 24 0 0 24 
Total 211 6 3 220 
NC, North Carolina; SC, South Carolina; GA, Georgia; Atl FL-N, Atlantic northern Florida; Atl FL-C, Atlantic 
central Florida 

 

Table 5.4. Total number of full sibling (FS) and half sibling (HS) pairs detected among scalloped 

hammerheads. 

Nursery FS HS 
West Onslow Bay, NC 1 0 
Bulls Bay, SC 2 11 
St. Helena Sound, SC 1 0 
Tolomato River, FL 2 8 
Cape Canaveral, FL 7 8 
Florida Panhandle  3 9 
Bulls Bay, SC/Kiawah Island, SC 0 1 
Cumberland Island, GA, St. Augustine, FL 0 1 
Cumberland Island, GA/ Bulls Bay, SC 0 1 
Cumberland Island, GA/ Winyah Bay, SC 0 1 
Cumberland Island, GA/ Sapelo Island, GA 0 1 
Cape Canaveral, FL/Tolomato River, FL 0 4 
Cape Canaveral, FL/ St. Augustine, FL 1 2 
Cape Canaveral FL/Jacksonville, FL 0 2 
Cape Canaveral, FL/ Pamlico Sound, NC 0 1 
Tolomato River, FL/ Pamlico Sound, NC 0 1 
Tolomato River, FL/St. Augustine, FL 0 1 
Tolomato River, FL/Jacksonville, FL 0 1 
Tolomato River, FL/ FL Panhandle 0 1 
Total 17 54 
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Table 5.5. Total number of young-of-the-year scalloped hammerhead half siblings (HS) sampled 

across cohorts. 

Nursery HS 
Bulls Bay, SC 9 
Cape Canaveral, FL 6 
Tolomato River, FL 7 
Florida Panhandle 6 
Bulls Bay, SC/Kiawah Island, SC 1 
Tolomato River, FL/St. Augustine, FL 1 
Tolomato River, FL/Cape Canaveral, FL 4 
St. Augustine, FL/Cape Canaveral, FL 1 
Tolomato River, FL/FL Panhandle 1 
Total 36 

 

Table 5.6. Total number of full sibling (FS) and half sibling (HS) pairs detected among Carolina 

hammerheads. 

Nursery FS HS 
West Onslow Bay, NC 1 0 
Bulls Bay, SC 3 8 
Tybee Island, GA 1 0 
Cape Canaveral, FL 2 4 
Bulls Bay, SC/Kiawah Island, SC 0 1 
Cape Canaveral, FL/Bulls Bay, SC 0 1 
Cape Canaveral, FL/ St. Augustine, FL 0 2 
Bulls Bay, SC/ Pamlico Sound, NC 0 3 
Total 7 19 

 

Table 5.7. Total number of young-of-the-year Carolina hammerhead half siblings (HS) sampled 

across cohorts. 

Nursery HS 
Bulls Bay, SC 7 
Cape Canaveral, FL 1 
Bulls Bay, SC/Kiawah Island, SC 1 
Cape Canaveral, FL/Bulls Bay, SC 1 
Cape Canaveral, FL/ St. Augustine, FL 1 
Total 11 
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Table 5.8. Effective number of breeders for scalloped (Sl) and Carolina (Sg) hammerheads 

nurseries estimated with the linkage disequilibrium method. 

Nursery N Min Mode Max 
Bulls Bay, SC-Sl 98 849.8 1539.0 7330.4 
Tolomato River, FL-Sl 124 1245.1 2344.6 17069.9 
Cape Canaveral, FL- Sl 112 1027.0 1771.1 6068.9 
Florida Panhandle-Sl 100 643.5 1282.1 28361.0 
Bulls Bay, SC-Sg 143 1522.4 2596.6 8433.5 
N, number of individuals used to calculate estimates; min, lower bound of 
95% CI; mode, point estimate of Nb; max, upper bound of 95% CI. 

 

Table 5.9. Regional estimates of effective number of breeders for scalloped (Sl) and Carolina 

(Sg) hammerheads using the linkage disequilibrium method. 

Region N Min Mode Max 
U.S. Atlantic-Sl 431 4204.6 5521.4 7996.0 
Gulf-Sl 176 1501.8 2684.2 11547.1 
U.S. Atlantic-Sg 204 1828.3 2781.6 5696.7 

 

Table 5.10. Regional estimates of effective number of breeders for scalloped (Sl) and Carolina 
(Sg) hammerheads using the linkage disequilibrium method with siblings excluded from the 
dataset. 

 

Region N Min Mode Max 
U.S. Atlantic-Sl 385 10519.1 15795.6 31502.4 
Gulf-Sl 168 2835.6 6388.2 Infinite 
U.S. Atlantic-Sg 189 4120.9 6549.3 15754.0 
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Table 5.11. Effective number of breeders for scalloped (Sl) and Carolina (Sg) hammerheads 

nurseries estimated with the sibship frequency method. 

Nursery N Min Mode Max 
Bulls Bay, SC-Sl 98 907 1358 2676 
Tolomato River, FL-Sl 124 1240 1907 3982 
Cape Canaveral, FL- Sl 112 1025 1554 2884 
Florida Panhandle-Sl 100 851 1320 2588 
Bulls Bay, SC-Sg 143 2497 4061 10141 
N, number of individuals used to calculate estimates; min, lower bound of 95% 
CI; mode, point estimate of Nb; max, upper bound of 95% CI. 

 

Table 5.12. Expected heterozygosity (HS) and mean rarefied allelic richness (AR) for scalloped 

(Sl) and Carolina (Sg) hammerhead nurseries.    

Nursery HS AR 

Bulls Bay, SC-Sl 0.298 2.481 
Tolomato River, FL-Sl 0.297 2.493 
Cape Canaveral, FL-Sl 0.297 2.493 
Florida Panhandle-Sl 0.297 2.478 
Bulls Bay, SC-Sg 0.204 2.078 
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CHAPTER VI: CONCLUSIONS 

 The management and conservation of morphologically similar species is a challenge, 

particularly when they are co-distributed. In this dissertation, double digest restriction-site 

associated DNA sequencing was used to identify genetic markers that reliably differentiate 

scalloped hammerheads (Sphyrna lewini), Carolina hammerheads (S. gilberti), and great 

hammerheads (S. mokarran). Molecular data was used to understand habitat usage, abundance, 

and reproductive ecology of cryptic hammerhead sharks. The genomics approach implemented 

here allowed for a more accurate assessment of kinship, genetic diversity, and population 

structure as compared to previous studies. In addition, work presented in this dissertation 

includes some of the first major advancements in knowledge regarding the biology of Carolina 

hammerheads since the species was described (Quattro et al., 2013). The primary findings of 

each chapter are summarized below, and potential avenues of future research highlighted.  

 
Hybridization 
 
 Scalloped and Carolina hammerheads hybridize in the U.S. Atlantic where they are co-

distributed. Both first generation (F1) and second-generation hybrids (backcrosses) were 

identified, indicating that hybrids are fertile. Although hybridization is common (Mallet, 2005; 

Montanari et al., 2016), this study is one of few to report the phenomenon in an elasmobranch 

(Morgan et al., 2012; Walter et al., 2014; Cruz et al., 2015; Donnellan et al., 2015; Pazmiño et 

al., 2019). Hybridization between scalloped and Carolina hammerheads is both sex-biased and 

unidirectional, meaning that Carolina hammerheads are typically the mother of hybrids, and F1 

hybrids typically mate with scalloped hammerheads. Sex-biased hybridization is common when 

the relative abundance of hybridizing species differs, and the pattern observed in this dissertation 

conforms to expectations that females of the rare species mate with males of more common 
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species (Wirtz, 1999; Montanari et al., 2016). Dealing with hybridization in a management 

context is a challenge because the potential consequences of hybridization are complicated and 

difficult to predict (Allendorf et al., 2001; Haig and Allendorf, 2006). Hybridization is viewed as 

problematic when caused by anthropogenic factors, but that is not often easy to distinguish. 

While hybridization between scalloped and Carolina hammerheads could be driven by 

exploitation that led to a reduction in population size and fewer potential mates, it also may be a 

natural result of contact between species. The pattern of sex-biased, unidirectional gene flow 

from Carolina to scalloped hammerheads could potentially lead to the loss of Carolina 

hammerheads over time. However, the species remain highly differentiated (FST = 0.876) despite 

ongoing hybridization, suggesting that hybridization between the species may have begun 

recently, or that hybrid viability decreases after the F1 generation (Burke and Arnold, 2001; 

Stelkens et al., 2015). Backcrossed offspring of male F1 hybrids were rarely observed (scalloped 

hammerhead backcross with scalloped hammerhead mtDNA or a Carolina hammerhead 

backcross), and male hybrids may be sterile or have reduced fertility, consistent with predictions 

that hybridization is more likely to negatively affect the heterogametic sex (XY; Haldane, 1922; 

Coyne, 1985; Johnson, 2000).  

 

Distribution and Relative Abundance of Carolina and Scalloped Hammerheads 
 
 Carolina hammerheads have a restricted distribution in the western North Atlantic and are 

less abundant than scalloped hammerheads. Relative abundance of Carolina hammerheads is 

highest in South Carolina, decreases with latitude along the U.S. Atlantic coast, and the species 

is absent (or exceedingly rare) in the Gulf of Mexico. In the U.S. Atlantic, 27% of individuals 

were Carolina hammerheads, suggesting the species may comprise a significant proportion of 
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what is thought to be the scalloped hammerhead stock. However, samples were obtained almost 

entirely from young-of-the-year sharks (YOY), limiting the ability to draw conclusions regarding 

adult populations.  

 Results of this study provide important information about habitat usage and reproductive 

ecology of Carolina hammerheads. The high abundance of Carolina hammerheads relative to 

scalloped hammerheads in the nursery of Bulls Bay, SC (61%), suggests the nursery is critical 

habitat for YOY. Patterns of relative abundance observed in the nursery suggest Carolina 

hammerheads may differ from scalloped hammerheads in timing and/or location of parturition 

and may also prefer habitat with higher salinity. Differences in life history characteristics and 

spatial distribution of adults have resulted in differences in susceptibility to fishing and rebound 

potential in another elasmobranch cryptic species pair (Harry et al., 2012, 2019), and similar 

differences may exist in scalloped and Carolina hammerheads. 

 Lastly, results highlight difficulties with field identification of members of the 

hammerhead family, and the utility of molecular species identification. The study focused on 

scalloped and Carolina hammerheads, but four different species of hammerhead were identified 

(scalloped, Carolina, great, and smooth hammerheads). Hammerheads are particularly difficult to 

differentiate as juveniles, and misidentification can happen easily if a species is not expected to 

occur in a given area. The identification of great hammerhead YOY in nursery habitat in Bulls 

Bay, SC and the FL Panhandle in the Gulf was unexpected, and findings (published in an 

additional manuscript) contributed to the small body of knowledge regarding the early life 

history of great hammerheads. 
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Population Genomics 
 
 Significant population structure exists between scalloped hammerheads in the U.S. 

Atlantic and Gulf of Mexico distinct population segment (DPS) and the Central and Southwest 

Atlantic DPS. Additional population structure is likely present within the central Atlantic, but 

conclusions were limited due to small sample sizes. Contrary to findings of previous research 

(Daly-Engel et al., 2012), differentiation between the U.S. Atlantic and Gulf of Mexico was not 

observed. Some significant pairwise differences were observed between sampling sites in the 

U.S. Atlantic and Gulf, but this pattern was driven by siblings and was no longer observed when 

related individuals were excluded from analysis. Understanding barriers to gene flow is essential 

for the implementation of management strategies at the appropriate scale, and a mismatch of 

genetic stocks and management units can lead to the loss of locally adapted genetic variation or 

localized depletion (Carvalho and Hauser, 1994; Begg and Waldman, 1999; Hilborn et al., 

2003). Fishing regulations in U.S. waters are sufficient such that scalloped hammerheads are not 

at significant risk of extirpation in the region, but similar measures are not present within the 

central Atlantic (Miller et al., 2013; NMFS, 2014). The implementation of effective management 

strategies will be difficult in the central Atlantic due to the numerous nations in the region, and 

additional work with larger sample sizes and greater geographic coverage within the region is 

needed to understand fine scale population structure and determine where cooperative 

management between nations is necessary.   

 Carolina hammerheads were not the focus of this study, but the identification of a 

Carolina hammerhead and hybrids (two F1 hybrids, two scalloped hammerhead backcrosses) in 

Trinidad is important. The species has been identified almost exclusively in the U.S. Atlantic, 

with the exception of three individuals in the South Atlantic (Pinhal et al., 2012). The Carolina 
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hammerhead identified in Trinidad is the first record of the species in the central Atlantic, and 

the presence of hybrids provides evidence that Carolina hammerheads reproduce in the region. 

The shark fishery in Trinidad is large, and juvenile scalloped hammerheads are one of the most 

commonly caught species (FAO Western Central Atlantic Fishery Commission, 2018). 

Management in the region is already a challenge, and the presence of Carolina hammerheads 

adds further complications. Research is needed to understand the relative abundance and 

distribution of Carolina hammerheads in the central Atlantic.  

 

Nursery Dynamics 
 
 Scalloped hammerheads exhibit high rates of fidelity to parturition sites, demonstrated by 

the proportion of related YOY sampled across cohorts in the same nursery compared to those 

sampled in different nurseries. Site fidelity in Carolina hammerheads is also high, although 

perhaps lower than scalloped hammerheads. Direct evidence of natal philopatry is difficult to 

obtain in late maturing species, but has been shown in some species (Mourier and Planes, 2013; 

Feldheim et al., 2014). The natal nursery of mothers cannot be inferred from data in this study, 

but data suggests females repeatedly return to the same site for parturition. Data also suggests 

male scalloped hammerheads may exhibit philopatric behavior on a regional scale. A pair of 

mature full sibling male scalloped hammerheads was sampled on the same day, and one of their 

offspring was sampled in a nursery nearby. In addition, relatedness coefficients between 

individuals in some small family groups (4 scalloped hammerhead groups, 2 Carolina 

hammerhead groups) implied some siblings were paternally related. One putative paternal 

sibship was between YOY sampled on opposite sides of peninsular Florida in Tolomato River 

and the Florida Panhandle. This is consistent with evidence of male-mediated gene flow and may 
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also explain in part why significant differentiation between sites in the U.S. Atlantic and Gulf 

was not observed when siblings were removed from the dataset.  

 Across nurseries, the relative number of scalloped hammerhead breeders is roughly 

equivalent, but nurseries are not used equivalently by individual female sharks, and the 

availability of multiple nurseries in close proximity may not mitigate the loss of individual 

nurseries (Hueter et al., 2004). Results of this study provide further evidence of the importance 

of Bulls Bay, SC for Carolina hammerheads. Consistent with estimates or relative abundance, 

Carolina hammerheads have higher Nb in Bulls Bay than scalloped hammerheads, but lower Nb 

for the overall U.S. Atlantic as well as lower genetic diversity. A limitation of this study is that 

the effective number of breeders (Nb) was estimated with pooled cohorts due to small sample 

sizes within years, which can bias estimates if the Nb/Ne ratio is not close to one, and the 

direction of bias depends on whether the ratio is greater or less than one (Nb/Ne < 1 upward bias, 

Nb/Ne > 1 downward bias; Luikart et al., 2020). Age at maturity and adult lifespan are the 

primary drivers of this ratio (Waples et al., 2013) and simulations using data from bottlenose 

dolphins, a species with a similar life history to scalloped hammerheads, found an Nb/Ne ratio of 

0.944, suggesting this may not be a large source of bias for estimates in this study (Waples et al., 

2014).  

 

Future Directions 
 
 Results of this dissertation provide information relevant to the management and 

conservation of scalloped and Carolina hammerheads, but also highlight areas that would benefit 

from further research.  Population structure of scalloped hammerheads needs to be assessed at a 

finer scale across the central western Atlantic to better understand gene flow across the region, 
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and increased sample coverage may also help understand the distribution of Carolina 

hammerheads in the central/South Atlantic. Sample acquisition in the region remains a challenge, 

but the larger challenge will be the implementation of effective management strategies in areas 

where current regulations are largely absent or unenforced. In the U.S. Atlantic and Gulf of 

Mexico, patterns of male-mediated gene flow could be further explored with the use of sex-

specific loci. Similar to the way mitochondrial DNA is used to understand patterns of female 

dispersal, genetic variation in males at polymorphic Y-linked loci could provide insight into the 

movements of male sharks.   

 There is much left to learn about the biology of Carolina hammerheads, particularly for 

adults. Patterns of relative abundance of YOY in nursery habitats, site fidelity, and hybridization 

provide information about the reproductive ecology of mature Carolina hammerheads, but little 

else is known. Research on adult habitat and movement patterns are needed to understand 

potential interactions with the hammerhead shark complex and commercial fishery, and life 

history data is also needed. It will be difficult to incorporate Carolina hammerheads into future 

management plans of the hammerhead complex until more is known about the relative 

abundance of adults. However, in the absence of this information, data obtained from YOY can 

still be useful. Nearly all Carolina hammerheads in the U.S. Atlantic appear to use the Bulls Bay 

nursery, and the implementation of a genetic monitoring program to track genetic diversity and 

Nb over time using annual cohorts of YOY could be a good proxy for monitoring the population 

as a whole. In addition, the high number of kin identified within and among nurseries for both 

species suggests close-kin mark recapture could be used to estimate adult abundance.  

 Finally, scalloped and Carolina hammerheads may not be the only cryptic species pair 

within sphyrnids. There is evidence of additional undescribed cryptic variation within scalloped 
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hammerheads, as well as bonnetheads (S. tiburo) and great hammerheads (S. mokarran; Zemlak 

et al., 2009; Naylor et al., 2012; Fields et al., 2016). Effective management requires recognition 

of cryptic species, especially if they are co-distributed. Additional work is needed to understand 

the extent of cryptic speciation within hammerheads, as well as the basis of apparent 

morphological stasis in this group.    

 

References 
 
Allendorf, F. W., Leary, R. F., Spruell, P., and Wenburg, J. K. 2001. The problems with hybrids: 

Setting conservation guidelines. Trends in Ecology & Evolution, 16: 613–622. 

Begg, G. A., and Waldman, J. R. 1999. An holistic approach to fish stock identification. 

Fisheries Research, 43: 35–44. 

Burke, J. M., and Arnold, M. L. 2001. Genetics and the fitness of hybrids. Annual Review of 

Genetics, 35: 31–52. 

Carvalho, G. R., and Hauser, L. 1994. Molecular genetics and the stock concept in fisheries. 

Reviews in Fish Biology and Fisheries, 4: 326–350. 

Coyne, J. A. 1985. The genetic basis of Haldane’s rule. Nature, 314: 736–738. 

Cruz, V. P., Vera, M., Mendonça, F. F., Pardo, B. G., Martinez, P., Oliveira, C., and Foresti, F. 

2015. First identification of interspecies hybridization in the freshwater stingrays 

Potamotrygon motoro and P. falkneri (Myliobatiformes, Potamotrygonidae). 

Conservation Genetics, 16: 241–245. 

Daly-Engel, T. S., Seraphin, K. D., Holland, K. N., Coffey, J. P., Nance, H. A., Toonen, R. J., 

and Bowen, B. W. 2012. Global phylogeography with mixed-marker analysis reveals 



  

206 
 

male-mediated dispersal in the endangered scalloped hammerhead shark (Sphyrna 

lewini). PLoS ONE, 7: e29986. 

Donnellan, S. C., Foster, R., Junge, C., Huveneers, C., Rogers, P., Kilian, A., and Bertozzi, T. 

2015. Fiddling with the proof: The magpie fiddler ray is a colour pattern variant of the 

common southern fiddler ray (Rhinobatidae: trygonorrhina). Zootaxa, 3981: 367. 

FAO Western Central Atlantic Fishery Commission. 2018. Report of the first meeting of the 

WECAFC/OSPESCA/CRFM/CITES/CFMC working group on shark conservation and 

management, Barbados, 17-19 October 2017. FAO Fisheries and Aquaculture Report, 

No. 1192. FAO, Bridgetown, Barbados. 

Feldheim, K. A., Gruber, S. H., DiBattista, J. D., Babcock, E. A., Kessel, S. T., Hendry, A. P., 

Pikitch, E. K., et al. 2014. Two decades of genetic profiling yields first evidence of natal 

philopatry and long-term fidelity to parturition sites in sharks. Molecular Ecology, 23: 

110–117. 

Fields, A. T., Feldheim, K. A., Gelsleichter, J., Pfoertner, C., and Chapman, D. D. 2016. 

Population structure and cryptic speciation in bonnethead sharks Sphyrna tiburo in the 

south-eastern U.S.A. and Caribbean. Journal of Fish Biology, 89: 2219–2233. 

Haig, S. M., and Allendorf, F. W. 2006. Hybrids and policy. In The Endangered Species Act at 

thirty, Volume 2: Conserving biodiversity in human-dominated landscapes, pp. 150–163. 

Ed. by J. M. Scott, D. D. Goble, and F. W. Davis. Island Press, Washington. 

Haldane, J. B. S. 1922. Sex ratio and unisexual sterility in hybrid animals. Journal of Genetics, 

12: 101–109. 

Harry, A. V., Morgan, J. A. T., Ovenden, J. R., Tobin, A. J., Welch, D. J., and Simpfendorfer, C. 

A. 2012. Comparison of the reproductive ecology of two sympatric blacktip sharks 



  

207 
 

(Carcharhinus limbatus and Carcharhinus tilstoni) off north-eastern Australia with 

species identification inferred from vertebral counts. Journal of Fish Biology, 81: 1225–

1233. 

Harry, A. V., Butcher, P. A., Macbeth, W. G., Morgan, J. A. T., Taylor, S. M., and Geraghty, P. 

T. 2019. Life history of the common blacktip shark, Carcharhinus limbatus, from central 

eastern Australia and comparative demography of a cryptic shark complex. Marine and 

Freshwater Research, 70: 834–848. 

Hilborn, R., Quinn, T. P., Schindler, D. E., and Rogers, D. E. 2003. Biocomplexity and fisheries 

sustainability. Proceedings of the National Academy of Sciences, 100: 6564–6568. 

Hueter, R. E., Heupel, M. R., Heist, E. J., and Keeney, D. B. 2004. Evidence of philopatry in 

sharks and implications for the management of shark fisheries. Journal of Northwest 

Atlantic Fishery Science, 35: 239–247. 

Johnson, N. A. 2000. Speciation: Dobzhansky–Muller incompatibilities, dominance and gene 

interactions. Trends in Ecology & Evolution, 15: 480–482. 

Luikart, G., Antao, T., Hand, B. K., Muhlfeld, C. C., Boyer, M. C., Cosart, T., Trethewey, B., et 

al. 2020. Detecting population declines via monitoring the effective number of breeders 

(Nb). Molecular Ecology Resources: 1755–0998.13251. 

Mallet, J. 2005. Hybridization as an invasion of the genome. Trends in Ecology & Evolution, 20: 

229–237. 

Miller, M. H., Carlson, D. J., Cooper, P., Kobayashi, D. D., and Wilson, J. 2013. Status review 

report: Scalloped hammerhead shark (Sphyrna lewini). Report to National Marine 

Fisheries Service. Office of Protected Resources, Silver Spring, MD. 



  

208 
 

Montanari, S. R., Hobbs, J.-P. A., Pratchett, M. S., and van Herwerden, L. 2016. The importance 

of ecological and behavioural data in studies of hybridisation among marine fishes. 

Reviews in Fish Biology and Fisheries, 26: 181–198. 

Morgan, J. A. T., Harry, A. V., Welch, D. J., Street, R., White, J., Geraghty, P. T., Macbeth, W. 

G., et al. 2012. Detection of interspecies hybridisation in Chondrichthyes: Hybrids and 

hybrid offspring between Australian (Carcharhinus tilstoni) and common (C. limbatus) 

blacktip shark found in an Australian fishery. Conservation Genetics, 13: 455–463. 

Mourier, J., and Planes, S. 2013. Direct genetic evidence for reproductive philopatry and 

associated fine-scale migrations in female blacktip reef sharks (Carcharhinus 

melanopterus) in French Polynesia. Molecular Ecology, 22: 201–214. 

Naylor, G. J. P., Caira, J. N., Jensen, K., Rosana, K. A. M., White, W. T., and Last, P. R. 2012. A 

DNA sequence–based approach to the identification of shark and ray species and its 

implications for global elasmobranch diversity and parasitology. Bulletin of the 

American Museum of Natural History, 367: 1–262. 

NMFS. 2014. Endangered and threatened wildlife and plants; threatened and endangered status 

for distinct population segments of scalloped hammerhead sharks; final rule. Federal 

Register, 79: 38214–38242. 

Pazmiño, D. A., van Herderden, L., Simpfendorfer, C. A., Junge, C., Donnellan, S. C., Hoyos-

Padilla, E. M., Duffy, C. A. J., et al. 2019. Introgressive hybridisation between two 

widespread sharks in the east Pacific region. Molecular Phylogenetics and Evolution, 

136: 119–127. 



  

209 
 

Pinhal, D., Shivji, M. S., Vallinoto, M., Chapman, D. D., Gadig, O. B. F., and Martins, C. 2012. 

Cryptic hammerhead shark lineage occurrence in the western South Atlantic revealed by 

DNA analysis. Marine Biology, 159: 829–836. 

Quattro, J. M., Driggers, W. B. I., Grady, J. M., Ulrich, G. F., and Roberts, M. A. 2013. Sphyrna 

gilberti sp. nov., a new hammerhead shark (Carcharhiniformes, Sphyrnidae) from the 

western Atlantic Ocean. Zootaxa, 3702: 159. 

Stelkens, R. B., Schmid, C., and Seehausen, O. 2015. Hybrid breakdown in cichlid fish. PLOS 

ONE, 10: e0127207. 

Walter, R. P., Kessel, S. T., Alhasan, N., Fisk, A. T., Heath, D. D., Chekchak, T., Klaus, R., et 

al. 2014. First record of living Manta alfredi × Manta birostris hybrid. Marine 

Biodiversity, 44: 1–2. 

Waples, R. S., Luikart, G., Faulkner, J. R., and Tallmon, D. A. 2013. Simple life-history traits 

explain key effective population size ratios across diverse taxa. Proceedings of the Royal 

Society B: Biological Sciences, 280: 20131339. 

Waples, R. S., Antao, T., and Luikart, G. 2014. Effects of overlapping generations on linkage 

disequilibrium estimates of effective population size. Genetics, 197: 769–780. 

Wirtz, P. 1999. Mother species–father species: Unidirectional hybridization in animals with 

female choice. Animal Behaviour, 58: 1–12. 

Zemlak, T. S., Ward, R. D., Connell, A. D., Holmes, B. H., and Hebert, P. D. N. 2009. DNA 

barcoding reveals overlooked marine fishes. Molecular Ecology Resources, 9: 237–242. 


