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ABSTRACT 

 

The Clearnose Skate (Rostroraja eglanteria, Bosc 1800) is a flat, benthic elasmobranch 

and member of the family Rajidae. They are widely distributed in the coastal waters of 

the east coast of the United States and in the northeastern Gulf of Mexico. It has been 

noted that the physical appearance of Clearnose Skate from the southern end of their 

range near South Carolina is distinct from individuals found in the northern end of their 

range near Woods Hole, MA, perhaps suggestive of a sub-species, though this 

observation has not been further investigated. Clearnose Skate are seasonally migratory 

and are often incidentally caught in bottom trawl fisheries during times of migration and 

congregation, discarded at sea, and poorly accounted for in catch records. They are 

managed by the New England Fishery Management Council (NEFMC) as part of a skate 

complex, which includes six other species of skate, and are not currently managed by the 

Southeast Fishery Management Council or the Gulf States Fishery Management Council. 

Continuing to indiscriminately harvest an undermanaged species without knowledge of 

the underlying population structure can have deleterious effects on scientific, 

conservation, and management efforts.  

This study used an interdisciplinary combination of molecular and morphological 

techniques to better understand the population structure of the Clearnose Skate sampled 

throughout their geographic range. Specimens were collected by fisheries-independent 

surveys and categorized into one of three study regions; U.S. East Coast north of Cape 

Hatteras (NOR), U.S. East Coast from Cape Hatteras to Florida (SOU), and the Gulf of 

Mexico (GOM). For genetic studies, DNA was extracted from 194 specimens (NOR = 

127, SOU = 45, GOM = 22) and shipped to Diversity Arrays Technology for high-

throughput genotyping-by-sequencing, resulting in a final filtered dataset of 8,914 loci 

(outlier and neutral) and 30 outlier loci. For morphological studies, 126 specimens (NOR 

=57, SOU = 47, GOM = 24) were used to collect 41 morphometric, 9 thorn, and 7 

skeletal characters. Results of both genetic and morphological analyses indicate that 

GOM specimens are distinct from those collected off the U.S East Coast and should be 

managed as a separate population. This study was unable to definitively resolve whether 

structure was present in samples collected along the U.S. east coast, but genetic data 

indicated small but significant differences between samples collected in the South 

Carolina, Georgia, and Florida region as compared to samples collected from more 

northern regions based on pairwise FST values. These genetic differences were spatially 

autocorrelated, indicating a genetic gradient along the East Coast consistent with an 

isolation-by-distance model. Before management recommendations in this region can be 

made, more information regarding Clearnose Skate migration and reproduction are 

needed. 
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GENERAL INTRODUCTION 

 

Elasmobranchs are a group of cartilaginous fishes that include sharks, rays, and 

chimeras (Last et al. 2016c). The rays, which include members such as skates, mobula 

rays, wedgefishes, stingrays, and sawfishes, belong to the superorder Batoidea, and most 

have evolved for life on the benthos. They are characterized by dorso-ventrally 

compressed (i.e. flat) bodies, broad pectoral fins which are specialized for different types 

of locomotion, absence of anal fin, spiracles that are located dorsally, and gill slits and 

mouth that are positioned on their ventral surface. Within this clade is the family Rajidae, 

or the skates. Rajids can be defined by two-lobed pelvic fins that are used for a 

locomotive shuffling on the benthos termed “punting”, a stiff rostral cartilage, and the 

presence of large placoid scales on their body. Rajids are oviparous, depositing numerous 

egg cases (colloquially referred to as mermaid’s purses), each containing a single 

embryo. All other batoids exhibit ovoviviparity, or live birth (Last et al. 2016a). There are 

at least 154 species of Rajidae that are distributed in all ocean basins from temperate to 

polar environments. They can be found in all depths, from shallow inshore habitats to 

continental shelves, continental slopes, and abyssal plains as deep as 4000 meters (Last et 

al. 2016a). Despite the breadth of habitat types and geographic range, many skate species 

have strikingly similar physical features. This “morphological conservatism” has resulted 

in substantial taxonomic confusion and instances of cryptic speciation (McEachran and 

Dunn 1998). In recent years, comparisons using molecular tools and digital imagery have 

aided in collecting fine-scale data used to resolve difficult taxonomic questions within 

batoids (Griffiths et al. 2010; Parsons 2017). 
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The Clearnose Skate, Rostroraja eglanteria (Bosc 1800) is a species of rajid with 

a wide geographic range in the western North Atlantic, spanning the U.S. East Coast 

from Massachusetts to central Florida, and the Eastern Gulf of Mexico (Bigelow and 

Schroeder 1953; McEachran 2002). Clearnose Skate are seasonal migrants and are not 

present in all areas of their range during all seasons. In the Gulf of Mexico, they 

overwinter and mate in the nearshore and move offshore during the warmer months (Luer 

and Gilbert 1985). Between Cape Hatteras, NC and Delaware, Clearnose Skate 

overwinter offshore and migrate inshore during the warmer months, starting in Virginia 

and North Carolina and gradually becoming more common northward into the summer 

(Packer et al. 2003). In the Cape Fear River, North Carolina, they can be found between 

February and November, with an occasional absence in June and July when temperatures 

are greatest (Schwartz 2000). Bigelow and Schroeder (1953) noted that Clearnose Skate 

between South Carolina and Florida remain in coastal waters year-round, although this 

has not been confirmed by any subsequent study.  

The range of the Clearnose Skate encompasses a broad variety of habitats that are 

heterogeneous in oxygen, depth, latitude, temperature, and salinity (Hogan et al. 2013), 

indicating they are capable of tolerating a range of environmental conditions. The 

Northeast Fisheries Science Center (NEFSC) bottom trawl surveys, which operate from 

the Gulf of Maine to Cape Hatteras, have recovered specimens between depths of 1-300 

meters and at temperatures from 9-30°C (Hogan et al. 2013) except in North Carolina, 

where they have been recovered in waters from 12-30°C (Schwartz 1996). Clearnose 

Skates sometimes migrate into low salinity estuaries, such as the Delaware Bay (salinity 

= 20 ppt; Fitz and Daiber 1963) and the Cape Fear River (salinity = 4 ppt; Schwartz 
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2000). Although Clearnose Skate prefer soft, muddy substrate, they have also been 

recovered from gravelly bottoms (sumamrized by Packer et al. 2003). Finally, they are 

exceptionally tolerant to hypoxia compared to another skate, Amblyraja radiata, and a 

sympatric flatfish, Paralichthys dentatus, and maintain a high aerobic scope despite a 

decrease in pH (7.8 to 7.4) and increase in temperature (20°C, 24°C, and 28°C)  

(Schwieterman et al. 2019).  

Aspects of Clearnose Skate reproduction have been observed in both laboratory 

studies and in the field. Clearnose Skates in the eastern Gulf of Mexico inhabit nearshore 

waters in late fall where mating occurs from December to March, after which they move 

offshore until the following fall (Rasmussen et al. 1999). In the first ever observation of 

an elasmobranch’s mating and subsequent arrival of young, either from an oviparous or 

viviparous species, the behaviors and fecundity of Gulf of Mexico Clearnose Skates were 

described from specimens caught near Sarasota, FL in the winter of 1981 and held in 

laboratory saltwater tanks, and observations of their copulation and egg deposition for 

1981 and 1983 were recorded (Luer and Gilbert 1985). On average, females deposited 

25-35 pairs of egg cases, with an average of 4-5 days between successive pairs (Luer and 

Gilbert 1985).  In 1981, egg pairs were deposited from January to April and incubated 

between 20 and 27°C for an average of 73 days until hatching. In 1983, egg pairs were 

deposited from September to November and incubated between 20 and 22°C for an 

average of 82 days until hatching. The authors also noted that female Clearnose Skate are 

able to store sperm in the shell gland of the oviduct for at least three months. Rasmussen 

et al. (1999) studied the hormone patterns of Clearnose Skate caught off Sarasota, FL 

during late fall and held in captivity for up to a year. Based on collected hormone 
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profiles, they estimate that copulation occurs from mid-December to mid-April and egg 

deposition begins soon after, between early January to mid-July. At the northern end of 

their range in the Delaware Bay, female Clearnose Skate were caught, dissected and 

examined for egg number and egg developmental stage (Fitz and Daiber 1963). They 

concluded that females deposit eggs in the spring, with the majority of egg deposition in 

May. The deposition of eggs in the spring was corroborated by observations of female 

Clearnose Skates caught in Sandy Hook Bay from late May to mid-June that were taken 

to the New York Aquarium, observed laying pairs of eggs (Breder and Nichols 1937; 

Breder and Atz 1938). It has been hypothesized that egg deposition could be related to 

water temperature, as Clearnose Skate from both studies deposited eggs at a similar 

temperature range despite a slight mismatch in reproductive months (Luer and Gilbert 

1985). It has also been suggested that the timing of egg deposition in Delaware Bay 

coincides with the springtime inshore migration as described by Carrier et al. (Carrier et 

al. 2010). Spent egg cases have also been found on the beaches along Virginia in the 

springtime (pers. obs).  

Rajids have been observed, either from in situ underwater cameras or from trawl 

sample collections, to utilize specific habitats as nurseries as indicated by the presence of 

dense egg masses (Hoff 2010; Hunt et al. 2011; Amsler et al. 2015). Species that use 

nurseries include the Golden Skate, Bathyraja smirnovi, in the Sea of Japan; the Pluto 

Skate, Fenestraja plutonia, off of North Carolina; and three species found in the Bering 

Sea (Alaska Skate, Bathyraja parmifera, Aleutian Skate, Bathyraja aleutica, Bering 

Skate, Bathyraja interrupta), but it is unknown whether Clearnose Skates use nurseries. 

The behavior of returning to an individual’s place of birth to reproduce or deposit eggs is 
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known as natal philopatry (Mayr 1963; Chapman et al. 2015). Natal philopatry is very 

difficult to observe, as it requires monitoring movements of adults from their birthplace 

until they reproduce years later (Flowers et al. 2016). An alternative to direct observation 

is to examine mitochondrial DNA, which is inherited through matrilines, to make 

inferences about animal reproduction and dispersal (Hueter et al. 2004). This technique 

has found evidence to suggest both female mediated gene flow and philopatry occur in 

other elasmobranchs including three species of Pristis sawfishes in northern Australia; 

the Banded Guitarfish, Zapteryx exasperata, in the Gulf of California; Bull Sharks, 

Carcharhinus leucas, in Brazil; and the Port Jackson Shark, Heterodontus portjacksoni, 

in southeastern Australia (Hueter et al. 2004; Karl et al. 2011; Phillips et al. 2011; 

Castillo-Páez et al. 2014; Day et al. 2019). To date, investigation of philopatry or sex-

specific mediated gene flow using mitochondrial DNA analysis has not been applied to 

skates. 

Skates and rays are understudied and underprioritized, and therefore globally 

undermanaged. Historically, skates and rays have been of little economic value to 

commercial or recreational fishermen and have therefore seen little attention from 

management (Bonfil 1994; Gallagher et al. 2012). However, because of their demersal 

lifestyle and seasonal congregations, skates are highly vulnerable to removal as bycatch 

and are poorly accounted for in multispecies groundfish fisheries (Bonfil 1994). If fishing 

records track skate harvest at all, they are often grouped into a non-specific skate 

complex instead of separated into species-specific listings. This is a problem, as grouped 

abundance may remain stable over many years when, in fact, local depletion of one or 

more species allows for the increased abundance of another (Dulvy et al. 2000). This can 
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have deleterious effects on scientific, conservation, and management efforts (Dulvy et al. 

2000; Laikre et al. 2005; Ying et al. 2011). 

The Clearnose Skate is common bycatch in bottom trawl and dredge fisheries. 

Currently, Clearnose Skate are managed by the New England Fishery Management 

Council (NEFMC) as part of the skate complex, which includes six other species of skate, 

and are not currently managed by the Southeast Fishery Management Council or the Gulf 

States Fishery Management Council. Lack of information regarding Clearnose Skate 

population structure has been consistently noted as a research need and impediment to 

accurate management by the Northeast Fishery Science Center’s Stock Assessment 

Workgroup (NEFMC 2003), IUCN (Ha et al. 2009) and the FAO (Bonfil 1994). 

Understanding population structure would allow for subsequent delineation of 

management units, or stocks, which is essential for preserving skate genetic diversity and 

abundance when faced with discard mortality and unequal fishing pressure across 

management regions. Additionally, if Clearnose Skate stocks could be assessed and 

managed separately from the current skate complex, targeted skate species could 

potentially benefit from a higher Total Allowable Catch (Hogan et al. 2013), thus 

ensuring the economic viability of skate fisheries, which brought $5.4 million in revenue 

to New England in 2016 (NEFMC 2017).  

In the absence of accurate fisheries records, collecting life history information is 

essential for formulating policy decisions. One of these pieces of information is 

population structure. Population structure can be examined through the lens of 

morphometric and meristic data, genetics, growth rates, mark-recapture, and fishery catch 

data. Results from each of these approaches may aid in characterizing connectivity, 
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segregation or migration, local adaptation, and phenotypic variation. Understanding these 

specifics is key for assessing biodiversity, conservation and risk assessment (Bräutigam 

et al. 2015; Domingues et al. 2017), biomass and fisheries total allowable catch (Palsbøll 

et al. 2006; Dulvy et al. 2008; Ying et al. 2011), and phylogeny (Palumbi 1994; Natoli et 

al. 2003). Further, falsely assuming a single panmictic population of Clearnose Skates 

and mismanaging fishing pressure could result in unequal harvest rates, loss of genetic 

diversity, or stock collapse (Dulvy et al. 2000; Hueter et al. 2004; Laikre et al. 2005; 

Ying et al. 2011; Spies and Punt 2015). 

The purpose of this thesis was to evaluate the population structure of the 

Clearnose Skate, Rostroraja eglanteria, using an interdisciplinary combination of genetic 

and morphological data. Chapter 1 of this thesis examines the genetic population 

structure of R. eglanteria. Genotyping by sequencing of thousands of single nucleotide 

polymorphisms (SNPs) was used to look for evidence of genetic population structure 

across the species’ geographic range. Chapter 2 examines the morphological variation of 

Clearnose Skate specimens sampled from throughout their geographic range to identify 

physical characteristics that may indicate population structure. 
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Population Structure and Genetic Diversity of the Clearnose Skate (Rostroraja 

eglanteria), a Migratory Elasmobranch from the Western North Atlantic Using SNP 

Genetic Markers 
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1. INTRODUCTION 

Recent advances in molecular marker discovery and analysis have allowed for 

increasingly powerful application to population genetic studies. Early nuclear markers 

including Restriction Fragment Length Polymorphism (RFLP) analysis (different DNA 

fragment lengths resulting from restriction enzyme digests), allozymes (bi-parentally 

inherited enzymes that exhibit allelic variation), and microsatellites (short repeating 

motifs of 2-5 nucleotides at a single location [locus; plural: loci] on the genome (Morin et 

al. 2004) were utilized in studies of elasmobranchs. Typically, microsatellites can be 

highly polymorphic regarding the number of nucleotide repeats (i.e. alleles) at a locus 

and are therefore good markers for population-level studies. However, elasmobranchs 

have been estimated to have an eight-fold reduction in their mutation rate compared to 

other vertebrates, which has made discovery of variable microsatellite loci difficult and, 

as with all previous marker types, they often failed to find evidence of differentiation 

(Martin et al. 1992; Heist 1999; Portnoy and Heist 2012). Mitochondrial DNA (mtDNA), 

which is directly passed from mother to offspring, has been the historical marker of 

choice when examining phylogeography and reproductive patterns (Hueter et al. 2004), 

but mtDNA also exhibits low mutation rates in elasmobranchs and therefore low 

variability (Portnoy and Heist 2012). More recently, accurate reads of each nucleotide 

state (A, T, G, and C) at each locus along a gene or along the genome have been used in 

an increasing number of elasmobranch studies. Base pair changes at a locus are called 

single nucleotide polymorphism markers (SNPs; Vignal et al. 2002). The resulting 

polymorphism is typically one of two nucleotides, a change from A to G for example, 

thus the assayed SNPs are most often considered bi-allelic (Brumfield et al. 2003; Morin 
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et al. 2004). Although an individual SNP is less polymorphic than an individual 

microsatellite locus, they can be recovered from throughout the genome, thereby 

increasing the number of markers used in population discrimination to hundreds or 

thousands. Like other nuclear markers, SNPs are biparentally inherited (Morin et al. 

2004) and also have lower mutation rates than microsatellites. This reduces the likelihood 

of homoplasy, where identical genetic states between taxa or individuals result from 

independent mutations and not from common descent (Morin et al. 2004). In addition to 

the increased statistical power gained from obtaining a large number of SNPs, outlier 

loci, markers that exhibit patterns that are more diverged as compared to neutral 

expectation, can be identified and aid in identifying population structure due to local 

adaptation or sexual selection (Luikart et al. 2003; Morin et al. 2004; Russello et al. 

2012). 

The Clearnose Skate (Rostroraja eglanteria, Bosc 1800) is a flat, benthic, 

elasmobranch and member of the family Rajidae (McEachran 2002). They are widely 

distributed in the western North Atlantic Ocean, from Massachusetts to Florida, and the 

eastern Gulf of Mexico and can tolerate a range of temperatures, salinities, and depths 

(Packer et al. 2003). They are seasonally migratory in the Gulf of Mexico and north of 

Cape Hatteras, NC, but the timing and direction of these migrations differs between these 

two areas (Luer and Gilbert 1985; Packer et al. 2003). Clearnose Skate often congregate 

during their migrations and are subject to high mortality as bycatch in bottom trawl and 

dredge fisheries (NEFMC 2003).  

Clearnose Skates have been used as model organisms for genetic research. These 

studies have focused on DNA barcoding (Coulson et al. 2011) and gene function 
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evolution relative to that of other model organisms (Anderson et al. 2001, 2004; Cannon 

et al. 2006). Additionally, broad phylogenetic studies of rajids have used the Clearnose 

Skate to represent an operational taxonomic unit, the results of which supported a recent 

reassignment of Clearnose Skates from the genus Raja to Rostroraja (Chiquillo et al. 

2014; Last et al. 2016b, 2016a). Despite the growing literature involving Clearnose Skate, 

molecular markers have not been used to examine this species specifically or address 

their population structure. Understanding range-wide population structure fulfills a New 

England Fishery Management Council (NEFMC) Skate Advisory Panel research need 

(NEFMC 2018) and allows for genetic stock delineation. This information is essential for 

preserving skate genetic diversity and abundance when faced with discard mortality and 

unequal fishing pressure across management regions. Additionally, precise management 

of skate stocks will ensure the economic viability of skate fisheries, which brought $5.4 

million in revenue to New England in 2016 (NEFMC 2017). If we continue to assume 

that results from a local study apply to all clearnose skates without resolving stock 

structure, our understanding of this species may be inaccurate. This can have deleterious 

effects on scientific, conservation, and management efforts (Dulvy et al. 2000; Laikre et 

al. 2005; Ying et al. 2011). 

Chapter 1 of this thesis examined the population structure and genetic diversity of 

R. eglanteria. Thousands of SNPs recovered using genotyping by sequencing were used 

to look for evidence of genetic population structure across the species geographic range 

and test the null hypothesis that Clearnose Skates consist of a single panmictic 

population.  



16 

 

2. METHODS 

2.1 Specimen Collection DNA Extraction and Filtering 

Specimen Collection: Specimens were collected from 2014 - 2019 on the 

following fishery independent surveys: The Northeast Area Monitoring and Assessment 

Program (NEAMAP), Virginia Institute of Marine Science (VIMS) Sea Scallop Research 

Program, and the National Marine Fisheries Service (NMFS) Southeast Area Monitoring 

and Assessment Program (SEAMAP) survey operated by Florida Fish and Wildlife 

Conservation Commission (FWC) in the Gulf of Mexico, and the South Carolina 

Department of Natural Resource (SCDNR) in the southeastern United States. The VIMS 

Sea Scallop survey used scallop dredge gear while the other surveys used bottom trawl 

gear. The area covered by these surveys was hierarchically stratified to examine both 

broad and more fine scale geographic patterns. Broadly, the range of specimen collection 

was delimited into three study regions (Table 1): a “northern range” (NOR, n =128) 

consisted of NEAMAP and VIMS Scallop surveys, which begin at Cape Hatteras and 

move northward; a “southern range” study region (SOU, n =45) consisted of SCDNR and 

SEAMAP trawl surveys in the coastal Atlantic Ocean from Cape Hatteras to the Florida 

Peninsula; and a “Gulf of Mexico range” study region (GOM, n =24), consisting of FWC 

and SEAMAP surveys in the Gulf of Mexico. Specimen latitude and longitude were used 

to further categorize specimens by the state waters off which they were caught: Rhode 

Island (RI, n = 5), New York (NY, n =15), New Jersey (NJ, n = 31), Delaware (DE, n = 

8), Maryland (MD, n = 12), Virginia (VA, n = 42), North Carolina north of Cape Hatteras 

(NCN, n = 14), North Carolina south of Cape Hatteras (NCS, n = 16), South Carolina, 

Georgia, and Florida (SCGAFL, n = 29), Gulf of Mexico (GOM, n = 24). Fin, muscle, or 

heart tissues were collected either at sea by survey crews or from frozen specimens 
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collected by survey crews and shipped to VIMS, and stored in 95% ethanol at -20 ℃ 

until processing. 

DNA Extraction: Prior to extraction, Longmire lysis buffer was used to begin 

freeing DNA from cellular membranes and increase the concentration of recovered DNA 

(Longmire et al. 1997). Tissue was soaked in the buffer from 2 -12 hours at room 

temperature. DNA was then extracted using either the Qiagen™ DNeasy Blood and 

Tissue kit (QIAGEN Sciences, Germantown, MD), or Puramag™ carboxylated magnetic 

beads (MCLAB, South San Francisco, CA) using standard protocols with minor 

modifications. To increase DNA concentration from poor quality tissue, 2-4 extractions 

were performed and eluted in 50 uL of elution buffer and subsequently combined and 

concentrated using the Zymo Research DNA Clean & Concentrator kit (Zymo Research, 

Irvine CA, USA). DNA quality was assessed using 1% agarose gels that included GelRed 

Nucleic Acid Stain (Biotum, Fremont, CA) in a horizontal electrophoresis chamber for 60 

minutes at 90 volts, and visualized on a UV transilluminator. A 1Kb Plus ladder 

(Invitrogen, Carlsbad, CA) was included to estimate the molecular weight of extracted 

DNA. DNA concentration and purity were evaluated using a NanoDrop™ 2000 

spectrophotometer (Thermo Fisher Scientific, Waltham, MA).  

Next Generation Sequencing: Samples yielding high molecular weight DNA and 

a concentration of at least 50 ng/uL were loaded on an Eppendorf twin.tec® 96 well plate 

(Eppendorf AG, Hamburg, Germany) and sent to Diversity Arrays Technology (DArT 

Pty Ltd, Canberra, AU) for high-throughput genotyping by sequencing using DArTseqTM 

(Sansaloni et al. 2011). Briefly, restriction endonucleases were used to reduce the 

complexity of the genome followed by hybridization to microarrays and sequencing on 



18 

 

an Illumina Hiseq 2500 (Illumina, San Diego, CA, USA). SNPs were identified using a 

proprietary data pipeline developed by DArT PL (DArTsoft14) where fragments were 

aligned to a Leucoraja erinacea reference genome, and matched with individual 

specimens and their associated metadata (http://www.diversityarrays.com/software.html). 

This process typically results in recovery of hundreds to thousands of SNP loci per 

individual and is also more efficient and cost effective than sequencing in-house 

(McDowell, pers. comm).  

SNP Filtering: The resulting matrix of identified SNPs and corresponding metrics 

for each specimen was downloaded from the DArT website and underwent further quality 

control filtering steps using the “dartR” package (v. 1.3.5 Gruber et al. 2019) in R 3.6.1 

(R Core Team 2019) as follows: 1) Monomorphic loci, which are loci that have an 

identical allele for all individuals and are therefore uninformative, were removed; 2) 

Read depth using a lower bound of 5 and upper bound of 30 was used to remove loci that 

were recovered an exceptionally low or high number of times per individual, and were 

thus considered unreliable; 3) Reproducibility average of 1 removed poor quality loci for 

which the reproducibility average across allelic states was < 100% in technical replicates; 

4) Call rate by locus using a threshold of 0.98 was used to identify and removed loci with 

> 2% missing data across individuals; 5) A minor allele frequency threshold of 0.01 

removed rare alleles that may result from sequencing error; 6) Hamming distances, the 

number of base pair differences between two sequences, was used to remove sequences 

that were very similar to one another and might be due to a duplication event; 7) The R 

package “radiator” (v. 1.1.6 Gosselin et al. 2020) was used to identify loci out of 

conformance to the expectations of Hardy-Weinburg equilibrium in at least 2 populations 

http://www.diversityarrays.com/software.html
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and with a p-value of < 0.05; 8) Secondary SNPs, which are instances of two SNPs 

occurring within the same 77 nucleotide base pair sequence tag, and therefore likely 

tightly linked, were removed; and, 9) Call rate by individual using a threshold of 0.95 

was used to remove individuals with > 5% missing data. 

2.2 Genetic Variation and Population Structure 

PCA and Relatedness: Principal Component Analysis (PCA) plots were created to 

visually examine genetic variation and clustering patterns among all sampled individuals 

in the R package “adegenet” (v. 2.3.1 Jombart et al. 2008; Jombart and Ahmed 2011). 

Outlier individuals were examined further to check the validity of those samples. For 

example, whether specimens exhibited elevated levels of relatedness suggesting either 

familial relationship or in the case of very high relatedness, accidental replicate sampling 

of an individual. Relatedness values were calculated between all possible pairs of 

individuals using the Triadic likelihood estimator (Wang 2007) in the Coancestry 

software (Wang 2011). Estimated relatedness values were compared with values of four 

simulated relationship categories (full sibling, half sibling, parent-offspring, or 

unrelated). Simulated relatedness values were based on baseline allele frequencies 

calculated from the empirical dataset and simulations were run using the R package 

“related”, which incorporates the methods used in the Coancestry software package (Pew 

et al. 2015). A total of 10 simulations were conducted using the command familysim, 

each including an allele frequency matrix calculated using 100 randomly selected loci 

and 100 simulated relationship pairs. The resulting simulated genotypes were analyzed 

using the triadic likelihood estimator and an error rate of 0.001 and used to create 

boxplots to illustrate the range of relatedness values recovered for each of the four family 
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relationship categories. Relatedness values for each specimen pair were compared to the 

simulated results. Individuals with relatedness values consistent with parent-offspring, 

full sibling, or half sibling were removed in order to remove potential bias. 

FST: To estimate the relative levels of differentiation among sample collections, 

the program GenoDive v. 3.03 (Meirmans 2020) was used to calculate Wright’s F-

statistics, known as FST (the fixation index of a subpopulation compared to the total 

population; Weir and Cockerham 1984), between Clearnose Skate collected from each 

pair of study regions and each pair of states. Significance was assessed using an initial p-

value of α =0.05 and false discovery rate (FDR) corrections were applied to provide more 

conservative estimates of significance (Benjamini and Hochberg 1995) 

DAPC and STRUCTURE: Individual based cluster identification and assignment 

was examined using two methods. First, Discriminant Analysis of Principal Components 

(DAPC; Jombart et al. 2010) in “adegenet” uses PCA’s ability to identify variability in 

the data, but instead of relying on the identified principal components, DAPC 

discriminates groups using maximized differences between groups while minimizing 

within group variation. The number of retained principal components was determined 

using two methods: a visual assessment of the graphs of the variance explained by PCA, 

and the function xval which uses cross-validation procedures to optimize the number of 

principal components. The optimal number of clusters, K, was determined using the 

Bayesian Information Criterion (BIC) and individuals were probabilistically assigned to 

each of the identified clusters. The second method of cluster identification used was the 

Bayesian clustering methods implemented in STRUCTURE (Pritchard et al. 2000). The 

likelihood of each K was estimated using the admixture model, sampling locations as 
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prior information, and correlated allele frequencies. Five replicates of simulations of K 

=1-5 were run using a burn-in of 250,000 Markov Chain Monte Carlo (MCMC) iterations 

followed by an additional 500,000 MCMC iterations. Results from each simulation were 

imported in the R package “POPHELPER R” v. 2.3.0 (Francis 2017), tabulated, visualized 

using bar plots, and K was determined using ΔK and maximum likelihood criteria based 

on the Evanno Method (Evanno et al. 2005). STRUCTURE has a tendency to fail to detect 

subtle population differentiation in cases of hierarchical population structure or when the 

data is obscured by strong genetic differentiation (Evanno et al. 2005; Janes et al. 2017; 

Roycroft et al. 2019), and for that reason a second dataset without GOM samples was 

used to determine K for U.S. East Coast samples using the same outlined steps. After the 

optimal K was selected for each dataset (with and without GOM), the data was run again 

using the optimal K, a 500,000 MCMC iteration burn-in, 2,000,000 MCMC iterations of 

the data. The remaining settings were the same as above. All results were imported in 

POPHELPER R and individual population assignment was visualized as STRUCTURE bar 

plots.  

AMOVA: GenoDive was also used to explore different hierarchical groupings of 

the genetic data and identify which groups maximize among group variation and 

minimize within group variation using analysis of molecular variance (AMOVA; 

(Excoffier and Lischer 2010). Groupings were based on results from PCA and FST results 

and explored whether maximum variance among groups was based on the original study 

region delineation or a different combination of states. Tests were run using the infinite 

allele model and significance was assessed using 10,000 permutations of the data.  
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2.3 Genetic Diversity and Ne within identified populations  

A summary of genetic diversity statistics including expected heterozygosity (He) 

and observed heterozygosity (Ho) was calculated for each putative genetic population in 

GenoDive. Additionally, an inbreeding coefficient, FIT (the probability that alleles at a 

locus are identical by descent in an individual compared to the likelihood that two 

randomly sampled alleles are identical by descent in the total population) was calculated 

for GOM specimens separately from NOR and SOU specimens in Coancestry. 

Contemporary effective population size, Ne, was calculated for each study region and 

putative population using NeEstimator v. 2.1 (Do et al. 2014) with the LD method and for 

three allele frequency thresholds; 0.01, 0.02, and 0.05. This method assumes that of the 

four evolutionary forces that contribute to changes in allele frequencies in a population 

(mutation, sexual selection, genetic drift, and migration), genetic drift is solely 

responsible for the signal in the data. Effective population size is the size of an idealized 

population experiencing changes in allele frequencies due to drift at the same rate as the 

observed population (Wright 1931). This estimation is not the same as, and is always 

lower than, the census population. The inverse of this value, 1/Ne, is an indicator of how 

influential genetic drift is on the population. An extremely low Ne resulting from a 

bottlenecking or founding event indicates that a population is more likely to be affected 

by genetic drift and therefore random loss of alleles, which can lead to deleterious effects.  

2.4 Spatial Autocorrelation  

Spatial patterns of genetic variation were assessed for both sexes combined and 

for each sex separately using spatial principal component analysis (sPCA; Jombart et al., 

2008) in the “adegenet” package in R. sPCA is similar to PCA in that it identifies genetic 
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variation, but additionally calculates and incorporates Moran’s index, I,  a measure of 

spatial autocorrelation (Moran 1948, 1950). An individual’s genotype was compared to 

that of its neighbors and whether the genotype is more similar or more dissimilar than 

expected in a random spatial distribution of the allele frequencies was assessed. 

Neighbors were determined using user-defined connection networks. For the purposes of 

this study, a Euclidean distance-based network using a minimum distance of 0 was used 

to ensure no specimens were excluded, and a maximum network distance of 6 was used 

to account for the long geographic distance around the Florida peninsula. A screeplot of 

eigenvalue variance and spatial autocorrelation aided in selecting the positive (global) 

and negative (local) principal components to retain and interpret. Global structure refers 

to individuals that are both spatially and genetically similar to one another, while local 

structure refers to individuals that are spatially similar but genetically dissimilar which is 

often due to behavioral differences. Missing allele frequencies were replaced with the 

mean allele frequency, and the presence of global and local structure was tested using 

999 permutations of the data using the global.test and local.test functions. Plots were 

created using the spatially weighted lag vector. 

2.5 Outlier Loci 

Outlier loci are markers that exhibit patterns of variation that are divergent from 

the rest of the genome (Luikart et al. 2003). This is in contrast with neutral markers, 

which are similarly affected across all individuals. Outlier markers are often referred to as 

“putatively under selection” and can be used to identify population structure related to 

local adaptation (Luikart et al. 2003; Russello et al. 2012). Outlier loci were identified in 

R using the dartR wrapper OutFLANK (Whitlock and Lotterhos 2015) with a q-value 
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threshold of 0.05, left and right trim fractions of 0.05, and minimum heterozygosity at 

0.1. The identified outlier loci were saved as a separate dataset and also used to evaluate 

population structure in PCA, FST, DAPC, STRUCTURE, and sPCA as described above. 

 

3. RESULTS 

3.1 Specimen Collection and Data Filtering 

All 197 samples that were sent to Diversity Arrays Technology were successfully 

sequenced, with an initial dataset of 178,623 SNP loci The number of remaining loci after 

each filtering step was as follows: monomorphic loci, 112,899; read depth, 99,507; 

reproducibility average, 78,305; call rate by locus, 20,728; minor allele frequency, 

11,695; Hamming distance, 9,510; Hardy-Weinberg Equilibrium, 8,914; secondary SNPs, 

8,914; call rate by individuals, 8,914 (Table 2).  

3.2 Population Structure 

PCA and Relatedness: A PCA plot was used to visually explore the genetic 

differentiation among Clearnose Skates. In this plot, NOR and SOU specimens were 

intermingled and GOM specimens grouped in a distinctly separate cluster (Figure S.1). 

The genetic distance between the two clusters indicated by the PCA warranted 

calculating relatedness values for GOM separately from the NOR and SOU. Estimated 

relatedness values were given context by comparing them to simulations of the four 

relationship categories. Simulations were based on the allele frequencies in NOR and 

SOU specimens estimated the means and inter-quartile ranges as follows: siblings = 

0.5603 (0.4791-0.6518), half siblings = 0.3023 (0.1949-0.4113), parent-offspring = 

0.5688 (0.5000-0.6341), and unrelated = 0.0777 (0-0.1250). The estimated means and 



25 

 

inter-quartile ranges for the GOM specimens were: full sibling = 0.5677 (0.4735-0.6644), 

half siblings = 0.3131 (0.1741-0.4361), parent-offspring = 0.5888 (0.5017-0.6704), and 

unrelated = 0.01036 (0-0.1607). Coancestry indicated that two GOM-GOM pairs and one 

NOR-NOR pair had relatedness values of 0.79, 0.72, and 0.47, respectively. The family 

simulations suggested that the NOR-NOR pair was most likely either a full sibling or a 

parent-offspring pair (Figure 2). Values for the two GOM-GOM pairs were higher than 

the third quartile of simulated values for any relationship category. Only the three pairs 

corresponding with outlier points seen in PCA plots (Figure S.1) had elevated relatedness 

values. To avoid bias that may result from contamination, sampling of family members, 

or specimen misidentification, one individual from each pair was deleted from the 

dataset, which reduced the final number of individuals to 194 (NOR = 127, SOU = 45, 

GOM = 22). The PCA was recalculated using the final 194 individuals, and the plots 

indicated that PC1 explained 4.73% of the variation in the data and PC2 explained 0.74% 

of the variation in the data (Figure 3). To further examine patterns among U.S. East Coast 

specimens, GOM specimens were removed from the dataset and a PCA with samples 

from NOR and SOU was recalculated (Figure 4). For this subset, PC1 explained 0.85% 

and PC2 explained 0.84% of the variation of the data. The PCA plots indicated that 

specimens from both study regions were again intermingled and there was no suggestion 

of structure. To look for evidence of clustering of individuals by the state in which they 

were recovered, specimen collection coordinates were used to recode each specimen by 

state and the PCA was recalculated and plotted again, but no clustering patterns could be 

detected (Figure S.2). This was also the case when specimens were recoded and plotted 

according to survey catch data including season, depth, bottom temperature, and salinity.  
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FST: Population differentiation was quantified using pairwise FST values calculated 

among study regions and among states. Among study regions, the pairwise FST value 

after FDR correction between GOM and NOR was 0.108 (p ≤ 0.001), between GOM and 

SOU was 0.107 (p ≤ 0.001; Table 3). The FST value between NOR and SOU was low (FST 

≤ 0.001) but significant (p ≤ 0.001). The FST values among all states ranged from 0.000-

0.134. FST values between the GOM and all other states were the highest, ranging from 

0.108-0.134, all of which were significant after FDR correction (Table 4). Pairwise 

comparisons among states on the U.S. East Coast had FST values ranging between -0.000 

- 0.003 and the magnitude of estimates did change with geographic distance. Those that 

were statistically significant after FDR correction were between SCGAFL and five states; 

NY (0.002, p = 0.001), NJ (0.002, p < 0.001), MD (0.002, p = 0.003), VA (0.001, p < 

0.001), and NCN (0.002, p = 0.003).  

Cluster Delimitation: DAPC and STRUCTURE methods were used to explore the 

most likely number of population clusters and individual sample assignment to each 

cluster. Attempts to retain principal components for DAPC using xval were unsuccessful, 

as the function estimated retaining a low number of principal components which 

corresponded with low percentages of the variance explained. Therefore, only visual 

assessments of the graphs were used to select the number of components retained. For 

DAPC, the lowest Bayesian Information Criterion (BIC) value indicated that the most 

likely number of clusters was K =2 (1128.1); Figure 5, a.). The DAPC plots suggested 

that one cluster was comprised of only NOR and SOU specimens and the second cluster 

was comprised of only GOM specimens (Figure 5, b.). Cluster delimitation using 

STRUCTURE, two clusters were most optimal according to the largest ΔK and mean log 
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likelihood values (Figure 6, a.). GOM specimens were assigned into one cluster and the 

NOR and SOU specimens were assigned into the second cluster (Figure 6, c.). 

STRUCTURE was also used to look for subtle structuring among the NOR and SOU 

specimens only, but the ΔK and mean log likelihood criteria identified K = 1 as the most 

optimal, which is consistent with a single population. 

AMOVA: Three AMOVA grouping schemes were tested to identify the population 

delimitation that maximized variance between groups and minimized variance within 

groups using FST values as an indication of likely grouping (Table 5). AMOVA 1, the 

null hypothesis, tested every state as a single group. AMOVA 2 placed states into three 

groups according to their prospective study region tested whether Cape Hatteras was a 

strong barrier to gene flow; RI-NCN (from RI through NCN, inclusive) as one group, 

NCS-SCGAFL (from NCS through SCGAFL, inclusive) as a second group, and GOM as 

a third group. AMOVA 3 also placed states into three groups, but groups corresponded to 

the results from pairwise FST test; RI-NCS (from RI through NCS, inclusive) were one 

group, SCGAFL was a second group, and GOM as a third group. The results indicated 

that AMOVA 3 maximized among group variation (FCT = 0.053, p < 0.001) and 

minimized within group variation (FSC = 0.002, p < 0.001, FST = 0.001, p < 0.001; Table 

6). 

3.3 Genetic Diversity and Ne Within Identified Populations  

Genetic diversity indices including observed heterozygosity (Ho) and expected 

heterozygosity (He) values were calculated for each putative population as determined by 

AMOVA (RI-NCS, SCGAFL, and GOM), and for each state (Table 5). The genetic 

diversity of the GOM population (Ho = 0.124 and He = 0.132) was lower than both 
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SCGAFL (Ho = 0.143 and He = 0.156) and RI-NCS populations (Ho = 0.146 and He = 

0.161). The differences of Ho between each pair of populations and of He between each 

pair of populations was tested using a paired t-test. All pairwise comparisons of Ho were 

significantly different between each population pair (RI-NCS and SCGAFL: t =3.959, p 

< 0.001; RI-NCS and GOM: t = 15.326, p < 0.001; SCGAFL and GOM: t =12.725, p < 

0.001), as were pairwise comparisons of He (RI-NCS and SCGAFL: t = -8.037, p < 

0.001; RI-NCS and GOM: t = 22.321, p < 0.001; SCGAFL and GOM: t = 18.575, p < 

0.001). Within each population, Ho was lower than He (Figure 7). Significance of this 

observed heterozygote deficiency (Ho vs He) within each population was also tested using 

a paired t-test and results were significant for all three populations (RI-NCS: t = -48.919, 

p ≤ 0.001; SCGAFL: t = -24.891, p ≤ 0.001; GOM: t = -8.9102, p ≤ 0.001) and overall (t 

= -58.22, p ≤ 0.001). Inbreeding coefficient (FIT) estimates were obtained for each 

population. The estimate for RI-NCS was highest (0.104), followed by SCGAFL (0.101) 

and GOM (0.058). When examining genetic diversity indices across states, Ho ranged 

from 0.124-0.150 (GOM and VA, respectively), He ranged from 0.132-0.163 (GOM and 

VA, respectively), and FIT ranged from 0.058-0.125 (GOM and NY, respectively). In 

general, there was no apparent increasing or decreasing trend in He, Ho, or FIT along the 

north-south gradient of the U.S. East Coast. 

Effective population size, Ne, was estimated for each putative population 

grouping. For the tested allele frequencies (0.01, 0.02, 0.05), Ne of RI-NCS was 

estimated at 11,788.3 (5,408.2-Infinite), 12,825.7 (5,299.0-Infinite), and 14,131.5 

(Infinite-Infinite), respectively, Ne of GOM was estimated at 8,167.6 (1,578.4-Infinite), 

8,167.6 (1,578.4-Infinite), and 2,005.8 (819.6-Infinite), and that of SCGAFL was 
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estimated as “infinite” for all allele frequencies but varied in range (7,628.3-Infinite; 

14,828.5-Infinite; Infinite-Infinite; Table 8). 

3.4 Spatial Autocorrelation 

Evidence of spatially autocorrelated allele frequencies for all specimens and for 

each sex was also tested for using sPCA. The global test for spatial autocorrelation using 

the full dataset indicated that global structure is occurring (score = 0.028, p ≤ 0.001), and 

local structure is not occurring (score = 0.718, p = 0.082). Eigenvalue plots indicated that 

PC1 explained the majority of the genetic variance and a high degree of spatial 

autocorrelation (variance = 149.390, I = 0.917) and PC2 explained a modest amount of 

genetic variance but a substantial amount of spatial autocorrelation (variance = 18.348, I 

= 0.422; Figure S.3, a.). These two principal components were retained and used for 

plots. The plot of sPC1 revealed two distinct clusters: one comprised of samples collected 

from the Gulf of Mexico and one comprised of samples collected off the U.S. East Coast 

(Figure 8, a.). The plot of sPC2 revealed a weak genetic cline along the U.S. east coast 

(Figure 8, b.). The combination of these two principal components is summarize in a red-

green-blue color plot, which shows GOM specimens as a distinct group in red and east 

coast specimens as a north-south gradient of dark greens (Figure 8, c). These sPCA 

results held when each sex was examined separately (Figure 8, d., e., f., g.), and for both 

sexes, only PC1 provided meaningful information (Female: variance = 234.425, I = 

0.981; Male: variance = 98.548, I = 0.901; Figure S.3, b., c.) which supported one cluster 

in the GOM separate from the other two regions. When GOM specimens were removed 

and NOR and SOU sexes were examined separately, there was no evidence of global 

(score = 0.006, p = 0.169) or local structure (score = 0.006, p = 0.662; Figure S.3, d.). 
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3.5 Outlier Dataset 

PCA and FST: An outlier loci dataset was identified and used to test for genetic 

differentiation that may be indicative of selective pressures. Using the OutFlank 

command, 30 outlier SNPs were identified from the full dataset and used in subsequent 

analyses. In the PCA plot of outlier loci, PC1 explained 60.70% of the variation in the 

data and PC2 explained 9.65% (Figure 9). Similar to the PCA of the full dataset, NOR 

and SOU specimens clustered together and separated from GOM specimens along PC1. 

However, when NOR and SOU were plotted separately, there appear to be two clusters 

(Figure 10). One tight group consisted of mostly NOR and a few SOU specimens and a 

second, diffuse group with half SOU and half NOR specimens intermingled. 

Similar to the dataset using all loci, the FST values between samples collected 

from the GOM and those collected from all other states were the highest, ranging from 

0.691-0.802 (SCGAFL-GOM and NY-GOM, respectively, all p-values < 0.001). All 

comparisons were significant after FDR correction (Table 9). Pairwise comparisons 

among states on the U.S. East Coast had FST values ranging from -0.039 (RI-DE, p = 

0.836) to 0.177 (MD-SCGAFL, p = 0.001). Comparisons between SCGAFL and the 

following five states were significant after FDR correction; NY (FST = 0.802, p < 0.001), 

NJ (FST = 0.780, p < 0.001), MD (FST = 0.780 p = 0.001), VA (FST = 0.767, p < 0.001), 

and NCN (FST = 0.754, p = 0.016). Two additional comparisons between samples were 

statistically significant: DE and NY (FST = 0.071, p = 0.011) and NCS and NY (FST = 

0.093, p = 0.002) although values were an order of magnitude lower. The magnitude of 

FST values did not increase with geographic distance between states.  

To examine whether the observed structure using outlier loci was driven by one or 

both sexes, and thereby suggestive of sex-biased dispersal, FST was estimated for females 
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and males separately. After FDR corrections for females, significant differences were 

also seen between GOM and seven East Coast states; NY (FST = 0.740, p = 0.001), NJ 

(FST = 0.770, p < 0.001), MD (FST = 0.767, p < 0.001), VA (FST = 0.753, p < 0.001), 

NCN (FST = 0.746, p < 0.001), NCS (FST = 0.724, p < 0.001) and SCGAFL (FST = 0.724, 

p < 0.001). There was also a significant difference between NJ and NY samples (FST = 

0.119, p = 0.011). Males also exhibited significant differences between GOM and six 

other states; RI (FST = 0.788, p = 0.007), NY (FST = 0.864, p < 0.001), NJ (FST = 0.796, p 

< 0.001), DE (FST = 0.785, p = 0.001), MD (FST = 0.804, p = 0.001), VA (FST = 0.792, p 

= 0.000), and NCS (FST = 0.724, p < 0.001). Also, for males, there were significant 

differences between SCGAFL and four other states; NY (FST = 0.510, p = 0.003), NJ (FST 

= 0.300, p = 0.001), MD (FST = 0.334, p = 0.009), and VA (FST = 0.308, p = 0.005). 

Cluster Delimitation: For DAPC, the BIC plot indicated that the most likely 

number of clusters was K = 2 (BIC = 5.41) or K = 3 (BIC = -73.3; Figure 11, a.). Using K 

= 2, DAPC assigned GOM specimens to one cluster and NOR and SOU specimens to a 

separate cluster (Figure 11, d.). Using K = 3, GOM was assigned to one cluster and NOR 

and SOU specimens were assigned to one of the remaining clusters, but there was no 

pattern to cluster assignment of individuals by geographic location of capture (i.e. state; 

Figure 11, e., f.). To examine cluster assignment along the U.S. East Coast, GOM was 

removed and the DAPC was recreated. The BIC indicated that the most likely number of 

clusters were K = 2, 3, 4, or 5 (BIC = -55.8, -72.6, -83.7, -93.3, respectively; Figure 12, 

a.) and DAPC plots were made for each possible value of K (Figure 12, f., g., h., i.). 

There was no clear pattern of individual assignment to clusters in any DAPC plot for any 

value of K.  
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For assignment tests using STRUCTURE, two clusters were most optimal according 

to the largest ΔK value (Figure 13, a). The GOM specimens were assigned into one 

cluster and the NOR and SOU specimens were assigned into the second cluster (Figure 

13, b., c). Again, the GOM specimens were removed to more closely examine cluster 

assignment using U.S. East Coast specimens. According to ΔK values, K =2 was most 

optimal but maximum log likelihood values suggested that K =3 and K =4 were also 

possible scenarios and were examined (Figure 14, a, b). Cluster assignment did not reveal 

any pattern relative to latitudinal gradient or putative population grouping corresponding 

to AMOVA groupings (Figure 14, c). 

Spatial Autocorrelation: Analysis using outlier data indicated that the probability 

of global structure was significant (score = 0.585, p ≤ 0.001, but the probability of local 

structure was not significant (score = 0.014, p = 1.00; Figure S.13, e.). Principal 

component 1 (variance = 15.78, I = 0.877) revealed strong separation between GOM and 

the U.S. East Coast with the exception of the two southernmost specimens in the 

SCGAFL population (Figure 15, a. b.). This was consistent when each sex was plotted 

separately (Figure 15, c., d., e., f; Figure S.3, f., g.). When only the NOR and SOU 

specimens were examined, global structure remained significant (score = 0.40, p = 0.001) 

and local structure was not significant (score = 0.014, p = 0.962; Figure S.13, b). The 

sPCA graph revealed a genetic cline between RI-NCS and SCGAFL specimens that was 

weakly spatially autocorrelated (variance = 3.473, I = 0.096; Figure 15, g., h.).  
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4. DISCUSSION  

Very few studies have examined the genetic structure of skates, and as of this 

writing, only one other study has utilized genotyping by sequencing methods to obtain 

molecular markers for rajids. This study was also the first to examine the population 

structure and genetic diversity of the Clearnose Skate, Rostroraja eglanteria. All analyses 

presented strong support for structure between the Gulf of Mexico and the U.S. East 

Coast, and also suggested subtle structure along the U.S. East Coast with no clear barriers 

to gene flow. 

4.1 Evidence of a Distinct Gulf of Mexico Population 

There was consistent evidence from pairwise FST, AMOVA, PCA, DAPC, 

STRUCTURE, and sPCA suggesting that Clearnose Skate from the Gulf of Mexico are 

genetically distinct from those along the U.S. East Coast regardless of whether all 8,914 

loci or only 30 outlier loci were analyzed. For the full dataset, the FST values reported 

here between GOM and the U.S. East Coast (FST = 0.106) were similar to the FST values 

reported for other batoids. Frodella et al. (2016) examined population structure of the 

Speckled Skate, Raja polystigma, from nine Mediterranean sampling sites and the 

incidence of hybridization with the congeneric Spotted Ray, R. montegui from one 

sampling site in the Mediterranean where the two species are known to co-occur, and one 

site in the western Irish Sea. They used data from seven microsatellite loci to calculate 

the pairwise genetic distances among all of the sampling sites and reported that FST 

values between the two species ranged from 0.117-0.261 and were statistically 

significant, which supported strong differentiation between species. Within Speckled 

Skate, pairwise comparisons of FST estimates among sampling locations ranged from 
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0.000-0.146 and FST values from 0.043-0.146 were statistically significant, however, a 

Bayesian analysis of group membership in STRUCTURE best supported a single cluster (K 

= 1), consistent with panmixia. The authors hypothesized that extensive, relatively 

shallow continental slopes may serve as preferential habitat that connects sampling sites 

located throughout the Mediterranean Sea. The FST values recovered in the current study 

were also similar to FST values calculated for the Short-tail Stingray, Bathytoshia 

brevicaudata, in the southern hemisphere using 11 microsatellite markers (Roycroft et al. 

2019). Among four global sample sites (Eastern Australia, Western Australia, South 

Africa, New Zealand), five of six pairwise comparisons were significantly different (FST 

= 0.034 – 0.373, p < 0.05). Among five local sampling sites within New Zealand, the FST 

values ranged from -0.037 to 0.014 and no values were significantly different (p > 0.05).  

Genetic diversity indices of expected and observed heterozygosity differ between 

the GOM and U.S. East Coast populations. GOM specimens had the lowest He, or gene 

diversity value, which is reflected in the tight grouping of GOM specimens based on the 

genetic data visualized in PCA plots, as well as low Ho. This reduced level of 

polymorphism in the GOM population is reflected by the large number of monomorphic 

loci in the GOM skates (monomorphic loci = 4,348; Table 8), which is over half of all 

loci in the dataset. 

The lower estimates of Ne in the GOM suggests that the GOM population is likely 

smaller and more susceptible to the effects of genetic drift than the U.S. East Coast 

population. It is possible that genetic drift following a bottleneck or founder event led to 

allelic fixation and the observed number of monomorphic loci. The Ne estimates reported 

here are larger than values reported for other elasmobranchs, including the oviparous, 
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seasonal aggregating, and threatened Zebra Shark, Stegostoma fasciatum, (Ne = 377) 

(Dudgeon and Ovenden 2015), the near threatened and migratory Spotted Eagle Ray, 

Aetobatis narinari (Ne = 1,893, Newby et al. 2014), and the endangered Smalltooth 

Sawfish, Pristis pectinata (Ne = 250.4- 342.5; Chapman et al. 2011), but lower than the 

coastal Bull Shark, Carcharhinus leucas (Ne= 148,000-227,800; Karl et al. 2011) . 

The sPCA also supported the two-population hypothesis, as indicated by principal 

component 1, which accounted for the vast majority of genetic variance, and Moran’s I 

spatial autocorrelation values. There was no evidence to suggest that males and females 

exhibit a difference in patterns of genetic spatial autocorrelation, which would be 

indicative of sex-biased dispersal. One caveat to using the sPCA method is that 

connection networks calculate Euclidean distances between specimens, which is 

inaccurate considering that the distance between GOM and all other specimens should 

include the distance around, and not over, Florida. The minimum and maximum distances 

used in calculating sPCA may have an effect on the results, but quick examination of 

sPCA plots using a range of maximum distances produced similar results. The author of 

the program has stated that if results do not change noticeably, then the results are robust 

and can be trusted (from adegenet help forum). 

4.2 Structure Along the U.S. East Coast  

This study found evidence to suggest subtle structuring along U.S. East Coast, 

most strongly associated with the outlier loci dataset, and consistent with an isolation-by-

distance pattern or a highly connected metapopulation. Analyses based on population 

groupings, such as PCA, DAPC, and STRUCTURE results using all loci did not indicate 

any differentiation between the study regions. Both cluster assignment methods using the 
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outlier dataset indicated that the most likely K was between 2 and 4. The low level of 

genetic differentiation based on FST values can result in inaccurate K estimates and 

individual misassignments in DAPC (Miller et al. 2020). Indeed, when using DAPC, I 

noticed occasional change in population delineation and assignment. Therefore, the 

DAPC results should always be examined in combination with other results and not as 

standalone evidence. This result is similar to the O’Connell et al. (2019) study of 

Leucoraja erinacea, where pairwise FST values did not support genetic structure between 

the study sites, but a Mantel test detected a pattern of isolation by distance among 

samples collected from four sampling locations from the Gulf of Maine to Cape Hatteras, 

NC. The current study did not examine isolation-by-distance using a strict Mantel test, 

but instead, used specimen collection coordinates to calculate a similar individual-based 

metric for spatial autocorrelation tests, which pointed to a gradual genetic cline along the 

East Coast. However, unlike O’Connell et al., (2019), this study also found small but 

significant pairwise FST values among East Coast samples.  

This study was able to calculate point estimates of effective population size for 

the RI-NCS population, which was much larger than estimates for other elasmobranchs 

(Chapman et al. 2011; Newby et al. 2014; Dudgeon and Ovenden 2015), but was unable 

to obtain estimates for SCGAFL. When RI-NCS and SCGAFL were treated as a single 

East Coast population, estimates were larger than that of RI-NCS, but still maintained 

infinite upper confidence interval bound. If the two populations conformed to an island 

model, where each local population does not exchange migrants, it is expected that the Ne 

of the combined metapopulation be greater than the sum of each population’s 

independent Ne (Waples 2010). While the estimate for SCGAFL prevents us from 
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considering the sum of the two populations, we can at least infer that the Ne estimate for 

an East Coast metapopulation is less than double the local RI-NCS estimate. Cases of an 

Ne estimate for a metapopulation similar to the Ne estimate of a local population can be 

caused by weak genetic differentiation and high migration rates (Waples and Do 2010); 

both of these characteristics have been demonstrated in the Clearnose Skate populations 

considered in this study. Infinite estimates, like those seen for SCGAFL and many of the 

upper confidence intervals, are sometimes indicative of infinitely, or very, large 

populations, and other times indicative of negative Ne caused by biases (Marandel et al. 

2019). Calculations of Ne assume discrete generations, random mating, no migration, no 

mutation, and no natural section, and violations of these assumptions can bias estimates 

of Ne. (Waples et al. 2016). Two such violations already exist for the samples in this 

study; 1) Clearnose Skates are highly migratory and 2) have potentially overlapping 

generations (sexually mature between ages 3 and 4 years and live to be at least 6 years; 

Daiber 1960; Fitz and Daiber 1963). Further, low sample sizes can also bias estimates 

(Waples and Do 2010).  

Estimated FST values in marine fishes are typically lower than values in 

freshwater and anadromous fishes, often owing to the lack of physical barriers that would 

otherwise separate populations (Ward et al. 1994). Even so, the FST values reported here 

between all pairs of U.S. East Coast states using the full loci dataset were exceptionally 

low (-0.001- 0.003), but there was statistically significant differentiation between 

SCGAFL and five other states that was further supported by FST estimates using the 

outlier loci dataset. This weak differentiation was also reflected in the AMOVA, which 

marginally supported Grouping 3, where NCS was included with states RI-NCN (FCT = 
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0.053, p < 0.001) over Grouping 2, where NCS was included with SCGAFL (FCT = 

0.045, p < 0.001) based on the larger FCT estimate. Similarly low and significant pairwise 

FST values have been reported in other fish population studies. Jackson et al. (2014) used 

microsatellite and SNP markers to estimate differences among four populations of 

Nassau Grouper, Epinephelus striatus, and found two pairs of populations to be 

significant (FST = 0.0023, p = 0.0039 and FST = 0.002, p = 0.0140). Barker et al. (2015) 

found significant differences between Leopard Sharks, Triakis semifasciata, from La 

Jolla, CA and Catalina Island, CA using five microsatellite markers with low values (FST 

= 0.003; p = 0.026). A SNP-based study of South Pacific Albacore Tuna, Thunnus 

alalunga, by Anderson et al. (2019) examined 1,837 neutral and 89 outlier loci also 

recovered using DArTseq and found low, but significant, differences between two 

cohorts of New Caledonian specimens and one group of New Zealand specimens using 

the neutral dataset (FST = 0.0027, p = 0.0004; FST = 0.0031, p = 0.0002) and even greater 

FST values between those same pairs using the outlier dataset (FST = 0.0157, p = 0.0012; 

FST = 0.0203, p = 0.0000). Waples (1998) cautioned that in order to overcome the high 

signal-to-noise ratio seen in FST estimates for marine organisms, it is important to sample 

as many individuals and independent markers as possible. I feel confident that the 

number of loci recovered is sufficient based on simulations performed by Willing et al. 

(2012), which tested whether marker sample sizes of 100 versus 1,000 SNPs had an 

effect on estimates of FST. They concluded that in cases of low genetic divergence (FST ≤ 

0.05), there was little to no difference of average FST estimates based on which number of 

markers was used.  



39 

 

Examining FST estimates using the outlier dataset for each sex separately revealed 

that differentiation is driven primarily by males. Significant differences were detected 

between SCGAFL and four other states, while for females there were only significant 

differences between NY and NJ, however, these results may be biased due to reduced 

sample sizes and low statistical power. The pattern detected here is in contrast to what is 

seen in another coastal batoid, the Short-tail Stingray, Bathytoshia brevicaudata 

(Roycroft et al. 2019), where differences among females is greater than the differences 

among males. Such a pattern is called male-biased dispersal, where gene flow is mediated 

by male dispersal capabilities and females exhibit site fidelity which can be indicative of 

natal philopatry.  

Although our FST estimates were statistically significant and indicate that some 

departure from panmixia occurred (Waples 1998), they do not provide support for any 

strong genetic breaks indicative of hard barriers to dispersal. Such strong genetic breaks 

would result in higher FST values like those seen between GOM and East Coast samples, 

on either side of the barrier. These genetic breaks often correspond to a physical barrier, 

such as a strong current, a landmass, or freshwater outfall that could prevent individuals 

from passing between regions. Although Cape Hatteras is a known barrier for other fish 

species (Briggs 1974; Avise et al. 1987; Mccartney et al. 2013; Leidig et al. 2015), there 

is little evidence that this acts as a strong barrier for Clearnose Skate. Alternatively, 

rejection of the null hypothesis (that there is no evidence of population structure) can 

occur when samples are collected during instances of temporal segregation, either for 

feeding, breeding, or migration behaviors (Wearmouth and Sims 2010). Such behaviors, 

like long-range migration, can maintain broad genetic connections across a large 
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geographic area, and behaviors like site fidelity due to temperature preferences can 

reduce genetic connections. If Clearnose Skates observed from South Carolina do remain 

inshore year-round, while Clearnose Skates north of that region seasonally migrate, it 

may explain the subtle structure detected between Clearnose Skate from the SCGAFL 

and RI-NCS. Finally, it is also unknown whether the observed genetic differentiation 

between males and females is related to any of these behaviors, or others. 

4.3 Limitations and Future Work 

One important and missing factor that hindered this study was a clear 

understanding of migration patterns of Clearnose Skates along the U.S. East Coast. The 

results presented here may be better interpreted if a clearer picture of migration was 

available. An improved understanding of migration would also help inform an 

appropriate sampling strategy in future genetic studies.  To fill this knowledge gap and 

address some of the questions above, tagging and tracking studies of Clearnose Skates 

along the U.S. East Coast is recommended. For instance, radio receivers placed in known 

aggregation sites can be used to examine residency patterns, mark-recapture studies using 

spaghetti tags are a cost-effective way to collect information regarding movements of 

individual skates, and sophisticated pop-up satellite tags can collect long-term 

geographic, movement, and environmental data that is otherwise impossible to observe in 

situ. 
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TABLES 

Table 1: Sample Collection Summary. Region abbreviations are as follows: NOR = U.S. 

East Coast north of Cape Hatteras, NC; SOU = U.S. East Coast from Cape Hatteras to the 

tip of the Florida Peninsula; GOM = Gulf of Mexico. State abbreviations are as follows: 

RI = Rhode Island; NY = New York; NJ = New Jersey; DE = Delaware; MD = 

Maryland; VA = Virginia; NCN = North Carolina north of Cape Hatteras; NCS = North 

Carolina south of Cape Hatteras; SCGAFL = combined states of South Carolina, 

Georgia, and Florida. *Three duplicate specimens were removed; one from VA and two 

from GOM. 

Region/State F M U Total 

NOR 46 80 2 128 

RI 0 5 0 5 

NY 3 13 0 15 

NJ 6 25 0 31 

DE 1 7 0 8 

MD 5 7 0 12 

VA 18 22* 2 42 

NCN 13 1 0 14 

SOU 24 4 17 45 

NCS 7 1 8 16 

SCGAFL 17 3 9 29 

GOM 14* 9* 1 24 

Total 84 93 20 197 
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Table 2: Order of filtering steps and thresholds used in the dartR and radiator packages 

implemented in R. Values indicate number of loci remaining after that particular filter 

step was complete. 

Filter Remaining Loci 

Initial Loci 178,623 

Monomorphic Loci 112,899 

Read Depth (lower =5, upper =30) 99,507 

Reproducibility Average (1) 78,305 

Call Rate by Loci (0.98) 20,728 

Minor Allele Frequency 11,695 

Hamming Distance 9,510 

HWE 8,914 

Secondary SNPs 8,914 

Call Rate by Individuals 8,914 

Final Number of Loci 8,914 

Outlier Loci 30 
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Table 3: Pairwise FST table of all loci calculated using GenoDive. Pairwise comparisons between three study regions (left) and GOM 

vs NOR+SOU (right). FST values below diagonal, p-values above diagonal. Bold indicates p-value < 0.05. 

 

 n NOR SOU GOM   n NOR+SOU GOM 

NOR 127 - 0.001 0.001  NOR+SOU 172 - 0.000 

SOU 45 0.001 - 0.001  GOM 22 0.106 - 

GOM 22 0.108 0.107 -      

 

 

Table 4: Pairwise FST table of all loci with regions partitioned into states. FST values are below the diagonal and p-values are above the 

diagonal. Bold indicates p < 0.05, asterisk indicates significance after FDR correction. 

 

 n RI NY NJ DE MD VA NCN NCS SCGAFL GOM 

RI 5 - 0.362 0.156 0.385 0.056 0.208 0.374 0.058 0.052 0.000* 

NY 15 0.001 - 0.026 0.756 0.157 0.241 0.036 0.110 0.001* 0.000* 

NJ 31 0.002 0.001 - 0.446 0.263 0.204 0.147 0.353 0.000* 0.000* 

DE 8 0.001 -0.001 0.000 - 0.078 0.682 0.150 0.148 0.032 0.000* 

MD 12 0.003 0.001 0.001 0.002 - 0.258 0.662 0.424 0.003* 0.000* 

VA 42 0.001 0.000 0.000 -0.000 0.000 - 0.013 0.403 0.000* 0.000* 

NCN 14 0.001 0.001 0.001 0.001 -0.000 0.001 - 0.214 0.003* 0.000* 

NCS 16 0.003 0.001 0.000 0.001 0.000 0.000 0.001 - 0.532 0.000* 

SCGAFL 29 0.002 0.002 0.002 0.002 0.002 0.001 0.002 -0.000 - 0.000* 

GOM 22 0.134 0.119 0.116 0.123 0.122 0.112 0.120 0.115 0.108 - 
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Table 5: Genetic diversity statistics using all loci including observed heterozygosity (Ho) 

and expected heterozygosity (He) calculated using GenoDive and inbreeding coefficient 

(FIT) calculated using Coancestry. Results are displayed by region and by state. 

Population/State Ho He FIT 

RI-NCS 0.146 0.161 0.104 

RI 0.144 0.161 0.109 

NY 0.142 0.161 0.125 

NJ 0.145 0.159 0.104 

DE 0.144 0.160 0.103 

MD 0.148 0.162 0.116 

VA 0.150 0.163 0.097 

NCN 0.147 0.162 0.101 

NCS 0.146 0.160 0.092 

SCGAFL 0.143 0.159 0.101 

GOM 0.124 0.132 0.058 

Overall 0.138 0.151 0.088 
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Table 6: Analysis of molecular variance (AMOVA) grouping summary. Number 

indicates the group number each state belongs to in each of the three grouping schemes. 

 

State 

AMOVA 

1 

AMOVA 

2 

AMOVA 

3 

RI 1 1 1 

NY 2 1 1 

NJ 3 1 1 

DE 4 1 1 

MD 5 1 1 

VA 6 1 1 

NCN 7 1 1 

NCS 8 2 1 

SCGAFL 9 2 2 

GOM 10 3 3 

 

 

 

Table 7: Analysis of molecular variance (AMOVA) results. The most optimal grouping 

maximizes among-group variation (FCT) while minimizing within-group variation (FSC) 

AMOVA 3 is the most optimal (RI-NCS to SCGAFL FST = 0.001, p-value < 0.001). 

 

Grouping Source of Variation 

%  

Variation F Statistic P-value 

     

AMOVA 1     

None Within Individual 0.885 FIT = 0.115 - 

Among individuals within State 0.087 FIS = 0.09 0.000 

Among States 0.028 FST = 0.028 0.000 

AMOVA 2     

RI - NCN,  

NCS -

SCGAFL, 

GOM 

Within Individual 0.868 FIT = 0.132 - 

Among individuals within State 0.086 FIS = 0.09 0.000 

Among States within Groups 0.001 FSC = 0.001 0.012 

Among Groups 0.045 FCT = 0.045 0.000 

AMOVA 3     

RI-NCs,  

SCGAFL, 

GOM 

Within Individual 0.860 FIT = 0.40 - 

Among individuals within State 0.085 FIS = 0.09 0.000 

Among States within Groups 0.001 FSC = 0.001 0.003 

Among Groups 0.053 FCT = 0.053 0.000 
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Table 8: Estimates of effective population size (Ne) calculated using NeEstimator. Ne was 

calculated for populations RI-NCS, SCGAFL, East Coast as a single population, and 

GOM. 

 

Population r2 Monomorphic 

Loci 

Ne 95% CI 

RI- NCS 0.007 85   

Allele Freq 0.01   11,788.3 5,408.2-Infinite 

Allele Freq 0.02   12,825.7 5,299.0-Infinite 

Allele Freq 0.05   14,131.5 6,140.7-Infinite 

SCGAFL 0.039 1654   

Allele Freq 0.01   Infinite 7,628.3- Infinite 

Allele Freq 0.02   Infinite 14,828.5- Infinite 

Allele Freq 0.05   Infinite Infinite- Infinite 

East Coast 0.006 56   

Allele Freq 0.01   16,359.8 7,485.9- Infinite 

Allele Freq 0.02   19.992.5 7,735.4- Infinite 

Allele Freq 0.05   21.157.0 8,976.2- Infinite 

GOM 0.053 4,348   

Allele Freq 0.01   8,167.6 1,578.4-Infinite 

Allele Freq 0.02   8,167.6 1,578.4-Infinite 

Allele Freq 0.05   2,005.8 819.6-Infinite 
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Table 9: Pairwise FST table of outlier loci with regions partitioned into states. FST values are below the diagonal and p-values are above 

the diagonal. Bold indicates p < 0.05, asterisk indicates significance after FDR correction. 

 

n RI NY NJ DE MD VA NCN NCS SCGAFL GOM 

RI 5 - 0.085 0.814 0.836 0.639 0.882 0.883 0.643 0.179 0.000* 

NY 15 0.044 - 0.077 0.011* 0.716 0.071 0.051 0.002* 0.000* 0.000* 

NJ 31 -0.023 0.017 - 0.544 0.628 0.927 0.901 0.075 0.000* 0.000* 

DE 8 -0.039 0.071 -0.006 - 0.166 0.748 0.925 0.833 0.180 0.000* 

MD 12 -0.018 0.010 -0.006 0.030 - 0.523 0.318 0.046 0.001* 0.000* 

VA 42 -0.029 0.018 -0.008 -0.014 -0.004 - 0.980 0.135 0.000* 0.000* 

NCN 14 -0.033 0.029 -0.012 -0.026 0.005 -0.017 - 0.534 0.016* 0.000* 

NCS 16 -0.021 0.093 0.019 -0.026 0.045 0.011 -0.006 - 0.273 0.000* 

SCGAFL 29 0.027 0.170 0.089 -0.017 0.177 0.079 0.055 0.004 - 0.000* 

GOM 22 0.756 0.802 0.780 0.747 0.780 0.767 0.754 0.723 0.691 - 
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Table S.1: Pairwise FST table of female outlier loci with regions partitioned into states. FST values are below the diagonal and p-values 

are above the diagonal. Bold indicates p < 0.05, asterisk indicates significance after FDR correction. 

 

 n RI NY NJ DE MD VA NCN NCS SCGAFL GOM 

RI 0 - - - - - - - - - - 

NY 3 - - 0.011* 1.000 0.051 0.187 0.139 0.084 0.029 0.001* 

NJ 6 - 0.119 - 1.000 0.989 0.756 0.813 0.050 0.087 0.000* 

DE 1 - 0.000 0.000 - 1.000 1.000 1.000 1.000 1.000 1.000 

MD 5 - 0.091 -0.069 0.000 - 0.707 0.556 0.045 0.062 0.000* 

VA 18 - 0.036 -0.020 0.000 -0.021 - 0.969 0.057 0.042 0.000* 

NCN 13 - 0.039 -0.024 0.000 -0.009 -0.021 - 0.080 0.064 0.000* 

NCS 7 - 0.136 0.087 0.000 0.099 0.048 0.040 - 0.860 0.000* 

SCGAFL 17 - 0.153 0.059 0.000 0.079 0.037 0.035 -0.026 - 0.000* 

GOM 13 - 0.740 0.770 0.000 0.767 0.753 0.746 0.682 0.724 - 
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Table S.2: Pairwise FST table of male outlier loci with regions partitioned into states. FST values are below the diagonal and p-values 

are above the diagonal. Bold indicates p < 0.05, asterisk indicates significance after FDR correction. 

 

 n RI NY NJ DE MD VA NCN NCS SCGFL GOM 

RI 5 - 0.088 0.808 0.932 0.640 0.695 1.000 1.000 0.054 0.007* 

NY 13 0.044 - 0.079 0.057 0.608 0.179 1.000 1.000 0.003* 0.000* 

NJ 25 -0.023 0.021 - 0.894 0.743 0.881 1.000 1.000 0.001* 0.000* 

DE 7 -0.054 0.046 -0.022 - 0.458 0.882 1.000 1.000 0.018 0.001* 

MD 7 -0.029 -0.010 -0.014 -0.005 - 0.781 1.000 1.000 0.009* 0.001* 

VA 21 -0.019 0.013 -0.010 -0.025 -0.019 - 1.000 1.000 0.005* 0.000* 

NCN 1 0.000 0.000 0.000 0.000 0.000 0.000 - 1.000 1.000 1.000 

NCS 1 0.000 0.000 0.000 0.000 0.000 0.000 0.000 - 1.000 1.000 

SCGAFL 3 0.206 0.510 0.300 0.222 0.334 0.308 0.000 0.000 - 0.020 

GOM 8 0.788 0.864 0.796 0.785 0.804 0.792 0.000 0.000 0.613 - 
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Table S.3: Genetic diversity statistics for each sex 

 

Population Ho He GIS 

Female    

RI-NCS 0.150 0.163 0.079 

SCGAFL 0.143 0.159 0.100 

GOM 0.120 0.131 0.084 

Overall 0.138 0.151 0.089 

Male    

RI-NCS 0.144 0.160 0.101 

SCGAFL 0.142 0.158 0.102 

GOM 0.141 0.138 -0.022 

Overall 0.142 0.152 0.066 

Region    

NOR 0.146 0.161 0.093 

SOU 0.144 0.159 0.095 

GOM 0.124 0.132 0.060 

Overall 0.138 0.150 0.083 
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FIGURES 

Figure 1: Bubble plot of specimen collection location.  
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Figure 2: Related simulation box plots for NOR and SOU regions (left) and GOM region 

(right). Box plots indicate how the simulated relatedness values correspond with four 

relatedness categories: Full sibling, half sibling, parent-offspring, and unrelated. 

 

 

 

 

 

  



58 

 

Figure 3: Principal Component Analysis (PCA) plot using all 8,914 loci. Ellipses indicate 

95% confidence. GOM = Gulf of Mexico, SOU = Southern U.S. East Coast, NOR = 

Northern U.S. East Coast. ●= female, ▲= male, х = unknown sex. 
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Figure 4: Principal Component Analysis (PCA) plot using all 8,914 loci from NOR and 

SOU specimens. GOM was removed to visualize fine scale differentiation among U.S. 

East Coast samples. ●= female, ▲= male, х = unknown sex. 
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Figure 5: Discriminant analysis of principal components (DAPC) results using all 8,914 

loci. a) Graph of BIC values used to find optimal K for DAPC of all 8,914 loci. b) Scatter 

plot of population assignment kernel density using DAPC. c) Population assignment plot. 
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Figure 6: Different K selection criteria for STRUCTURE plots using the Evanno method (n 

loci= 8,914). K = 2 is most optimal. a) Mean Log Likelihood estimates, d) ΔK estimates. 
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Figure 7: STRUCTURE results using all 8,914 loci. a) Population assignment plots for each 

simulation of K = 1-5. b) Final population assignment plot using K =2, 500,000 MCMC 

burn-in and 2,000,000 MCMC iterations 
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Figure 8: Dot plot of expected and observed heterozygosity. Panels indicate each 

subpopulation and overall data. Red line indicates a slope =1.  
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Figure 9: Spatial analysis of principal components (sPCA) using all 8,914 loci. a.) sPCA 

plot using PC1. The size of squares corresponds with genetic variation and the color 

corresponds with spatial autocorrelation (black is positive, white is negative). b) sPCA 

plot using PC2. c) Colorplot made with PCs 1 and 2. d, e) female specimens plotted using 

PC1. f, g) male specimens plotted using PC1. 
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Figure 10: Principal Component Analysis (PCA) plot using 30 outlier loci. Ellipses 

indicate 95% confidence. GOM = Gulf of Mexico, SOU = Southern U.S. East Coast, 

NOR = Northern U.S. East Coast. ●= female, ▲= male, х = unknown sex. 
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Figure 11: Principal Component Analysis (PCA) plot using 30 outlier loci from NOR and 

SOU specimens. Ellipses indicate 95% confidence. SOU = Southern U.S. East Coast, 

NOR = Northern U.S. East Coast. ●= female, ▲= male, х = unknown sex. 
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Figure 12: Discriminant analysis of principal components (DAPC) results using 30 

outlier loci. a) Graph of BIC values used to find optimal K for DAPC of 30 outlier loci. 

b) Scatter plot of population assignment kernel density using K =2. c) Scatter plot of 

population assignment using K =3. d, e, f) Population assignment plot for K =2, K =3, 

and K =3 by state 

 

 

a.

. 

b. 

c. 



69 

 

 

 

  

d. 

e. 

f. 



70 

 

Figure 13: Discriminant analysis of principal components (DAPC) results using 30 

outlier loci from NOR and SOU specimens. a) Graph of BIC values used to find optimal 

K. b, c, d, e) Scatter plots of population assignment kernel density using K =2, 3, 4, 5. f, 

g, h, i) Population assignment plot for K =2, 3, 4, and 5 by state. 
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Figure 14: Different K selection criteria for STRUCTURE plots using the Evanno method 

(n loci = 30). K = 2 is most optimal. a) Mean Log Likelihood estimates, d) ΔK estimates. 

 

 

 

 

 

  



73 

 

Figure 15: STRUCTURE results using 30 outlier loci. a) Population assignment plots for 

each simulation of K = 1-5. b) Final population assignment plot using K =2, 500,000 

MCMC burn-in and 2,000,000 MCMC iterations 
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Figure 16: Different K selection criteria for STRUCTURE plots using the Evanno method 

(n loci=30). Optimal K = 2, 3,or 4. a) Mean Log Likelihood, d) and ΔK criteria. 
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Figure 17: STRUCTURE results using 30 outlier loci. a) Population assignment plots for 

each simulation of K = 1-8. b) Final population assignment plots for each simulation 

using K =2, 3, and 4; 500,000 MCMC burn-in and 2,000,000 MCMC iterations.  
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Figure 18: Spatial analysis of principal components (sPCA) using 30 outlier loci. sPCA 

plots made with PC1 (left column). The size of squares corresponds with genetic 

variation and the color corresponds with spatial autocorrelation (black is positive, white 

is negative. Colorplots made with PC1 (right column). Rows indicate which specimens 

are included; all specimens (a, b), females (c, d), males (e, f), and only east coast 

specimens (g, h).  
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Figure S.1: First PCA plot after filtering. Two pairs of individuals (one from NOR, two 

from GOM) are plotted par away from the rest of their respective clusters (circled in red) 
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Figure S.2: PCA plot of NOR and SOU specimens color coded by state 
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Figure S.3: Spatial analysis of principal components (sPCA) plots aiding in sPCA 

interpretation. From top to bottom and left to right: connection network, interpolated 

gradient with contour lines indicating genetic differentiation, plot of unweighted PC1, 

plot of unweighted PC1 using greyscale, screeplot of eigenvalues (positive values 

indicate global structure, negative values indicate local structure), and screeplot of each 

eigenvalue (λn) and its associated Moran’s index (I) and variance explained. a) All 8,914 

loci. Only PC1 and 2 provided meaningful results. 
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Figure S.3: b) sPCA using all 8,914 loci and only female specimens. Only PC1 provided 

meaningful results. 

 

b. 
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Figure S.3: c) sPCA using all 8,914 loci and only male specimens. Only PC1 and 2 

provided meaningful results. 

 

c. 
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Figure S.3: d) sPCA using all 8,914 loci from just U.S. East Coast specimens. No 

evidence of global or local structuring. 

 

d. 
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Figure S.3: e) sPCA using 30 outlier loci. Only PC1 provided meaningful results. 

 

e. 
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Figure S.3: f) sPCA using 30 outlier loci and female specimens. Only PC1 and 2 

provided meaningful results. 

 

f. 
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Figure S.3: g) sPCA using 30 outlier loci and male specimens. Only PC1 provided 

meaningful results. 

 

g. 
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Figure S.3: h) sPCA using 30 outlier loci and NOR and SOU specimens. Only PC1 

provided meaningful results. 

 

h. 

 



CHAPTER 2 

 

 

Morphological Variation of the Clearnose Skate (Rostroraja eglanteria) from the 

Western North Atlantic Using Morphometric and Meristic Characters 
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1. INTRODUCTION 

Taxonomic studies of fishes have long-relied on morphological approaches to 

collect morphometric and meristic data. Morphometric data are measurements between 

selected reference points to quantitatively compare and are used to describe the size, 

shape, and appearance of organisms (Zelditch et al. 2004). Meristic data are quantifiable 

characteristics, and are counts of elements of a series, such as scales, bones, pores, teeth, 

and fin rays. Together, morphometrics and meristic data provide vital references for 

identifying species, stocks, sex, maturity, variation among populations and species, and 

assessing taxonomic relationships. (Strauss and Bond 1990; Zelditch et al. 2004). The 

observable variants of these characters (i.e. phenotype) may be influenced by either 

environmental or genetic factors (i.e. genotype) (Barlow 1961). When variants of a 

phenotype are expressed from a single genotype, termed phenotypic plasticity (Scheiner 

1993), it can be deduced that environment can greatly influence the variation of meristic 

characters, especially during early development (Hubbs 1922; Strauss and Bond 1990). 

Once meristic traits are established in an individual they are generally considered fixed 

and do not often vary through ontogeny, whereas morphometric traits often do vary 

through ontogeny (Hubbs 1926; Barlow 1961; Lindsey 1988; Strauss and Bond 1990; 

Scheiner 1993). These phenotypic variants can be passed on to offspring without a 

change in the genotype through a process called epigenetic inheritance (Richards 2006).  

The link between genotype and phenotype can be very complex, as the interaction of 

inheritance with developmental environment has been difficult to pinpoint (Futuyama 

2009).  
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As a first step toward untangling phenotypic plasticity, detailed morphological 

analysis is needed to assess the intraspecific variation of physical features such as size, 

body segments, shape, and other characters, and to explore whether these are correlated 

with environmental parameters. There are a few generalized, global trends in phenotype. 

Increasing latitude often correlates with an increased number of vertebrae and larger 

overall body size (Lindsey 1966, 1988) and colder temperatures also correlate with a 

higher number of vertebrae (Clark and Vladykov 1960; Yatsu 1980; Lindsey 1988).  

Historically, morphological character data collection methods in elasmobranch 

fishes studies has been inconsistent and the subsequent results are difficult to compare 

among species (Hubbs and Ishiyama 1968; Francis 2006; Last et al. 2008). A standard list 

of measurements and characters has been proposed for future batoid morphological 

studies (Hubbs and Ishiyama 1968; Last et al. 2008). These guidelines have been adopted 

by many subsequent studies of skates (McEachran and Musick 1973; Garrick and Paul 

1974; Ishiyama and Ishihara 1977; Henderson et al. 2005; Jeong and Nakabo 2009; Orlov 

and Cotton 2015) 

A wide breadth of morphological techniques have been used to address questions 

of skate biology and taxonomy. Comparisons of skate egg case color, measurements, 

texture, and features have been used to create dichotomous keys for species identification 

(Ebert and Davis 2007; Mabragaña et al. 2011). Length data, clasper and cloaca 

measurements, and visual assessment of gonad stages have clarified previously unknown 

aspects of reproductive biology and growth, such as age and length at maturity (Sosebee 

2004; Henderson et al. 2005; Ebert et al. 2008). Intraspecific comparisons of size and age 

data within a geographic range have been used to assess differences in growth, identify 
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environmental variables that contribute to those differences, and provide biological 

parameters for management and conservation strategies (Frisk and Miller 2006; Licandeo 

and Cerna 2007; Misawa et al. 2018). Finally, morphological techniques have aided in 

the description of new species and taxonomic revisions (Templeman 1947; Garrick and 

Paul 1974; Ishiyama and Ishihara 1977).  

The Clearnose Skate, Rostroraja eglanteria (Bosc 1800), is a dorsoventrally 

compressed, benthic, chondrichthyan fish and a member of the family Rajidae (Bigelow 

and Schroeder 1953). Unlike mobulas, wedgefishes, and other rays, rajids reproduce by 

depositing numerous egg cases, each containing a single embryo and colloquially referred 

to as mermaid’s purses. There are approximately 178 species of Rajidae (Naylor et al. 

2012) that are distributed in all ocean basins from temperate to polar environments. They 

can be found in all depths, from shallow inshore habitats to continental shelves, 

continental slopes, and abyssal plains as deep as 4000 meters. Despite habitat partitioning 

and large geographic separation, many species display strikingly similar physical features 

to one another. This “morphological conservatism” has resulted in substantial taxonomic 

confusion, including instances of cryptic speciation (McEachran and Dunn 1998). In 

recent years, molecular tools, statistical analysis, and digital imagery have aided in 

collecting fine-scale data used to resolve difficult taxonomic questions of batoids 

(Griffiths et al. 2010; Parsons 2017). 

The Clearnose Skate has a wide geographic range in the Western North Atlantic, 

spanning the U.S. east coast from Massachusetts to central Florida and the Eastern Gulf 

of Mexico (Bigelow and Schroeder 1953; McEachran 2002). Clearnose Skates are 

seasonal migrants and are not present in all areas of their range during all seasons. In the 
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Gulf of Mexico, they overwinter and mate in the nearshore and move offshore during the 

warmer months (Luer and Gilbert 1985). Between Cape Hatteras, NC and Delaware, this 

species overwinters offshore and migrates inshore during the warmer months, starting in 

Virginia and North Carolina and gradually becoming more common northward into the 

summer (Packer et al. 2003). In the Cape Fear River, North Carolina, Clearnose Skates 

can be found between February and November, with an occasional absence in June and 

July when temperatures are greatest (Schwartz 2000). Bigelow and Schroeder (1953) 

noted that Clearnose Skates between South Carolina and Florida remain in coastal waters 

year-round, although this has not been further examined. The range of the Clearnose 

Skate encompasses a broad variety of habitats that are heterogeneous in oxygen, depth, 

latitude, temperature, and salinity (Hogan et al. 2013). This indicates that the Clearnose 

Skate are capable of tolerating a range of environmental conditions. Northeast Fisheries 

Science Center (NEFSC) bottom trawl surveys have recovered specimens between depths 

of 1-300 meters and at a temperature range from 9-30°C (Hogan et al. 2013) but in North 

Carolina they are recovered in waters ranging from 12-30°C (Schwartz 199) . Clearnose 

Skates sometimes migrate into low salinity estuaries, such as the Delaware Bay (salinity 

= 20 ppt; Fitz and Daiber 1963) and the Cape Fear River (salinity = 4 ppt; Schwartz 

2000). The Clearnose Skate prefers soft, muddy substrate but has also been recovered 

from gravelly bottoms. They are also exceptionally hypoxia tolerant (Schwieterman et al. 

2019).  

Previous morphological studies of the Clearnose Skate have described variation of 

specimens sampled from different geographic areas. Specimens from South Carolina and 

Florida are described as being “pricklier” than specimens caught in other areas (Bigelow 
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and Schroeder 1953). This observation, based on 30 specimens collected between Woods 

Hole, MA to New Smyrna Beach, FL, refers to the bumpy or sandpaper-like texture 

created by placoid scale patches on the skate’s dorsum. The authors suggested a more 

thorough examination using more specimens collected from a more extensive geographic 

range was warranted to determine whether differences were indicative of the existence of 

distinct populations or subspecies. It is unknown whether this variation is an example of 

phenotypic plasticity influenced by environmental variation or a product of reproductive 

isolation. To date, intraspecific morphological variation of Clearnose Skates beyond this 

observation has not been assessed. This chapter examines the intraspecific variation of R. 

eglanteria using an array of morphometric and meristic characters to test the null 

hypothesis that there are no significant morphometric or meristic differences among 

Clearnose Skates collected throughout their natural range.  

 

2. MATERIALS AND METHODS 

2.1 Specimen Collection 

A total of 101 specimens were collected between 2014 - 2019 from fishery-

independent biological surveys. The areas covered by these surveys were used to delimit 

the Clearnose Skate range into three study regions. The northern study region (NOR: n = 

18 female, n = 32 male), ranging from Cape Hatteras, NC to Aquinnah, MA, was 

surveyed by the Northeast Area Monitoring and Assessment Program (NEAMAP) and 

Virginia Institute of Marine Science Sea Scallop Research Program. The southern study 

region (SOU: n = 24 female, n = 5 male) extended from Cape Hatteras NC to the Florida 

Peninsula was surveyed by the Southeast Area Monitoring and Assessment Program 
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(SEAMAP) trawl surveys conducted by the South Carolina Department of Natural 

Resource (SCDNR). The Gulf of Mexico study region (GOM: n = 16 female, n = 6 male) 

was surveyed by SEAMAP, and was conducted by the National Marine Fisheries Service 

(NMFS) and Florida Fish and Wildlife Conservation Commission (FWC; Figure 1, Table 

1). Specimens were kept frozen until processing; a subset of specimens were deposited 

into the Nunnally Ichthyology Collection at the Virginia Institute of Marine Science 

(VIMS; Supplement 1). In an effort to increase sample sizes for morphometric and thorn 

character datasets, we also utilized 27 ichthyology collection specimens (NOR: n =1 

female, n =3 male; SOU:  n =9 female, n = 8 male; GOM: n = 1 female, n = 1 male) from 

the Museum of Comparative Zoology at Harvard University (MCZ) and the U.S. 

National Museum of Natural History, Smithsonian Institution (USNM; Supplement 2).  

2.2 Morphometric Data 

Morphometric Data Collection: Forty-one morphometric and 32 meristic 

characters were recorded from every specimen based on Hubbs and Ishiyama (1968) and 

Last et al. (2008); minor changes were made based on available characters or landmarks 

of R. eglanteria. Descriptions of measurements are provided in Supplement 3. 

Measurements over 140 mm were collected using a tape measure and recorded to the 

nearest millimeter and measurements under 140 mm were collected with calipers and 

recorded to the nearest tenth of a millimeter. Measurements not made directly along the 

midline were collected from the left side of the specimen for consistency.  

Morphometric Data Analysis: As an organism grows throughout its lifetime, not 

all components of its body grow at the same rate, termed allometry. The measure of a 

morphometric character is reflected in the equation 𝑦 = 𝑏𝑥𝛼, where y is the 
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morphometric character, x is the body size variable, and b and α are growth coefficients 

(Huxley, 1932; Klingenberg, 1996). When α = 1, the growth rate of the character is 

proportional to that of body size, (i.e. isometric). When α < 1, the character grows at a 

slower rate than body size, and when α > 1, the character grows at a faster rate than body 

size. The value of α can change through ontogeny within a species or vary among species 

and populations (Klingenberg, 1996) 

For this thesis, allometry was addressed in two ways. One dataset was created by 

log transforming the raw measurements thereby making variables linear and 

homogenizing variance (Klingenberg, 1996). In the second dataset, all measurements 

were standardized by dividing measurements by disc width to factor out overall body size 

(Strauss and Bond 1990). Disc width was selected as our overall size variable because 

total length (from tip of rostrum to tip of tail) could not be accurately recorded for all 

specimens due to tail loss or injury incurred prior to collection. 

Principal Component Analysis (PCA) plots were created for the resulting datasets 

(except the disc width variable in the standardized dataset) using the packages 

“FactoMineR” v2.3 (Lê, Josse, & Husson, 2008) and “factoextra” v.1.0.7 (Kassambara & 

Mundt, 2020) to visually explore how specimens from each study region may be 

clustering based on their size and shape. 

2.3 Meristic Data  

Meristic Data Collection: Skates possess two types of enlarged placoid scales on 

their dorsum; denticles and thorns. Denticles are minute, bumpy, and prickly, giving the 

animal a rough texture. Thorns are larger and sharper, often found as part of a series, and 

are used as a diagnostic tool to discriminate among species. Thorns were counted and 
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included in the dataset if they were conspicuously larger than the nearby denticles. 

Except for the median series of thorns along the midline, thorn counts were recorded for 

both the left and right side. Tooth row and skeletal character counts were collected using 

digital radiographic images and the multipoint tool in ImageJ. Pectoral and pelvic fin 

radial counts were recorded for both the left and right side of each skate. Descriptions of 

meristic data characters are provided in Supplement 3. Specimens from the MCZ and 

USNM were not included in the radiograph dataset. Photographs of each specimen were 

taken to document the physical condition of the specimen; all newly collected specimens 

(VIMS) were photographed under water to minimize glare, MCZ and USNM specimens 

were photographed dry. 

Meristic Data Analysis: Correlation plots were made using the package “corrplot” 

v.0.84 (Wei & Simko, 2017) and used to visually examine the correlation between left 

and right counts. The Shapiro-Wilk test using the base R command shapiro.test was used 

to test whether a random sample of the data came from a normally distributed dataset. 

QQ plots made with the qqnorm command were also used to assess the normality of 

distribution. Kruskal-Wallis tests using the base R command kruskal.test was used to test 

the null hypothesis that there is no difference of thorn counts among study regions. The 

non-parametric Kruskal-Wallis test is better suited for this analysis among groups than an 

analysis of variance (ANOVA) test because the data are not normally distributed and the 

sample sizes are not equal (Corder & Foreman, 2009). If the Kruskal-Wallis p-value was 

significant for a particular character, the difference of that character between groups was 

tested using Dunn’s test via the dunn.test function v.1.3.5 (Dinno, 2017). Dunn’s test 

tests for differences in the distribution about the median and is a better option for 
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pairwise comparisons of non-parametric data than a classic student’s t-test. To examine 

how thorn characters may change with size, thorn counts were plotted against disc width 

and fitted with analysis of covariance (ANCOVA) linear models. In males, the number of 

alar and malar hook rows increased with size, as these features appear with sexual 

maturity. These characters and interdorsal and upper lateral tail thorns were not included 

in ANCOVA tests. One model for each thorn character included variables of study 

region, disc width, and the interaction between study region and disc width: 

model = lm(Thorn Character ~ Study Region + Disc Width + Study Region*Disc 

Width)  

A second model for each thorn character was created without the interaction: 

model = lm(Thorn Character ~ Study Region + Disc Width) 

Models were created using the base R command aov() and pairwise comparisons of these 

models between study regions were made using the package “emmeans” v.1.4.8 (Lenth, 

2020). Finally, the data were also visualized with histograms and PCA plots. 

To avoid confounding results due to sexual dimorphism, males and females were 

analyzed separately for both morphometric and meristic data analyses. All analyses were 

conducted in the R version 3.6.1 (R Core Team, 2019) and a p-value of 0.05 was used as 

the significance threshold. 
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3. RESULTS 

3.1 Morphometric Data  

NOR specimens were typically larger than SOU and GOM specimens; the mean 

disc width of female specimens from NOR, SOU, and GOM were 402.8 mm, 345.2 mm, 

and 324.2 mm respectively, and the mean disc widths of male specimens were 414.4 mm, 

343.4 mm, and 325.6 mm, respectively (Table 2; Figure 2). 

Using the log transformed dataset, PC1, PC2, and PC3 explained 76.45%, 3.33%, 

and 2.65% of the variation for females, respectively (Figure 3). Of the top ten 

measurements that contributed most to PC1 five were characters indicative of overall 

size: disc width, rostrum to anterior cloaca, rostrum to 5th gill, disc length, and total 

length. For both PC2 and PC3 tail width, tail height, and width of first and fifth gill 

openings were in the top ten characters that contributed the most to these principal 

components. The average width of the first and fifth gill openings were, respectively, 

8.86 and 7.19 mm for GOM females, 9.66 and 7.29 mm for SOU females, and 10.35 and 

7.71 mm for NOR females. Average tail widths at all three points along the tail, were 

smallest in GOM specimens (23.74, 13.74, and 9.64 mm, anterior to posterior), larger in 

SOU (28.71, 15.91, 10.17 mm, anterior to posterior), and largest in NOR specimens 

(32.78, 17.15, 11.34 mm, anterior to posterior). Similarly, the average tail height, were 

smallest in GOM specimens (13.15, 7.52, 5.99 mm, anterior to posterior), larger in SOU 

(14.96, 8.17, 6.29 mm, anterior to posterior), and largest in NOR specimens (16.51, 9.24, 

7.19 mm, anterior to posterior). For PC3, height and base length of the first dorsal fin 

contributed the most to the variation. The average measurements for these characters was 

14.39 mm and 27.28 mm for GOM, 15.20 mm and 28.84 mm for SOU, and 17.66 mm 

and 34.19 mm for NOR specimens.  
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Also using the log transformed dataset, PC1, PC2, and PC3 explained 76.95%, 

3.34%, and 2.78%, respectively, of the variation for males (Figure 4). Of the ten 

measurements that contributed the most to PC1, six were characters related to overall 

size: rostrum to anterior cloaca, rostrum to 5th gill, disc width, disc length, total length, 

and head length. In both PC2 and PC3 tail width and first and fifth gill opening width 

were in the top ten characters that contributed the most to these principal components. On 

average, the first and fifth gill opening widths were 9.00 and 6.81 mm for GOM males, 

9.71 and 6.76 mm for SOU males, and 10.07 and 7.41 mm for NOR males. Average tail 

width from all three points along the tail, anterior to posterior, were smallest in GOM 

specimens (24.26, 13.90, and 9.37 mm), then progressively larger in SOU (26.35, 14.95, 

9.75 mm) and NOR specimens (32.93, 16.02, 11.19 mm). PCA plots of the log 

transformed data suggest a clinal separation of female specimens, possibly related to the 

characters of overall size mentioned above (Figure 3: a, c). This trend was also suggested 

for males but to a lesser degree (Figure 4: a, c). 

In the dataset using measurements standardized by disc width, PC1, PC2, and 

PC3 explained 22.36%, 11.55%, and 7.61% of the variation for females (Figure 5). Of the 

top ten measurements that contributed the most to PC1, five of them reflected overall 

size: disc length, rostrum to fifth gill, total length, rostrum to anterior cloaca, and head 

length. PCA plots of the standardized data did not suggest separation of specimens into 

distinct clusters for females. PC1, PC2, and PC3 explained 18.58%, 12.74%, and 7.81% 

of the variation for males (Figure 6). Of the top ten contributing characters to PC1, six of 

them were indicative of overall size: total length, disc length, rostrum to anterior cloaca, 

anterior cloaca to caudal fin tip, head length, and rostrum to fifth gill. Four of the top ten 
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contributing characters to PC2 relate to rostrum length: rostrum to fifth gill, rostrum to 

post spiracle, rostrum to pre-orbit, and rostrum to pre-upper jaw. The mean percent of 

disc width (μDW) for each of these characters is 41.9, 27.3, 18.8, and 18.5 for GOM, 41.5, 

27.0, 18.9, and 18.6 for SOU, and 42.7, 28.1, 19.7, and 19.3 for NOR males.  PCA plots 

of the standardized data suggested slight, clinal separation of male specimens based on 

these rostral lengths. 

3.2 Meristic Data 

Thorn characters: A summary of thorn count data is shown in Table 3. 

Correlation plots indicated a high correlation between left and right-side counts (Figure 

S.1). Therefore, only left counts were used in further analysis. Six female thorn 

characters were found to be significantly different among regions with the Kruskal-

Wallis test: scapular (p = 0.003); prescapular (p = 0.006); mid-dorsal (p = 0.004); tail (p < 

0.001); upper lateral tail (p < 0.001); and lower lateral tail (p = 0.011) (Table 4). Dunn’s 

test indicated that GOM specimens had a higher number of scapular, prescapular, and tail 

thorns than both NOR and SOU specimens, while the latter groups were not significantly 

different from each other (Table 5). Specimens from GOM had fewer mid-dorsal thorns 

and lower lateral tail thorns than NOR or SOU specimens while those groups were not 

significantly different from each other. GOM specimens had a higher number of 

interdorsal thorns than SOU specimens, while NOR specimens were not significantly 

different from either of the other two groups (Table 5; Figure 7). 

Three male thorn characters were found to be significantly different among 

regions using the Kruskal-Wallis test: scapular (p = 0.033), mid-dorsal (p = 0.014), and 

interdorsal (p = 0.039). Dunn’s tests indicated that GOM specimens had a higher number 
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of scapular and mid-dorsal thorns than both NOR and SOU specimens; specimens from 

these two regions were not significantly different from each other (Figure 8). These data 

were consistent with results from female specimens. GOM specimens also had a higher 

number of interdorsal thorns than NOR specimens, and SOU specimens were not 

significantly different from either GOM or NOR specimens. Upper lateral tail thorns 

were absent from all male and female GOM specimens. 

The ANCOVA results using the first, full model produced non-significant 

interaction p-values (>0.05) for every thorn character, which indicated there was no effect 

due to the interaction of study region and disc width. Using only disc width and study 

region as covariates in the second model, results of female specimen data indicated that 

disc width had a significant effect on post-orbital, mid-dorsal, and lower lateral tail thorn 

characters. As disc width increased, the thorn count for all three characters also increased 

(Figure 9). The model also suggested that there were significant differences between 

study regions for five thorn characters in female skates (Table 6). For scapular and 

prescapular thorns, specimens from GOM had a significantly higher count than those 

from NOR (p = 0.012, p = 0.012 respectively,) and SOU (p = 0.006, p = 0.006 

respectively). For mid-dorsal and lower lateral tail thorns, specimens from GOM had a 

significantly higher count than those from SOU (p =0.012, p =0.003, respectively). For 

tail thorns, specimens from both GOM and NOR had a significantly higher count than 

those from SOU (p < 0.001, p = 0.020, respectively). 

In male skates, disc width had a significant effect on mid-dorsal thorn counts. As 

disc width increased, the count of mid-dorsal thorns also increased (Figure 10). The 

model also suggested that there were significant differences in two thorn characters 
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among study regions for male specimens. For scapular thorns, specimens from GOM had 

a significantly higher count than those from SOU (p = 0.032). For mid-dorsal thorns, 

specimens from GOM had a significantly higher count than those from both NOR and 

SOU (p < 0.001, p = 0.001, respectively).   

Principal components 1, 2, and 3 explained 29.37%, 18.83%, and 13.04%, 

respectively, of the data variation for females and 33.87%, 16.14%, and 12.41%, 

respectively, of the data variation for males (Table 7). PCA plots of thorn data did not 

suggest separation of specimens into distinct clusters for either sex regardless of which 

combination of principal components 1-3 were plotted together. (Figures 11, 12, 13). 

Skeletal Characters: A summary of meristic data is shown in Table 8. Correlation plots 

indicated a high correlation between left and right pectoral and pelvic radial counts 

(Figure S.2), and thus the analysis proceeded with left counts only. The Kruskal-Wallis 

test of female skeletal characters produced significant p-values for two characters: the 

radials of the propterygium (p < 0.001) and metapterygium (p = 0.014) (Table 9). Dunn’s 

test indicated that propterygial and metapterygial radial counts in GOM specimens were 

higher than in NOR and SOU specimens (Table 10; Figure 14). The Kruskal-Wallis test 

of male skeletal characters were also significant (p < 0.05) for the number of propterygial 

(p = 0.002) and metapterygial radials (p = 0.002), and as with female metapterygium, 

specimens from the GOM exhibited significantly different counts than those from NOR 

and SOU (Figure 15). However, propterygial radial counts were significantly different 

only between NOR and GOM skates. 

Principal components 1, 2, and 3 explained 24.50%, 19.81%, and 18.19%, 

respectively, of the data variation for females, and 28.18%, 21.95%, and 17.90%, 
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respectively, of the data variation for males (Table 11). PCA plots of thorn data did not 

suggest separation of specimens into distinct clusters for either females or males (Figures 

16 and 17). 

Notes on the color pattern of Clearnose Skate: It is important to note that the 

color patterning of Clearnose Skate specimens was more variable within the Gulf of 

Mexico and was also quite different from those caught along the U.S. East Coast (S.3). 

Specimens in the GOM ranged from solid medium to light brown with a variety of 

patterns that may include a pair of small, dark spots on each pectoral wing, irregular dark 

splotches and shading on the dorsum, a combination of irregular spots and elongated bars 

similar to those in the SOU and NOR which ranged from very faint to bold, and one dark 

spot on either pectoral fin and faint irregular marking on the dorsum. Specimens from the 

NOR and SOU consistently had medium brown dorsum with dark, or sometimes faint, 

irregular spots and elongated bars. White spots appear on some specimens from all 

locations; this is a characteristic of the juveniles. 

 

4. DISCUSSION 

Taxonomic uncertainty in Rajidae is common due to their morphological 

conservatism and is compounded by the paucity of descriptive data. Recent character 

matrices and molecular examination of select members of Rajidae (including Rostroraja 

eglanteria) supported a broad reclassification of skates worldwide (Last, Weigmann, & 

Yang, 2016; McEachran & Dunn, 1998), although detailed information on the 

morphological variation for many species is still lacking. Since its original description, 

intraspecific morphological variation of the Clearnose Skate has been understudied. This 
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study recorded and compared a suite of measurements and meristic characters from 

Clearnose Skate specimens collected throughout their range. To fill in geographical gaps 

and bolster low sample sizes, museum specimens were included, but were not available 

for skeletal analysis. Additionally, dividing sample sizes into male and female datasets 

further reduced the number of individuals used for each analysis. Small sample sizes can 

bias results, particularly when the number of characters collected from each individual is 

large. Nevertheless, the data analyzed here indicates some regional variation of physical 

characters.  

Morphometric data: The size distribution reported here is consistent with 

Bergman’s Rule, where animals from higher latitudes and colder temperatures often 

achieve a larger body size than conspecifics from lower latitudes and warmer 

temperatures (Lindsey, 1966). Other elasmobranchs have been reported to follow these 

trends. For example, the Little Skate, Leucoraja erinacea, in the Gulf of Maine (approx. 

42°N- 43°N) was found to grow slower and reach a larger maximum size than those to 

the south in Georges Bank (approx. 40°N-41°N) or the Mid-Atlantic (approx. 36°N-

40°N; (Frisk & Miller, 2006)). Similarly, the Kite Skate, Dipturus chilensis, from Chile’s 

Patagonian fjords (51-54°S) exhibited slower growth rates and larger maximum size 

compared to those from Chile’s southern fjords (42-46°S) and the Starspotted 

Smoothhound, Mustelus manazo, collected from Aomori, Japan (41°N) exhibited greater 

age and length at maturity than specimens collected from Taiwan (26°N) (Yamaguchi, 

Taniuchi, & Shimizu, 2000). In order to better understand the geographic variation of 

morphology of Clearnose Skate across its range, this study explored two methods of 

reporting data commonly seen in the literature; log transforming measurements and 
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standardizing by the specimen’s size, which in this case was disc width. The PCA plots 

did not provide strong evidence for regional differentiation although it indicated a 

gradient of increasing size moving from GOM to SOU to NOR regions; this however 

may be an artifact of the overall specimen size. In the dataset of measurements 

standardized by disc width, females were indistinguishable from one another based on 

visual inspection of the PCA plots. Males fell into two clusters along PC2; one consisting 

of NOR specimens and the other consisting of GOM and SOU specimens, which may 

reflect the longer rostrums seen in NOR specimens.  

Thorn Characters: Despite their ubiquitous use as a diagnostic character in skate 

identification, it is not unusual for thorn counts to be highly variable within a species 

(Soto & Costa, 2010). Indeed, the results from thorn analysis of R. eglanteria in this 

study were complex and different between sexes, but consistencies were found by 

examining scapular and mid-dorsal thorns. Although the scapular thorn count range was 

the same (1-3 in NOR and GOM; 1-4 in SOU), individuals from the GOM typically had a 

higher count (mode = 3, n = 13) than NOR or SOU specimens (mode = 1, NOR n = 24, 

SOU n = 23). In general, GOM specimens possessed more thorns along their midline 

than the other two regions, but none of the GOM specimens possessed upper lateral tail 

thorns, while this character was frequently found on SOU specimens and occasionally on 

NOR specimens. Interdorsal thorn results were difficult to interpret with any confidence. 

The size of these thorns (as well as those along the rest of the midline) alternate between 

big and small thorns along the length of the tail. Depending on the size of the specimen, a 

small interdorsal thorn was not large enough to meet the criteria of being counted as a 

thorn. Although the Kruskal-Wallis test found a significant difference in interdorsal thorn 
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counts in male skates, the range of 0-2 was low and the statistic may be an artifact of the 

data structure.  

Although it is generally considered that hard, enumerable characters do not 

change as an organism grows, it has recently been observed using underwater video 

footage that the number of thorns on Rajella purpuriventralis can vary with size (Jones et 

al., 2019). In the current study, linear models were used to examine whether disc width or 

study region had a significant effect on the number of the thorns. It was difficult to 

compare among the regions because the range of disc widths in each study region was not 

the same, especially for males. The largest recorded disc width for GOM and SOU males 

was 378 mm and 413 mm, respectively, while the maximum disc width of NOR males 

was 518 mm. This, in combination with few data points, created uncertainty in the linear 

model and warrants cautious interpretation when making predictions of thorn patterns in 

skates beyond the disc width sizes that were reported here. The ANCOVA test suggested 

that both male and female Clearnose Skates gain more mid-dorsal thorns as they grow 

and females gain more post-orbital thorns, Alar and malar thorns found in male skates 

increased in number as disc width increased, which is unsurprising as these thorn features 

appear in sexually mature males and aid to grip the female during mating (Luer & 

Gilbert, 1985; McEachran & Dunn, 1998). The ANCOVA results provide support for 

performing Kruskal-Wallis and Dunn’s tests on specimens using binned disc widths, but 

due to the difference in disc width ranges among study regions, such an approach is not 

feasible. 

Skeletal characters: While pectoral radial counts are most often reported as a 

species descriptor (Last et al., 2008; Raschi & McEachran, 1991; Soto & Costa, 2010), 
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pectoral fin rays have also been shown to discriminate between two sympatric, similarly 

appearing juvenile skates Leucoaja erinacea (mean = 64.9) and L. ocellata (mean = 73.5) 

(McEachran & Musick, 1973).  Similar findings were reported in the current study, where 

the propterygial and metapterygial fin radial counts were unequivocally greater in GOM 

specimens than in skates of the other two regions. 

In summary, this study found no significant morphological variation in Clearnose 

Skates across its range. Although it is not possible to identify where a Clearnose Skate 

was caught based on the specimen’s size and shape alone, there are differences in 

numbers of thorns and radial elements. A combination of scapular, mid-dorsal, and upper 

lateral tail thorn counts could be used to discriminate between skates sampled from the 

Gulf of Mexico and those sampled from the U.S. East Coast. These differences could 

have resulted from divergence of an ancestral population during a time of increased sea 

level and local adaptation or genetic drift in each region thereafter.  

4.1 Future work  

Because sample sizes were small, this research did not fully resolve whether there 

is significant variation in morphometric or thorn characters. Future work should ensure 

that sample sizes are larger and even so that adequate comparisons and robust analyses 

can be made. If possible, the collection of specimens within each study region that 

maintain the same range of disc width lengths would be beneficial in linear model 

analysis. This would require long term temporal sampling by fisheries-independent 

surveys, more targeted sample efforts in the areas where specimens are not present, and 

the inclusion of more museum specimens. Although this study did not include juveniles, 

it will also be important to document ontogenetic changes in morphometrics, thorns, and 
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color patterning. In addition to the clasper lengths collected in this study, further 

examination of clasper morphology may determine whether reproductive isolation due to 

physical barriers effected the morphology of these reproductive organs. Lastly, while 

differences in color patterning were noted, repetitive freezing and thawing, particularly of 

the older GOM specimens, may alter the appearance of dorsal patterns and should be 

confirmed with additional photographs of fresh specimens. 
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TABLES 

Table 1: Specimen collection summary. Specimens are divided by collection method; fishery-

independent survey (a subset of which are deposited at VIMS), MCZ, or USNM collection. Rows 

indicate the number of specimens collected in each region and for each sex within region. 

Sample Region Survey MCZ USNM Total 

NOR 50 4 0 54 

Female 18 1 0 19 

Male 32 3 0 35 

SOU 29 6 11 46 

Female 24 4 5 33 

Male 5 2 6 13 

GOM 22 1 1 24 

Female 16 0 1 17 

Male 6 1 0 7 

Grand Total 101 11 12 124 
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Table 2: Morphometric data summary. Values are reported in millimeters. μ = Mean, r = 

Range, μDW = Mean % Disc Width, D1 = first dorsal fin, D2 = second dorsal fin, post. = 

posterior, ant. = anterior 

  
Female 

  
Male 

Measure-

ment 
 

GOM SOU NOR   GOM SOU NOR 

Total 

Length 

μ 495.81 519.13 609.50 

 

503.00 512.00 620.79 

r 405 - 660 745 - 643 495 - 745 
 

450 - 595 450 - 641 425 - 730 

μDW 152.5 151.5 151.4  154.5 150.4 150.3 

Rostrum to 

max width 

μ 159.41 173.47 205.05 
 

154.57 175.85 206.49 

r 130 - 204 270 - 210 162 - 270 
 

135 - 166 135 - 270 135 - 270 

μDW 49.3 50.7 50.1  47.6 50.9 49.8 

Head length μ 100.69 108.11 127.46 
 

91.54 99.74 120.17 

r 78.8 - 137.2 168 - 126.2 103.1 - 168 
 

81.2 - 103.7 88.4 - 122.2 80.1 - 139 

μDW 31.1 31.5 31.3  28.1 29.1 29.0 

Disc Width μ 324.24 345.15 402.80 
 

325.57 343.38 414.40 

r 260 - 432 492 - 404 322 - 492 
 

287 - 378 289 - 413 274 - 518 

μDW 100 100 100  100 100 100 

Disc Length μ 267.24 281.35 322.00 
 

265.71 273.92 332.91 

r 212 - 352 415 - 338 259 - 415 
 

229 - 305 235 - 344 223 - 410 

μDW 82.4 79.7 81.1  81.6 79.7 80.4 

Rostrum to 

pre - orbit 

μ 70.91 76.40 91.09 
 

61.09 64.77 81.50 

r 56.4 - 90.3 116.3 - 87.6 73.3 - 116.3 
 

54.5 - 70 57.2 - 82.4 55.3 - 91.8 

μDW 21.9 22.6 22.1  18.8 18.9 19.7 

Rostrum to 

post-

spiracle 

μ 99.24 104.85 122.86 
 

88.66 92.84 116.31 

r 81.6 - 130.3 156 - 117.9 99.1 - 156 
 

79.5 - 94.3 73.1 - 118.5 69.5 - 133 

μDW 30.6 30.4 30.4  27.3 27.0 28.1 

Orbit 

Diameter 

μ 18.94 20.32 23.34 
 

20.47 20.28 24.43 

r 13.3 - 29.7 29.6 - 25.9 14.2 - 29.6 
 

16.3 - 25.1 15.6 - 23.7 16 - 28.5 

μDW 5.8 5.8 5.9  6.3 5.9 5.9 

Spiracle 

diameter 

μ 12.82 13.57 16.59 
 

12.93 12.98 15.59 

r 9.8 - 17.2 23.4 - 18.6 11.6 - 23.4 
 

10.5 - 14.4 9.2 - 15.6 9.9 - 19.2 

μDW 4.0 4.1 3.9  4.0 3.8 3.8 

μ 27.65 29.01 33.57 
 

29.87 29.49 35.21 

r 22.8 - 38.4 41.5 - 34.8 25.8 - 41.5 
 

25.3 - 34.6 25.3 - 34.2 20.5 - 41.1 
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Orbit-

spiracle 

length 

μDW 8.5 8.3 8.4  9.2 8.6 8.5 

Inter-orbital 

width 

μ 25.44 26.57 30.55 
 

24.27 24.75 30.17 

r 16.5 - 33.3 40 - 34.2 21.8 - 40 
 

22.4 - 27.8 21.2 - 31.9 19.4 - 38.9 

μDW 7.8 7.6 7.7  7.5 7.2 7.3 

Inter-

spiracle 

width 

μ 33.30 34.28 39.58 
 

33.97 34.34 40.43 

r 26.8 - 45.8 50.3 - 39.4 30.8 - 50.3 
 

31.5 - 37.9 27.3 - 40.2 29.3 - 48 

μDW 10.3 9.8 9.9  10.5 10.0 9.8 

Rostrum to 

ant. cloaca 

μ 242.65 258.56 297.26 
 

236.14 244.62 296.26 

r 194 - 337 368 - 315 234 - 368 
 

209 - 277 204 - 309 190 - 358 

μDW 74.7 74.6 74.8  72.5 71.2 71.5 

Ant. cloaca 

to caudal 

fin tip 

μ 260.31 268.24 312.00 
 

271.71 275.75 332.35 

r 217 - 334 367 - 321 265 - 367 
 

241 - 311 250 - 333 235 - 382 

μDW 80.1 78.6 78.5  83.5 81.1 80.5 

Rostrum to 

pre upper 

jaw 

μ 70.16 75.69 88.15 
 

60.13 63.78 79.60 

r 58.4 - 85.8 99 - 86.7 69.4 - 99 
 

54 - 66.6 57.7 - 81.3 55.1 - 93.6 

μDW 21.7 22.2 22.0  18.5 18.6 19.3 

Rostrum to 

ant. nasal 

μ 61.46 66.58 78.32 
 

50.83 55.40 70.79 

r 51.7 - 71.3 86.7 - 75.2 62.9 - 86.7 
 

44 - 56.2 50.5 - 71.9 48 - 81.4 

μDW 19.0 19.7 19.3  15.6 16.2 17.1 

Rostrum to 

5th gill 

μ 142.29 150.84 174.99 
 

136.30 142.70 176.74 

r 116.1 - 182 212 - 176 137.8 - 212 
 

118.8 - 157 121.8 - 181 116.8 - 205 

μDW 43.9 44.0 43.7  41.9 41.5 42.7 

Mouth 

width 

μ 29.11 29.34 33.48 
 

28.10 29.04 33.02 

r 23.9 - 40.5 38.2 - 38.8 25.8 - 38.2 
 

22.6 - 31.9 22 - 35.3 21.3 - 42.8 

μDW 9.0 8.4 8.5  8.6 8.5 8.0 

Inter nostril 

width 

μ 38.06 39.97 45.43 
 

36.57 38.83 45.41 

r 32.5 - 50.8 53.9 - 47.5 37.6 - 53.9 
 

32.9 - 39.1 31.7 - 48.5 32.3 - 55 

μDW 11.8 11.4 11.6  11.3 11.3 11.0 

Nasal 

curtain 

length 

μ 24.26 25.60 28.97 
 

25.23 23.90 29.89 

r 19.4 - 35.2 40.5 - 29.8 21.6 - 40.5 
 

23.5 - 27 19.7 - 29.3 21.6 - 41.9 

μDW 7.5 7.3 7.4  7.8 7.0 7.2 

Nasal 

curtain 

width 

μ 47.54 49.89 57.13 
 

46.87 49.11 57.32 

r 37.8 - 65.9 64.9 - 57.4 45.6 - 64.9 
 

39.2 - 52.8 41.3 - 61.1 38.7 - 74 

μDW 14.6 14.4 14.4  14.4 14.3 13.9 
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Width of 

1st gill 

opening 

μ 8.86 9.66 10.35 
 

9.00 9.71 10.07 

r 6.8 - 12.8 14.6 - 12.3 8 - 14.6 
 

8 - 9.5 8 - 11.6 8.3 - 12.1 

μDW 2.7 2.6 2.8  2.8 2.8 2.4 

Width of 

5th gill 

opening 

μ 7.19 7.29 7.71 
 

6.81 6.76 7.41 

r 5.2 - 9.9 9.8 - 8.7 5.3 - 9.8 
 

6.2 - 8.3 5.7 - 8 5.9 - 10.7 

μDW 2.2 1.9 2.1  2.1 2.0 1.8 

Between 1st 

gill 

openings 

μ 75.32 77.46 88.42 
 

74.80 74.27 88.55 

r 60.5 - 104.4 110.2 - 93.8 71.4 - 110.2 
 

64.2 - 86.8 64 - 89.2 64.1 - 110.9 

μDW 23.2 22.2 22.4  23.0 21.7 21.4 

Between 

5th gill 

openings 

μ 45.49 47.70 54.65 
 

41.97 43.14 50.50 

r 35.5 - 67.6 68.1 - 60 41.9 - 68.1 
 

32.1 - 49.4 37.2 - 51.6 35.9 - 62.9 

μDW 14.0 13.7 13.8  12.8 12.6 12.2 

Post. cloaca 

to clasper 

tip 

μ - - - 
 

128.34 126.82 164.74 

r - - - 
 

79.1 - 145.2 65.7 - 168 82.6 - 216 

μDW - - -  39.5 36.6 39.5 

Post. cloaca 

to clasper 

insert. 

μ - - - 
 

57.01 57.68 70.73 

r - - - 
 

43.7 - 63.1 40.7 - 76.3 31.7 - 102 

μDW - - -  17.6 16.8 17.0 

Ant. pelvic 

lobe length 

μ 53.41 58.57 66.86 
 

54.27 59.49 70.41 

r 40.3 - 63.9 85.2 - 72.2 55.2 - 85.2 
 

51.3 - 61.3 50.7 - 67 47.3 - 79.7 

μDW 16.5 16.8 17.0  16.7 17.4 17.0 

Post. pelvic 

lobe length 

μ 81.04 89.19 100.02 
 

87.40 92.45 109.87 

r 60.3 - 121.4 124.1-107.8 82.8 - 124.1 
 

80.6 - 107.1 71.8 - 116.8 75.3 - 132.4 

μDW 24.9 25.1 25.8  26.8 26.9 26.6 

Between 

pelvic fin 

articulations 

μ 41.95 48.04 52.45 
 

39.64 42.55 48.53 

r 30.9 - 74.2 67.2 - 69.4 38.6 - 67.2 
 

34.3 - 45.3 36.1 - 52.3 34.1 - 58 

μDW 12.8 13.1 13.9  12.2 12.4 11.7 

Tail width 

at post. 

pelvic fin 

insert. 

μ 23.74 28.71 32.78 
 

24.26 26.53 32.93 

r 17.3 - 29.9 49.2 - 37.4 25.8 - 49.2 
 

17.6 - 35.6 23.1 - 32.8 20.8 - 41.7 

μDW 7.3 8.2 8.3  7.4 7.7 7.9 

Tail height 

at post. 

pelvic fin 

insert. 

μ 13.15 14.96 16.51 
 

12.91 14.54 16.62 

r 9.7 - 19.6 19.7 - 19.3 13.3 - 19.7 
 

11.3 - 15.1 12.3 - 18.6 12.5 - 19.9 

μDW 4.0 4.1 4.3  4.0 4.2 4.0 

μ 13.74 15.91 17.15 
 

13.90 14.95 16.02 

r 10.7 - 20.6 22.6 - 20.5 13.4 - 22.6 
 

11.3 - 17.9 10.5 - 18.8 11.3 - 21.1 
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Tail width 

at tail mid - 

length 

μDW 4.2 4.3 4.6  4.3 4.4 3.9 

Tail height 

at tail mid-

length 

μ 7.52 8.17 9.24 
 

7.83 8.05 9.03 

r 6.1 - 10.3 12.7 - 10 7.5 - 12.7 
 

7.4 - 8.7 7.1 - 10.3 7.3 - 13.4 

μDW 2.3 2.3 2.4  2.4 2.3 2.2 

Tail width 

at D1 origin 

μ 9.64 10.17 11.34 
 

9.37 9.75 11.19 

r 7.8 - 12.5 13.5 - 12.2 9.3 - 13.5 
 

7.8 - 11.7 6.7 - 11.8 8 - 14.6 

μDW 3.0 2.8 3.0  2.9 2.9 2.7 

Tail height 

at D1 origin 

μ 5.99 6.29 7.19 
 

6.26 6.40 7.29 

r 4.8 - 8.4 9.7 - 11 5.4 - 9.7 
 

5.6 - 7 5.9 - 7.2 5.1 - 10.7 

μDW 1.9 1.8 1.8  1.9 1.9 1.8 

Base length 

D1 

μ 27.78 28.84 34.19 
 

29.41 28.39 36.74 

r 22.7 - 34.3 41.2 - 33.2 27.6 - 41.2 
 

27.5 - 33.9 21.7 - 32.1 25.9 - 46.7 

μDW 8.6 8.6 8.5  9.1 8.3 8.9 

Height D1 μ 14.39 15.20 17.66 
 

15.80 15.78 20.53 

r 9.7 - 17.4 20.8 - 19 13.5 - 20.8 
 

13.3 - 18.3 12.4 - 21.1 9.2 - 25.3 

μDW 4.4 4.5 4.5  4.9 4.6 4.9 

Distance 

D1 origin to 

tail tip 

μ 81.50 83.93 100.51 
 

85.10 83.90 101.70 

r 68.6 - 115.6 113.7 - 99.3 82.9 - 113.7 
 

71.8 - 94.5 71.5 - 93.8 57.6 - 127.6 

μDW 25.0 25.2 24.8  26.2 24.8 24.7 

Distance 

D2 origin to 

tail tip 

μ 45.49 48.85 58.35 
 

47.19 46.33 58.09 

r 38.6 - 59.1 68.1 - 63.3 46.5 - 68.1 
 

37.2 - 55.4 36 - 53.1 25.2 - 77.5 

μDW 14.0 14.6 14.4  14.5 13.7 14.1 

Caudal fin 

length 

μ 11.31 13.22 16.88 
 

12.33 9.98 16.02 

r 8.5 - 17.3 24.1 - 21.3 7.8 - 24.1  9.1 - 20.2 4 - 18.5 5.9 - 26.3 

μDW 3.5 4.2 3.9  3.8 3.0 3.9 
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Table 3: Thorn character count summary. μ = mean, r = range. 

 

  
Female 

 
Male 

Character 
 

GOM SOU NOR 
 

GOM SOU NOR 

Antorbital μ 3.94 3.88 3.55 

 

4.00 3.46 3.63 

r 3 - 5 2 - 6 2 - 6 
 

3 - 5 2 - 5 1 - 6 

Postorbital μ 4.06 3.88 4.10 
 

4.29 3.62 4.31 

r 2 - 6 2 - 6 2 - 6 
 

3 - 6 2 - 5 2 - 7 

Scapular μ 2.47 1.74 1.75 
 

2.57 1.62 1.74 

r 1 - 3 1 - 4 1 - 3 
 

2 - 3 1 - 3 0 - 3 

Prescapular μ 6.88 5.88 5.85 
 

6.71 5.77 6.20 

r 6 - 10 4 - 9 4 - 8 
 

6 - 8 5 - 8 4 – 9 

Mid-dorsal μ 16.12 14.03 17.00 
 

17.86 13.46 13.77 

r 7 - 22 8 - 22 12 - 23 
 

14 - 26 10 - 19 10 - 20 

Tail μ 41.82 36.74 40.45 
 

41.86 39.46 41.77 

r 38 - 49 29 - 45 35 - 45 
 

36 - 46 33 - 43 35 - 48 

Upper 

Lateral Tail 

μ 0 8.97 4.25 
 

0 1.46 0.51 

r 0 - 0 0 - 24 0 - 26 
 

0 - 0 0 - 10 0 - 9 

Lower 

Lateral Tail 

μ 33.71 29.53 33.15 
 

33.43 30.54 33.4 

r 22 - 43 17 - 44 26 - 41 
 

25 - 42 23 - 37 29 - 42 

Interdorsal μ 1.69 1.25 1.45  2.14 1.54 1.5 

 r 1 - 2 0 - 2 1 - 2  2 - 3 0 - 2 0 - 3 
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Table 4: Kruskal-Wallis test results using thorn characters. P-values <0.05 are bolded, χ2 

= chi-squared value 

Character Value Female Male 

Antorbital χ2 1.350 1.599 

p-value 0.510 0.450 

Postorbital χ2 0.439 2.922 

p-value 0.803 0.232 

Scapular χ2 11.379 6.834 

p-value 0.003 0.033 

Prescapular χ2 10.215 4.651 

p-value 0.006 0.098 

Mid-dorsal χ2 11.044 8.576 

p-value 0.004 0.014 

Tail χ2 19.664 4.101 

p-value <0.001 0.129 

Upper Lateral 

Tail 

χ2 24.203 3.020 

p-value <0.001 0.221 

Lower Lateral 

Tail 

χ2 9.113 3.438 

p-value 0.011 0.179 

Interdorsal χ2 5.860 6.48 

p-value 0.053 0.039 
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Table 5: Dunn’s test results and pairwise comparisons of thorn characters with 

Bonferroni adjustments, as indicated by Kruskal-Wallis test. Test values below diagonal. 

P-values above diagonal and <0.05 are bolded. 

  Female  Male 

Character  NOR SOU GOM  NOR SOU GOM 

Antorbital NOR - 0.954 0.900  - 1.000 0.618 

 SOU -0.999 - 1.000  0.615 - 1.000 

 GOM 1.036 0.203 -  0.949 0.618 - 

Postorbital NOR - 1.000 1.000  - 0.271 1.000 

 SOU 0.624 - 1.000  1.694 - 0.881 

 GOM -0.146 0.429 -  -0.140 1.050 - 

Scapular NOR - 1.000 0.019  - 1.000 0.0496 

 SOU 0.211 - 0.004  0.509 - 0.044 

 GOM 2.725 3.226 -  2.397 2.470 - 

Prescapular NOR - 1.000 0.029  - 0.441 0.633 

SOU 0.189 - 0.007  1.451 - 0.105 

 GOM 2.588 3.054 -  1.251 2.110 - 

Mid-dorsal NOR - 0.006 1.000  - 1.000 0.002 

 SOU 3.076 - 0.072  0.500 - 0.018 

 GOM -0.594 2.258 -  2.713 2.743 - 

Tail NOR - 0.004 1.000  - 0.167 1.000 

 SOU 3.239 - <0.001  1.913 - 0.372 

 GOM 0.811 3.973 -  0.241 1.539 - 

Upper 

Lateral Tail 

NOR - 0.013 0.191  - 0.454 1.000 

SOU -2.845 - <0.001  -1.435 - 0.349 

GOM -1.854 -4.757 -  -0.653 -1.571 - 

Lower 

Lateral Tail 

NOR - 0.085 1.000  - 0.224 1.000 

SOU 2.714 - 0.020  1.783 - 0.542 

GOM 0.572 2.191 -  0.117 1.339 - 

Interdorsal NOR - 0.892 0.563  - 1.000 0.033 

 SOU 1.042 - 0.047  -0.418 - 0.143 

 GOM 1.317 2.413 -  2.542 1.960 - 
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Table 6: Linear model and ANCOVA results using thorn characters. Test values below 

diagonal. P-values above diagonal and <0.05 are bolded. 

 

  Female  Male 

Character  NOR SOU GOM  NOR SOU GOM 

Antorbital NOR - 0.628 0.640  - 0.927 0.738 

 SOU -0.356 - 0.977  0.153 - 0.481 

 GOM 0.428 0.0723 -  0.389 0.542 - 

Postorbital NOR - 0.827 0.435  - 0.957 0.461 

 SOU -0.212 - 0.558  0.129 - 0.259 

 GOM 0.550 0.337 -  0.685 0.813 - 

Scapular NOR - 0.757 0.012  - 0.999 0.057 

 SOU -0.191 - 0.006  -0.017 - 0.032 

 GOM 0.970 0.779 -  1.009 0.992 - 

Prescapular NOR - 0.423 0.012  - 0.946 0.249 

 SOU -0.283 - 0.006  0.137 - 0.102 

 GOM 1.338 1.005 -  0.882 1.019 - 

Mid-dorsal NOR - 0.783 0.243  - 0.732 <0.001 

 SOU 0.727 - 0.012  -0.812 - 0.001 

 GOM 2.174 2.901 -  5.490 4.677 - 

Tail NOR - 0.020 0.409  - 0.399 0.905 

 SOU 3.32 - <0.001  1.788 - 0.241 

 GOM 1.89 5.20 -  0.739 2.527 - 

Lower 

lateral Tail 

NOR - 0.844 0.107  - 0.787 0.611 

SOU 0.947 - 0.003  1.17 - 0.234 

GOM 4.301 5.248 -  2.14 3.31 - 

Interdorsal NOR - 0.675 0.398  - 0.346 0.843 

 SOU 0.167 - 0.022  0.339 - 0.159 

 GOM 0.310 0.477 -  0.170 0.509 - 
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Table 7: Loading scores for principal components 1-3 of thorn character data. No alar, or 

malar thorns included. 

 Female  Male 

Character PC1 PC2 PC3  PC1 PC2 PC3 

Antorbital 0.198 0.714 -0.176  0.210 0.516 0.192 

Postorbital 0.464 0.524 0.348  0.591 0.074 0.530 

Scapular 0.595 -0.166 0.253  0.455 0.305 0.229 

Prescapular 0.527 0.240 -0.406  0.805 0.013 -0.076 

Mid-dorsal 0.616 0.401 0.387  0.708 -0.139 -0.387 

Tail 0.560 0.442 -0.169  0.650 -0.254 0.069 

Upper Lateral Tail -0.221 0.472 0.647  0.276 0.667 0.136 

Lower Lateral Tail 0.745 -0.070 0.154  0.641 -0.552 0.136 

Interdorsal 0.578 0.442 -0.297  0.385 0.341 -0.758 

% Variation 28.45% 18.33% 12.11%  31.19% 14.61% 12.68% 
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Table 8: Skeletal character count summary. μ = mean, r = range 

 

  
Female 

 
Male 

Character 
 

GOM SOU NOR 
 

GOM SOU NOR 

Vertebrae μ 80.63 78.63 79.17  79.50 77.80 80.00 

 r 75 - 85 74 - 87 73 - 84  77 - 83 72 - 82 73 - 83 

Propterygium μ 33.56 31.08 31.78   32.50 31.80 30.63 

 r 31 - 35 29 - 33 29 - 34  32 - 33 30 - 34 28 - 33 

Mesopterygium μ 13.56 12.88 13.06   13.50 13.40 13.63 

 r 12 - 15 11 - 16 11 - 15  12 - 15 12 - 15 12 - 16 

Metapterygium μ 32.81 31.67 31.33   34.00 31.60 32.28 

 r 30 - 36 30 - 34 28 - 33  33 - 35 31 - 33 30 - 34 

Pelvic Fin 

Radials 

μ 22.50 21.42 22.17   20.17 20.20 20.13 

r 18 - 25 16 - 25 18 - 25  19 - 21 19 - 23 18 - 22 

Upper Tooth 

Rows 

μ 48.88 47.83 46.92   46.83 46.80 49.06 

r 45 - 54 39 - 53 44 - 53  45 - 50 43 - 49 43 - 56 

Lower Tooth 

Rows 

μ 47.00 45.33 47.44   47.67 46.00 48.19 

r 43 - 52 41 - 50 42 - 52  45 - 51 45 - 47 39 - 59 

All Pectoral 

Fin Radials 

μ 79.94 75.63 76.17  80.00 76.80 76.53 

r 77 - 82 73 - 78 74 - 79  78 - 82 75 - 78 74 - 81 
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Table 9: Kruskal-Wallis test results of skeletal characters. χ2 = chi-squared value, p < 

0.05 are bolded 

 

Character Value Female Male 

Vertebrae χ2 5.776 1.618 

 p-value 0.056 0.445 

Propterygium χ2 24.871 12.098 

 p-value <0.001 0.002 

Mesopterygium χ2 4.722 0.208 

 p-value 0.094 0.901 

Metapterygium χ2 8.508 12.111 

 p-value 0.014 0.002 

Pelvic χ2 3.780 0.246 

 p-value 0.151 0.884 

Upper Tooth Rows χ2 3.034 5.153 

 p-value 0.219 0.076 

Lower Tooth Rows χ2 5.321 3.814 

 p-value 0.070 0.149 

All Pectoral χ2 32.292 12.711 

 p-value <0.001 0.002 
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Table 10: Dunn’s test results and pairwise comparisons of skeletal characters. Kruskal-

Wallis test indicated that the reported characters were significant. Test values below 

diagonal. P-values above diagonal and <0.05 are bolded. 

 

  Female  Male 

Character  NOR SOU GOM  NOR SOU GOM 

Propterygium NOR - 0.410 0.003  - 0.309 0.003 

 SOU 1.489 - <0.001  -1.631 - 0.798 

 GOM 3.298 4.949 -  3.277 1.112 - 

Metapterygium NOR - 1.000 0.021  - 0.558 0.008 

 SOU -0.465 - 0.046  1.323 - 0.004 

 GOM 2.703 2.429 -  2.991 3.248 - 

All pectoral 

radials 

NOR - 1.000 <0.001  - 1.000 0.001 

SOU 0.851 - <0.001  -0.445 - 0.070 

 GOM 4.363 5.467 -  3.564 2.266 - 
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Table 11: Loading scores for principal components 1-3 of skeletal character data. 

 

 Female  Male 

Character PC1 PC2 PC3  PC1 PC2 PC3 

Vertebrae 0.309 0.810 0.053  0.090 0.507 0.626 

Propterygium 0.196 0.489 -0.377  -0.025 -0.395 0.724 

Mesopterygium -0.020 0.551 0.741  -0.115 0.815 0.231 

Metapterygium 0.305 0.260 -0.722  -0.024 -0.562 0.037 

Pelvic Fin Radials -0.075 0.081 0.012  -0.461 0.340 -0.496 

Upper Tooth Row 0.868 -0.217 0.185  0.929 0.161 -0.165 

Lower Tooth Row 0.853 -0.258 0.156  0.935 0.035 -0.093 

% Variation 24.50% 19.81% 18.19%  28.18% 21.95% 17.90% 
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S1: List of Deposited Specimens by Study Region 

NOR: VIMS 40414, female, 433 mm DW, 38.03°N, 75.153°W; VIMS 40415, male, 440 mm 

DW, 38.029°N, 75.191°W; VIMS 40416, female, 322 mm DW, 38.147°N, 75.129°W; VIMS 

40417, male, 371 mm DW, 38.055°N, 75.004°W; VIMS 40418, male, 381 mm DW, 38.055°N, -

75.004°W; VIMS 40419, male, 404 mm DW, 37.996°N, 75.057°W; VIMS 40430, male, 420 mm 

DW, 37.996°N, 75.057°W; VIMS 40431, male, 395 mm DW, 37.996°N, 75.057°W; VIMS 

40432, female, 410 mm DW, 36.943°N, 75.905°W; VIMS 40433, female, 386 mm 

DW,36.943°N, 75.905°W; VIMS 42120, female, 379 mm DW, 37.541°N, 75.466°W; VIMS 

42121, male, 390 mm DW, 36.85°N, 75.897°W; VIMS 42122, female, 441 mm DW, 36.85°N, 

75.897°W; VIMS 42123, female, 430 mm DW, 36.943°N, 75.905°W; VIMS 42124, male, 457 

mm DW, 36.943°N, 75.905°W; VIMS 42125, female, 370 mm DW, 36.943°N, 75.905°W; VIMS 

42133, male, 459 mm DW, 36.940°N, 75.932°W; VIMS 42134, female, 396 mm DW, 36.940°N, 

75.932°W; VIMS 42135, female, 492 mm DW, 36.940°N, 75.932°W; VIMS 42154, female, 355 

mm DW, 36.741°N, 74.841°W;  

 

SOU: VIMS 42126, female, 348 mm DW,33.719 °N, 78.762°W; VIMS 42127, female, 362 mm 

DW, 33.795°N, 78.662°W; VIMS 42128, female, 302 mm DW, 33.293°N, 79.130°W; VIMS 

42129, female, 358 mm DW, 33.849°N, 78.580°W; VIMS 42130, female, 358 mm DW, 

33.219°N, 79.127°W; VIMS 42131, female, 325 mm DW, 33.045°N, 79.118°W; VIMS 42132, 

female, 350 mm DW, 32.565°N, 80.114°W; VIMS 42146, female, 302 mm DW, 33.90°N, 

78.20°W; VIMS 42147, female, 358 mm DW, 33.78°N, 78.68°W; VIMS 42148, male, 355 mm 

DW, 32.55°N, 80.08°W; VIMS 42149, female, 349 mm DW, 35.21°N, 75.67°W; VIMS 42152, 

female, 335 mm DW, 35.21°N, 75.67°W; VIMS 42153, female, 404 mm DW, 33.795°N, 

78.660°W; VIMS 42158, female, 306 mm DW, 33.983°N, 77.901°W; VIMS 42155, female, 339 

mm DW, 33.08°N, 79.26°W;  

 

GOM: VIMS 42136, female, 355 mm DW, 30.269°N, 86.576°W; VIMS 42137, male, 330 mm 

DW, 29.945°N, 87.352°W; VIMS 42138, female, 338 mm DW, 30.128°N, 87.328°W; VIMS 

42139, male, 315 mm DW, 30.023°N, 85.667°W; VIMS 42140, male, 321 mm DW, 30.313°N, 

87.039°W; VIMS 42141, male, 287 mm DW, 29.519°N, 85.310°W; VIMS 42142, female, 343 

mm DW, 28.049°N, 83.118°W; VIMS 42143, female, 310 mm DW, 28.939°N, 84.067°W; VIMS 

42144, female, 266 mm DW, 30.002°N, 85.667°W; VIMS 42145, female, 292 mm DW, 

28.923°N, 84.769°W; VIMS 42150, female, 309 mm DW, 25.771°N, 83.132°W; VIMS 42151, 

female, 345 mm DW, 28.964°N, 85.261°W; VIMS 42156, male, 345 mm DW, 26.143°N, 

83.359°W; VIMS 42157, female, 326 mm DW, 27.951°N, 84.144°W; VIMS 42159, female, 335 

mm DW, 27.647°N, 84.308°W;  
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S2: List of MCZ and USNM Collection Specimens 

MCZ: MCZ S-81 M, male, 377 mm DW, 32.755°N, 79.867°W; MCZ S-81 F, female, 391 mm 

DW, 32.755°N, 79.867°W; MCZ S-122, female, 393 mm DW, 32.755°N, 79.867°W; MCZ 

36233, male, 467 mm DW, 41.517°N, 70.68°W; MCZ 36400, female, 270 mm DW, 29.07°N, 

80.878°W; MCZ 37054, male, 518 mm DW, 40.489°N, 71.991°W; MCZ 37062, male, 413 mm 

DW, 33.8°N, 78°W; MCZ 37063, female, 393 mm DW, 33.8°N, 78°W; MCZ 39655, male, 378 

mm DW, 30.208°N, 88.55°W; MCZ 40667, male, 274 mm DW, 40.008°N, 70.558°W; MCZ 

57687, female, 410 mm DW, 35.775°N, 74.858°W 

USNM: USNM 62708, female, 336 mm DW, 29.88°N, 81.12°W; USNM 118119, male, 356 mm 

DW, 31.1°N, 81.36°W; USNM 118120, female, 340 mm DW, 31.1°N, 81.36°W; USNM 158586, 

female, 432 mm DW, 30.1°N, 87.1°W; USNM 204773, female, 384 mm DW, 31.167°N, 

79.842°W; USNM 204801, male, 334 mm DW, 31.167°N, 79.841°W; USNM 204893, female, 

357 mm DW, 30.475°N, 80.967°W; USNM 25173A, male, 325 mm DW, 32.775°N, 79.867°W; 

USNM 25173B, male, 352 mm DW, 32.775°N, 79.867°W; USNM 25173C, male, 331 mm DW, 

32.775°N, 79.867°W; USNM 25173D, male, 306 mm DW, 32.775°N, 79.867°W; USNM 25407, 

female, 346 mm DW, 32.755°N, 79.867°W;  
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Table S.3: Descriptions of Morphometric, Thorn, and Skeletal Characters 

Morphometric Character Description 

Total Length Direct distance from tip of rostrum to tip of tail 

Rostrum to max width Distance from tip of rostrum to point of greatest disc width, along midline 

Head length Distance from tip of rostrum to where cranium articulates with first vertebrae 

Disc Width Direct distance from wingtip to wingtip, measured dorsally 

Disc Length Direct distance from tip of rostrum to post. pectoral fin edge measured dorsally 

Rostrum to pre-orbit Direct distance from tip of rostrum to anterior orbit edge 

Rostrum to post-spiracle Direct distance from tip of rostrum to posterior-most edge of spiracle 

Orbit Diameter Greatest diameter of eye 

Spiracle diameter Greatest diameter of spiracle aperture 

Orbit-spiracle length Direct distance from anterior edge of eye to posterior edge of spiracle 

Inter-orbital width Distance between inner margins of orbits 

Inter-spiracle width Distance between inner margins of spiracles 

Rostrum to anterior cloaca Distance from tip of rostrum to anterior edge of cloaca, along midline 

Anterior cloaca to caudal fin tip Distance of anterior edge of cloaca to tail tip 

Rostrum to pre upper jaw Tip of rostrum to posterior edge of skin covering upper jaw 

Rostrum to anterior nasal Direct distance from tip of rostrum to anterior edge of nasal opening  

Rostrum to 5th gill Direct distance from tip of rostrum to anterior, inner edge of 5th gill opening 

Mouth width Greatest width of exposed mouth 

Inter nostril width Distance between inner margin of nasal openings 

Nasal curtain length Distance from anterior margin of nostril opening to posterior margin of nasal 

curtain, parallel to midline 

Nasal curtain width Greatest width of nasal curtain 

Width of 1st gill opening Greatest diameter of first gill opening 

Width of 5th gill opening Greatest diameter of fifth gill opening 

Between 1st gill openings Distance between inner margins of first gill openings 

Between 5th gill openings Distance between inner margins of fifth gill openings 

Posterior cloaca to clasper tip Direct distance from posterior cloaca to tip of clasper 

Posterior cloaca to clasper 

insertion 

Direct distance from posterior cloaca to pelvic fin insertion on clasper 

Anterior pelvic lobe length Direct distance from pelvic fin articulation to tip of anterior pelvic fin lobe 

Posterior pelvic lobe length Direct distance from pelvic fin articulation to tip of posterior pelvic fin lobe 
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Between pelvic fin articulations Distance between pelvic fin bone articulations 

Tail width at posterior pelvic fin 

insertion 

Width of tail at pelvic fin insertion (not including thorns)  

Tail height at posterior pelvic fin 

insertion 

Height of tail at pelvic fin insertion (not including thorns) 

Tail width at tail mid-length Width of tail at its mid-length (not including thorns) 

Tail height at tail mid-length Height of tail at its mid-length (not including thorns) 

Tail width at D1 origin Width of tail at first dorsal fin origin (not including thorns) 

Tail height at D1 origin Height of tail at first dorsal fin origin (not including thorns) 

Base length D1 Length of first dorsal fin attachment to tail 

Height D1 Greatest height of first dorsal fin from attachment to tail 

Distance D1 origin to tail tip Distance from first dorsal fin origin to tip of tail 

Thorn Characters Description 

Antorbital Along the anterior margin of the orbit 

Postorbital Along the posterior margin of the orbit 

Scapular Directly over the scapula 

Prescapular From the first thorn along the midline to the anterior edge of the pectoral girdle 

Mid-dorsal thorns Along the midline from the pectoral girdle to the of the anterior edge of pelvic 

girdle (inclusive of thorns above bones) 

Tail thorns Along the midline from the pelvic girdle to D1 

Lateral tail; upper thorns Conspicuous thorns along the upper lateral edge of tail 

Lateral tail; lower thorns Conspicuous thorns along the lower lateral edge of tail 

Interdorsal thorns Between D1 and D2 

Lengthwise alar hook rows thorns Greatest number of alar hook rows that run parallel to midline 

Transverse alar hook rows Greatest number of alar hook rows that run perpendicular to the midline 

Lengthwise malar hook rows Greatest number of malar hook rows that run parallel to midline 

Transverse malar hook rows Greatest number of malar hook rows that run perpendicular to the midline 

Skeletal Characters Description 

Vertebrae Starting at the first vertebrae to the vertebrae anterior to the first dorsal fin 

Pectoral fin radials Number of fin radials originating from the propterygium, mesopterygium, and 

metapterygium, excluding anterior-most ray 

Pelvic fin radials Number of radials in the pelvic fin 

Upper tooth rows Number of tooth rows along upper jaw from left to right 

Lower tooth rows Number of tooth rows along lower jaw from left to right 
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FIGURES 

Figure 1: Bubble plot of specimen collection location. Males are shifted by 0.5 degrees 

longitude for image clarity 
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Figure 2: Dot plot of specimen disc width distribution; female (top) and male (bottom). 

Color references study region; blue =NOR, green =SOU, gold =GOM 
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Figure 3: Principal Component Analysis (PCA) plots of log transformed female data. a) 

Principal components 1 and 2, b) principal components 2 and 3, c) principal components 

1 and 3. Corresponding eigenvalues of each principal components (top right) and percent 

contribution to the first three principal components (right). PC1 = 76.45%, PC2 = 3.33%, 

PC3 = 2.65% 
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Figure 4: Principal Component Analysis (PCA) plots of log transformed male data. a) 

Principal components 1 and 2, b) principal components 2 and 3, c) principal components 

1 and 3. Corresponding eigenvalues of each principal components (top right and percent 

contribution to the first three principal components (right). PC1 = 76.95%, PC2 = 3.34%, 

PC3 = 2.78% 
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Figure 5: Principal Component Analysis (PCA) plots of disc width standardized female 

data. a) Principal components 1 and 2, b) principal components 2 and 3, c) principal 

components 1 and 3. Corresponding eigenvalues of each principal components (top right) 

and percent contribution to the first three principal components (right). PC1 = 22.36%, 

PC2 = 11.55%, PC3 = 7.61% 
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Figure 6: Principal Component Analysis (PCA) plots of disc width standardized male 

data. a) Principal components 1 and 2, b) principal components 2 and 3, c) principal 

components 1 and 3. Corresponding eigenvalues of each principal components (top right) 

and percent contribution to the first three principal components (right). PC1 = 18.58%, 

PC2 = 12.74%, PC3 = 7.81% 
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Figure 7: Histograms of female thorn character counts. Dashed line indicates median. 
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Figure 8: Histograms of male thorn character counts. Dashed line indicates median. 
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Figure 9: Linear models of female thorn character count by disc width; Lines indicate 

linear model with 95% confidence intervals. Color references study region; Blue =NOR, 

green =SOU, gold =GOM 
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Figure 10: Linear models of male thorn character count by disc width; Lines indicate 

linear model with 95% confidence intervals. Color references study region; Blue =NOR, 

green =SOU, gold =GOM 
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Figure 11: Principal Component Analysis (PCA) plots of female thorn characters (left) 

using a) principal components 1 and 2, b) principal components 2 and 3, c) principal 

components 1 and 3. Corresponding eigenvalues of each PC and percent contribution to 

PCs 1-3 (right). 
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Figure 12: Principal Component Analysis (PCA) plots of male thorn characters using a) 

principal components 1 and 2, b) principal components 2 and 3, c) principal components 

1 and 3. Dataset with all thorn variables (left), dataset without alar and malar thorn 

variables (right).  
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Figure 13: Eigenvalues for each principal component and percent contribution of each 

variable in principal components 1-3 of male data. Dataset using all male thorn variables 

(left) and dataset of male thorn data without alar and malar thorns (right). 
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Figure 14: Histograms of female skeletal characters. Dashed lines are median values. 
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Figure 15: Histograms of male skeletal characters. Dashed lines are median values. 
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Figure 16: Principal Component Analysis (PCA) plots of female skeletal characters (left) 

using a) principal components 1 and 2, b) principal components 2 and 3, c) principal 

components 1 and 3. Corresponding eigenvalues of each PC and percent contribution to 

PCs 1-3 (right). (Does not include “All pectoral fin radials”). 
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Figure 17: Principal Component Analysis (PCA) plots of male skeletal characters (left) 

using a) principal components 1 and 2, b) principal components 2 and 3, c) principal 

components 1 and 3. Corresponding eigenvalues of each PC and percent contribution to 

PCs 1-3 (right). (Does not include “All pectoral fin radials”) 
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Figure S.1: Correlation plots of thorn characters for females (top) and males (bottom). 
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Figure S.2: Correlation plots of skeletal characters; female (top), male (bottom).  
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S.3: Photos of Specimen Dorsal Patterning and Coloration 

 

VIMS 42124, male, NOR 

 

VIMS 40431, male, NOR 

 

Specimen NM178, male, NOR 

 

Specimen NM170, female, NOR 
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Specimen NM173, female, NOR VIMS 40416, female, NOR 

 

Specimen SM76, male, SOU 

 

Specimen SM77, male, SOU 

 

VIMS 42126, female, SOU 

 

 

VIMS 42140, male, GOM 

 

VIMS 42141, male, GOM 
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VIMS 42156, male, GOM  

Specimen SM62, male, GOM 

 

VIMS 42144, female, GOM 

 

VIMS 42142, female, GOM 

 

VIMS 42143, female, GOM 

 

VIMS 42157, female, GOM 
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VIMS 42159, female, GOM 
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CONCLUSION 

Each chapter of this thesis examined a separate dataset to look for evidence of 

population structure in the Clearnose Skate. In Chapter 1, a total of 8,914 SNP loci were 

used to look for evidence of population structure in Clearnose Skate sampled from Rhode 

Island, USA to northern Florida and in the eastern Gulf of Mexico. Results based on the 

genetic data clearly differentiated Gulf of Mexico and U.S. East Coast specimens. An 

individual-based test for spatial autocorrelation of the genetic data also detected evidence 

of subtle differentiation among specimens sampled along the U.S. East Coast, consistent 

with an isolation-by-distance pattern, where genetic differentiation between individuals 

increased with geographic distance, but needs confirmation using a Mantel test. This may 

be further complicated by temperature-driven differences in behavior. In Chapter 2, 

morphometric and meristic data were used to look for physical differences among 

Clearnose Skate sampled from Massachusetts, USA to eastern Florida and from the 

eastern Gulf of Mexico. This analysis was unable to discriminate among study regions 

based on measurements of 39 characters, but was able to identify slight differences 

among specimens from the three study regions using scapular, mid-dorsal, and upper 

lateral tail thorn counts. Skates sampled from the Gulf of Mexico and the U.S. East Coast 

could be discriminated based on the count of pectoral fin radials. Linear models were 

used to identify which thorn characters change with increasing disc width, indicative of 

ontogenetic differences.  

The difference between the definitive separation of Gulf of Mexico from the U.S. 

East Coast seen in the results of Chapter 1 and the weak separation of the same regions in 

the results of Chapter 2 can be attributed to several factors. First, the morphometric and 
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meristic characters examined in Chapter 2 were based on recommendations from other 

studies of skates. While very thorough, there may have been variable characters that were 

not captured. Second, morphometric characters may not be as plastic as meristic 

characters, so despite range fragmentation, the separation time between Gulf of Mexico 

and U.S. East Coast skates may not be long enough to allow for differences in 

morphology to occur. It has been noted that the environment can greatly influence 

meristic characters, such as thorn and skeletal elements, but this study did not attempt to 

correlate or test which environmental factors may be associated with the observed 

differences. Third, low sample sizes, particularly for Chapter 2, were a hinderance. 

Specimens were collected for this study opportunistically by fisheries-independent 

surveys rather than by a targeted sampling scheme. These cruises operated on carefully 

planned time frames and moved unidirectionally during the sampling season. Although 

generally abundant, Clearnose Skates are seasonally migrant and are not present in all 

areas of their range during all seasons. This led to a mismatch between when the surveys 

were operating and when skates were present. There may also be differences in the 

relative abundance of Clearnose Skates throughout their range. Thus, sample sizes among 

the study regions were unequal and unevenly distributed within regions. Increased sample 

sizes and strategic sampling strategies are necessary to better define the population 

structure of the Clearnose Skate using morphometric and meristic characters and would 

improve both statistical power and the ability to identify differences in morphological 

traits that are currently ambiguous. Future specimen collection for molecular-based 

studies should also be strategic rather than opportunistic to bolster underrepresented 

areas, such as the GOM, RI, NCS, and the states of Georgia and Florida to allow more 
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robust comparisons and fine scale population assignment and to reduce ascertainment 

bias. Additionally, equalizing the male and female ratio throughout each sample region 

would aid in determining whether genetic indices differ between sexes, whether gene 

flow is mediated by one or both sexes and help inform reproductive patterns. Further, it is 

important to sample the same areas temporally, as this can address unknowns such as 

temporal and spatial variation of sex ratios, congregations, genetic mixture, or separation. 

It is important to recognize that the recommended sampling outlined here is time, labor, 

and funding intensive. Therefore, future studies are likely to be narrow in scope to 

achieve maximum sample sizes. 

The mechanisms driving the observed population structure between the Gulf of 

Mexico specimens and the East Coast specimens may include both historical geologic 

patterns and present day conditions. In the Pleistocene (1.8 million years ago - 12,000 

years ago (Holmes 2001), periods of glacial maxima and minima have changed eustastic 

sea level in the Gulf of Mexico. During glacial retreat and melt, sea level rose to create 

shallow connections over the Florida land mass, allowing free movement of organisms 

between the ocean basins. At the time of the last glacial maximum about 20,000 years 

ago, sea level was estimated to be 120 meters lower than current levels, exposing much 

of what we know as the Gulf-side continental shelf of Florida and cutting off connection 

between water bodies (Briggs 1974; Holmes 2001). Although the markers used in this 

study were not used to assess phylogeography or divergence time of the two Clearnose 

Skate populations, the identification of Florida as a biogeographic break is in 

concordance with results of studies of other taxa, including teleosts and bivalves (Briggs 

1974; Avise 1992; Hemond and Wilbur 2011; Anderson et al. 2012), and suggests that 
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historical Clearnose Skate populations may have been subject to separation and range 

contraction during times of low sea level, followed by periods of range expansion and 

connectivity during times of high sea level. The present-day isolation of Gulf of Mexico 

Clearnose Skate from U.S. East Coast Clearnose Skate is likely maintained by the 

geography and hydrodynamics around Florida. First, the continental shelf between Cape 

Canaveral and the Florida Keys essentially vanishes and there is instead a steep 

bathymetric contour, thereby reducing habitat availability. Although skates are capable of 

swimming great distances this area might be too steep or too deep to pass through, or 

may not host suitable benthic prey items. Suitable habitat is further reduced by warm 

water temperatures that are outside the preferred range for Clearnose Skates. This thermal 

gradient is hypothesized to prevent Atlantic Angel Sharks from migrating from their U.S. 

East Coast range, between Cape Lookout, N.C. and southern New Jersey, into their Gulf 

of Mexico range (Driggers et al. 2018). Lastly, the velocity of the Gulf Stream may be 

too strong for organisms such as small fishes or invertebrates to move against or through, 

and it may only provide unidirectional, eastward dispersal by species with a pelagic larval 

stage or that produce drifting eggs. While Clearnose Skate do not possess either of those 

characteristics, the speed of the current may prevent or deter individuals from passing 

through, particularly from the East Coast into the Gulf of Mexico and against the current. 

The subtle pattern of structure seen in U.S. East Coast Clearnose Skate based on 

genetic data is not attributable to an obvious, physical barrier to migration (e.g. Cape 

Hatteras). Unlike the habitat fragmentation the occurs around Florida, extensive 

continental shelf habitat exists along the U.S. East Coast and habitat suitability is further 

expanded by the Clearnose Skate’s tolerance of low salinity and hypoxic environments. 
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Although these skates also tolerate a range of temperatures, it has been suggested that 

seasonal temperature changes and preferences que migratory and reproductive behaviors. 

It has also been observed that Clearnose Skate from South Carolina remain near-shore 

year-round and do not undergo seasonal migratory patterns, though more research is 

needed to confirm this pattern. The complex combination of local site fidelity by South 

Carolina skates, seasonal inshore and offshore migration by Clearnose Skates in the rest 

of their range, and large geographic separation can conceivably explain the low but 

significant level of genetic differentiation observed along the East Coast. A similar 

distribution pattern was reported for Atlantic Angel Sharks along their U.S. East Coast 

range. Driggers et al. (2018) found Atlantic Angel Sharks year-round between Cape 

Hatteras and southern New Jersey in both inshore and offshore habitats while those to the 

south, between Cape Hatteras and South Carolina, were found only offshore during the 

winter months (Driggers et al. 2018). This distribution was attributed to the temperature 

preferences of Angel Sharks (5.5°C – 26.7°C) and the bottom temperature profiles in that 

region. The Gulf Stream current brings warm water from Florida northward to Cape 

Hatteras N.C. before veering offshore. Because of this current, the offshore bottom 

temperatures are warmer and more preferable than inshore bottom temperatures in the 

winter. The Clearnose Skate might maintain a similar relationship between thermal 

tolerances (9° - 30°C) and seasonal water temperature fluctuations, but investigation of 

environmental variables associated with Clearnose Skate catch data and habitat modeling 

is needed to confirm this hypothesis. 

The results from this investigation of Clearnose Skate population structure can be 

used to better manage this vulnerable elasmobranch. It is recommended that fisheries 
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management councils recognize the differentiation and isolation between Gulf of Mexico 

and U.S. East Coast Clearnose Skate and acknowledge that local depletion in one region 

will not be repopulated by migrants from the other region. They should also use estimates 

of biological reference points such as fecundity, population growth, and mortality that are 

specific to each population in management plans. Before any specific management 

recommendations can be made for the U.S. East Coast population (i.e. one stock or two), 

more information is needed regarding Clearnose Skate migration routes, location and 

timing of both egg deposition and mating. These aspects of life history would aid in 

determining whether the genetic cline along the U.S. East Coast is due to reproductive 

isolation, which would clarify whether one or two east coast stocks is appropriate. 

Targeted sampling for further genetic studies could also clarify the results of the current 

genetic study. 
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