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Abstract While dorsal-ventrally compressed chon-
drichthyans are among the most imperiled fishes in
the world, there is still limited knowledge of the biol-
ogy of many of these species, even in well-studied
ocean basins. In the western North Atlantic Ocean,
the population structure of the Atlantic angel shark
(Squatina dumeril) is not fully understood; there-
fore, the portioning of genetic variation was assessed
among individuals caught along the east coast of the
United States (Atlantic) and on the northern Gulf of
Mexico (Gulf) using reduced representation genomics
and mitochondrial sequencing. Three distinct groups
were delineated with nuclear data, the Atlantic, the
eastern Gulf, and the western Gulf, along bounda-
ries described by previous research. Mitochondrial
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data only resolved two groups, with the western
Gulf separated from the eastern Gulf and Atlantic
combined. Demographic modeling suggested that
the Atlantic population separated from a single Gulf
population which subsequently split into eastern and
western populations. Additionally, there was evidence
that adjacent populations experienced gene flow
after splitting, which may explain the incongruence
between results based on nuclear and mtCR data.
Correlations between environmental variables and
allele frequencies at 873 loci indicated potential local
adaptation. Therefore, the preservation of all three
groups is necessary for the conservation of long-term
adaptive variation important for species persistence.

Keywords Angel shark - Squatinidae - Genetic
demography - Stock structure

Introduction

Fisheries-induced mortality of elasmobranchs has led
to population declines across the globe (Ferretti et al.
2010; Worm et al. 2013). Some of the most imperiled
species are rays and ray-like sharks, such as guitar-
fish and angel sharks (Dulvy et al. 2014). For angel
sharks (family, Squatinidae; genus, Squatina), con-
cerns about sustainability relate to long generation
times and low fecundities (Lawson et al. 2020) paired
with harvest-related mortality, either through directed
or incidental catch (e.g., Vecchione 1987; Leet et al.
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2001; Villwock and Vooren 2003; Scandol et al.
2008; Raoult et al. 2017). Compounding the problem,
these species are data-limited, and aspects of their
biology are not well-understood, even in some of the
most well-regulated waters. This includes limitations
on the knowledge of angel shark stock structure (Ellis
et al. 2021), constraining the ability to properly assess
and manage stocks (Cadrin et al. 2014).

In the past couple of decades, research has increas-
ingly focused on species in the genus Squatina, col-
lectively known as angel sharks. Of the 24 angel
shark species currently considered valid, four spe-
cies were described in the past 10 years, and three
additional species were described in 2007-2008
(Last and White 2008; Acero et al. 2016; Vaz and
Carvalho 2018; Long et al. 2021; Weigmann et al.
2023). Four of these newly described species were in
waters associated with the Coral Triangle and Aus-
tralia, two were described from the western Atlan-
tic Ocean, and the remaining one was described off
eastern Africa. Among extant species, the range of
many overlap including four species around Aus-
tralia (S. albipunctata, S. australis, S. pseudocellata,
and S. fergocellata), four species in the northwestern
Pacific (S. formosa, S. japonica, S. nebulosi, and S.
tergocellatoides), three species in the Mediterranean
and eastern Atlantic Ocean (S. aculeata, S. oculata,
and S. squatina), and four species along eastern Cen-
tral and South America (S. argentina, S. guggenheim,
S. occulta, and S. varii). A recent study also suggests
range overlap may be found along the southeastern
Pacific (Cafiedo-Apolaya et al. 2021), though it has
not been formally described. Three other angel shark
species (S. caillieti, S. legnota, and S. mapama) are
not reported to have overlapping ranges with other
species; however, because they have recently been
described and their full range is unknown, further
investigation is required to determine if this is true.

In fact, very few species in the family Squatinidae
actually do not show some overlap with congeners,
including S. californica found in the eastern Pacific
Ocean (Gaida 1997; Cafiedo-Apolaya et al. 2021), S.
africana and S. leae both found in the western Indian
Ocean, S. david in the central western Atlantic, and
S. dumeril found in northwestern Atlantic Ocean,
including the Gulf of Mexico and Caribbean Sea.
While research has suggested that three species could
be present in the Gulf of Mexico (Castro-Aguirre
et al. 2006), those species names (i.e., S. heteroptera
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and S. mexicana) are all currently considered syno-
nyms of S. dumeril (Fricke et al. 2024). A large por-
tion of the range of S. dumeril in U.S. waters of the
western North Atlantic Ocean was recently surveyed,
and the species was found to have two distinct dis-
tributional breaks based on fisheries-independent
catch records (Driggers et al. 2018). The first of these
breaks separates S. dumeril off the east coast of the
U.S. (Atlantic) from those in the Gulf of Mexico
(Gulf), with the second break found adjacent to the
Mississippi Canyon within the Gulf (Driggers et al.
2018). Driggers et al. (2018) also discussed differ-
ences in depth distribution among the regions and
provided a thorough discussion of the potential for
different species to be found in US waters of the west-
ern North Atlantic Ocean.

A previous study that characterized the genetic
variation of S. dumeril in U.S. waters using the mito-
chondrial control region (mtCR) found a significant
difference between the western and eastern Gulf
but not between the Atlantic and the eastern Gulf
(McMillan 2009). This result is somewhat surprising
as the distributional break between the Atlantic and
the Gulf seems to be more dramatic than the break
within the Gulf (Driggers et al. 2018). Given the dis-
cordance between the results of mtCR-based analyses
and distributional patterns, and the fact that many
angel shark species have recently been discovered due
to increased scrutiny, a reassessment of the portion-
ing of genetic variation that considers variation in
nuclear-encoded DNA is warranted. Therefore, pat-
terns of genetic variation were assessed in S. dumeril
in the western North Atlantic using thousands of
SNP-containing loci across the genome to look for
cryptic diversity and assess population structure.
Because S. dumeril is currently distributed in areas
impacted by recent glacial cycles, demographic his-
tory was also modeled using site frequency spectrum
analysis.

Materials and methods

Sample collection and nuclear sequencing

Specimens from which tissues were derived were
collected during the National Marine Fisheries Ser-

vice (NMFS), Southeast Fisheries Science Center
(SEFSC) trawl survey operations in the northern Gulf
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and the Virginia Institute of Marine Science (VIMS),
Northeast Area Monitoring and Assessment Program
(NEAMAP) trawl survey operations along the U.S.
Atlantic Seaboard (Fig. 1) during 2016 and 2017. Tis-
sues from S. californica were provided by the Univer-
sity of Kansas (KU# 437, 438) and Scripps Institu-
tion of Oceanography (09-296, 11-322). DNA was
extracted using Mag-Bind Blood and Tissue DNA
kits (Omega Bio-Tek, Norcross, GA), and approxi-
mately 1000 ng of high-quality genomic DNA was
used in a modified version of double digest restric-
tion-site associated DNA (ddRAD) library prepara-
tion method (Peterson et al. 2012). In brief, extrac-
tions were digested with restriction enzymes EcoRI
and Sphl, and a barcoded adapter was ligated to Sphl
restriction sites, while a common adapter was ligated
to EcoRlI restriction sites. Individuals with different
barcodes were subsequently pooled, using equimolar
quantities of each ligated sample, into two “indexed”
libraries consisting of 30 and 39 individuals per
index, and size was selected using a Pippin Prep DNA
size selection system (Sage Science Inc., Beverly,
MA). Fragments were selected using a mean size of
340 bp, with a selection window of +37 bp. [llumina
flow-cell adapter sequences and index-specific iden-
tifiers were added to each index, using 14 cycles of

PCR. This process results in every individual having
unique combinations of barcode and index sequence,
allowing for unequivocal identification after sequenc-
ing. Each index was sequenced as part of an Illumina
HiSeq 4000 sequence lane at Genewiz (Azenta, South
Plainfield, NJ) with technical replicates (duplicated
individuals) sequenced across the indices.

Data processing: ddRAD

Raw Illumina HiSeq reads from each individual were
demultiplexed using the “process_radtags” function
in the software Stacks v2.59 (Catchen et al. 2013),
and 30 samples, ten from each of the western Gulf,
eastern Gulf, and the Atlantic, were used to create a
de novo reference of putatively single-copy contigs
using the dDocent v2.8.7 pipeline (Puritz et al. 2014).
From this reference, single nucleotide polymorphisms
(SNPs) were identified. Mapped reads were filtered to
remove those that were not properly paired, had sec-
ondary alignments, and had a quality score below 40.
Results were compiled into a variant call file (VCF)
file, and variants were filtered using a combination of
VCFtools v0.1.14 (Danacek et al. 2011) and custom
R, BASH, and Perl scripts to remove artifacts fol-
lowing O’Leary et al. (2018). These filters included
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removing loci with low average depth, loci with
very high average depth, genotypes with low-quality
scores, individuals with low average depth, genotypes
with highly skewed allelic balance, loci influenced by
library effects, and monomorphic loci and loci with
high depth variation across the locus. SNPs on the
same fragment were then phased into microhaplo-
types (hereafter loci) using the rad_haplotyper (Wil-
lis et al. 2017), and loci that contained more haplo-
types within individuals than expected were removed.
Singletons and doubletons were filtered more strin-
gently for depth than other alleles, and a minor allele
count of 3 was applied. Scripts and further details are
available at https://github.com/marinegenomicslab/
Fields2024_Angel_Sharks.git.

Analysis: ddRAD

All analyses excluded S. californica unless indicated
otherwise. Principal component analysis (PCA) and
k-means clustering (n=1-40) were used to iden-
tify the optimal number of groups using the Bayes-
ian Information Criterion (BIC). The groupings with
the lowest BIC and adjacent values were compared
using discriminant analysis of principal components
(DAPC) cross-validation to determine the optimal
number of PCs required to achieve the highest reas-
signment of samples to their respective groups in
adegenet v2.1.5 (Jombart 2008). Missing data were
imputed by using mean allele frequencies.

Loci that deviate from drift-mutation equilibrium
can provide a misleading demographic pattern from
the major goal of analyses to understand connectivity
and historical demography (Funk et al. 2012); there-
fore, two approaches were used to locate non-neutral
loci. First, redundancy analysis (RDA) was used to
find loci associated with environmental pressures,
which could shape the genetic landscape through
selection pressures. Additionally, genetic data were
scanned for Fgy outliers to find loci with Fgp values
outside the general distribution and therefore possibly
undergoing selection.

Environmental (abiotic) measurements and spa-
tial variables were compared in the genetic data
using RDA implemented in the R package vegan
v2.5-7 (Oksanen et al. 2019). Marine environmen-
tal variable data (n=916) were downloaded from
two long-term, spatial data sets collated across
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multiple detection methods which include inte-
grated remote sensing data (e.g., primary produc-
tivity, temperature), integrated ship collected data
(e.g., nitrogen, phosphorus), and modeled vari-
able such as currents (e.g., max velocity) collected
from stationary buoys. The datasets were collected
from BIO-ORACLE (Tyberghein et al. 2012) and
MARSPEC (Sbrocco and Barber 2013) using the
R package sdmpredictors v 0.2.10 (Bosch and Fer-
nandez 2021). The variation in environmental fac-
tors at the catch locations was evaluated, and some
had no variation, so they were removed. To account
for spatial autocorrelation, the minimum in-water
distance along a network with a within-region min-
imum spanning threshold was used to get the dis-
tance between each point. Distances between nodes
were calculated using the Haversine formula to cor-
rect for the Earth’s curvature (Sinnott 1984).

Forward stepwise model selection was used to
determine which environmental and spatial variables
to include in the final RDA model using a modified
version of ordiR2step from the R package vegan with
999 permutations and a p-value for adding in a vari-
able (Pin) of 0.05. To avoid multicollinearity among
explanatory variables, a variance inflation factor
(VIF) filter was used before adding each variable to
the model. If adding an explanatory variable to the
model would increase the VIF of any of the variables
above 3, the variable was excluded from analysis
(Zuur et al. 2010). The loci associated with a given
variable were determined by using a partial RDA
constrained by all of the factors, except the one being
tested, and removing the loci with the highest loading
score, in a backward stepwise fashion, until the con-
strained RDA was no longer significant.

The dataset was screened for loci potentially under
selection, referred to as “outliers,” with BAYESCAN
v2.1 (Foll and Gaggiotti 2008; Fischer et al. 2011) and
OUTFLANK (Whitlock and Lotterhos 2015), imple-
mented through the R package dartR v1.8.3 (Gru-
ber et al. 2018). For both analyses, individuals were
grouped following the results of k-means clustering.
The BAYESCAN analysis was performed with 30
pilot runs of 5000 iterations and a burn-in of 50,000
iterations before sampling 5000 times at 100 itera-
tion intervals and a prior odds value of 100. In OUT-
FLANK, the Fg; distribution was made by trimming
the upper and lower 5%, and the g-value was set to 0.1.
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Any locus identified as an outlier by either program
was categorized as an outlier in subsequent analyses.

All outliers and environmentally associated loci
were separated from the “neutral” loci, resulting in
three data sets (neutral, outlier, and environmental).
A single-level, locus-by-locus AMOVA was used to
assess for genetic heterogeneity in each dataset with
ARLEQUIN v3.5 (Excoffier and Lischer 2010) with
significance determined through 10,000 permuta-
tions. Post hoc pairwise comparisons of Fgr between
groups were performed using ARLEQUIN for all the
datasets, with significance determined as above and
corrected for multiple comparisons using the Ben-
jamini and Hochberg false discovery rate (BHFDR)
method (Benjamini and Hochberg 1995). Because the
maximum value that Fgp can reach is dependent on
background diversity (Meirmans and Hedrick 2011),
the maximum value of Fgr (Fyax) Will often be less
than one. To account for this, neutral estimates of Fgy
were divided by neutral estimates of Fy,x to calcu-
late F'gy. Pairwise Fyux was calculated in ARLEQUIN
using recoded data in which each group had unique
alleles (Meirmans and Hedrick 2011). Estimates of
neutral F'gy were compared between each S. dumeril
group and S. californica.

Mean and locus-by-locus expected heterozygosity
(H,) were estimated using ARLEQUIN, and mean and
locus-by-locus allelic richness (A,) also were estimated
using the hierfstat v 0.5-7 in R (Goudet and Jombart
2020). Within-group diversity measures were com-
pared among groups using a Friedman’s rank sum test
in the R package stats v 3.6.0 (R Core Team 2019),
with post hoc pairwise comparisons of significant fac-
tors using a paired Wilcoxon’s signed-rank tests per-
formed in the R package coin 1.4-1 (Hothorn et al.
2006) which adjusts for tied rank values. Significance
values were corrected for multiple comparisons using
the Benjamini and Hochberg false discovery rate
(BHFDR) method (Benjamini and Hochberg 1995).

mtCR sequencing

The mtCR was PCR amplified for 52 individuals
using primers designed to amplify the entire mtCR of
multiple shark species (Swift et al. 2023). Reactions
of 25 L included 1 pL of DNA, 1X Green GoTaq®
Reaction Buffer, 1.5 mM MgCl,, 200 uM dNTPs,
0.2 mM of each primer, and 1 unit of GoTag® Poly-
merase (Promega, Madison, WI). Cycling involved an

initial denature of 95 °C for 2 min, 35 cycles of 95 °C
for 1 min, 54 °C for 1 min, and 72 °C for 1.5 min,
with a final elongation phase of 72 °C for 5 min.
Amplicons were purified using the Mag Bing Total-
Pure NGS (Omega Bio-Tek), and Sanger sequencing
was conducted on an ABI 3730 using just the for-
ward primer at Retrogen (San Diego, CA). Sequences
were quality trimmed and aligned using CLUSTAL
OMEGA (Sievers et al. 2011), and alignments were
checked by eye in BioEdit v. 7.2.5 (Hall 1999).

Analysis: mtCR

Homogeneity of variance was assessed using single-
level AMOVA with significance determined by per-
muting individuals among groups 10,000 times in
ARLEQUIN. Post hoc estimates of pairwise @gp were
also calculated in Arlequin with significance cal-
culated as above and corrected for multiple testing
using BHFDR. The mutation model for both analyses
was selected using the model with the lowest Bayes-
ian Information Criterion (BIC) value, as calculated
in JMODELTEST2 v2.1.10 (Darriba et al. 2012).
All samples were assigned to groups based on the
ddRAD k-means clustering. However, three indi-
viduals with mtCR data were not present in the final
ddRAD dataset, so they were placed in the Atlantic
where they were caught. To visualize the relation-
ship of haplotypes, a TCS network was constructed in
POPART v1.7 (Clement et al. 2002; Leigh and Bryant
2015) using the groups defined by the ddRAD analy-
sis. Diversity statistics such as the number of SNPs,
mean pairwise differences, transition and transversion
counts, and nucleotide diversity were estimated with
ARLEQUIN for groups defined by k-means clustering.

Demographic modeling

One SNP was randomly selected from each neutral
locus, and the resulting data set was used to examine
historical demography using site frequency spectrum
analysis as implemented in MOMENTS v1.0.8 (Jou-
ganous et al. 2017). Five demographic models were
considered initially: (1) a null model with all popula-
tions splitting at the same time and no migration, (2)
a model with the Atlantic separating from an ances-
tral population before the Gulf split with symmetri-
cal migration, (3) a model with the Atlantic separat-
ing from an ancestral population before the Gulf split
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with asymmetrical migration, (4) a model where
the western Gulf splits from an ancestral population
before the Atlantic/eastern Gulf split with symmetri-
cal migration, and (5) a model where the Western
Gulf splits from an ancestral population before the
Atlantic/eastern Gulf split with asymmetrical migra-
tion (Fig. S1). Migration was only allowed between
geographically adjacent populations, and population
expansion was included within each model except for
the null model.

As has been noted by previous researchers, mul-
tiple rounds of optimization are required to find the
optimal parameters for each demographic model
in MOMENTS (Portik et al. 2017; Noskova et al.
2020); therefore, the four-step optimization strat-
egy suggested by Portik et al. (2017) was employed
using the default folds and the default maxiters for
an optimization round with at least 40 sets of param-
eters optimized per step. The best parameters from an
optimization round were then used to prime the next
optimization round. Once two sequential optimization
rounds returned the same parameter values, the opti-
mization process was considered complete for that
model. The site frequency spectrum (SFS) input into
MOMENTS was optimized using easySFS v.0.0.1
and downward projected to the values with the most
segregating sites (Gutenkunst et al. 2009; Overcast
2022). Akaike Information Criterion (AIC) was used
to select the best demographic model, and confidence
intervals for estimated demographic parameters were
generated using the Godambe information matrix
(Coffman et al. 2016) implemented in MOMENTS.

Results
ddRAD

Fin clips from 69 S. dumeril were collected and
sequenced across two ddRAD libraries resulting in
504,611 SNPs across 44,651 putative loci. The final
assembly parameters were a c-value of 0.84, a K| of
2, and a K, of 2. After filtering, 24,270 SNPs across
7886 SNP-containing loci (henceforth loci) were pre-
sent in 63 samples, including one Pacific angel shark
sample, with an average of 3.08 SNPs and 3.86 alleles
per locus.

The minimum BIC score was obtained for K=1
(Fig. S2); however, the PCA showed at least two
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distinct groups: one in the Atlantic and one in the
Gulf (Fig. 2). Cross-validation of two and three
groups both assigned individuals back to the groups
with 100% accuracy, and the three groups corre-
sponded to the Atlantic, the eastern Gulf, and the
western Gulf, consistent with known breaks in their
distribution (Fig. 1; Driggers et al. 2018). Cross-val-
idation of four groups had a root mean squared error
of around 10%. Therefore, the three groups identified
by k-means clustering were chosen to perform the
remaining analyses.

Sea surface temperature (SST) in September and
two measures of nitrate levels were significantly asso-
ciated with genetic variation (Table 1). The three
environmental factors explained 7.0% of the genetic
variation in the data with 772 loci significantly asso-
ciated with SST, 127 loci significantly associated
with mean nitrate concentration, and 19 loci signifi-
cantly associated with minimum sea surface nitrate
concentration (Fig. S3). Of the 873 loci found to be
associated with the three environmental factors, 42
loci were shared between the SST and mean nitrate,
one locus shared between the minimum nitrate and
SST, and a different locus shared between the two
nitrate measures. An additional locus was shared
between all the factors. BAYESCAN found 11 loci to
have elevated Fgr values with positive alphas indicat-
ing directional selection. OUTFLANK found ten of
the loci recovered by BAYESCAN as well as an addi-
tional 17. Three loci were found to be Fg outliers and
were associated with environmental variables. This
data was split into a neutral dataset of 6973 loci, an
environmentally associated (hereafter environmental)
dataset of 873, and an Fgp outlier (hereafter outlier)
dataset of 28 loci for downstream analysis.

Global AMOVAs were significant for all the
datasets (p<0.0001; Fig. 3), and all pairwise com-
parisons of Fgp for all datasets were also significant
(Table 2), though the Fgr between the Gulf regions
was>3.5xless than comparisons involving one of
the Gulf regions and the Atlantic. Estimates of neutral
F'gp between the Gulf and Atlantic samples were an
order of magnitude less than between S. dumeril and
S. californica (means of 0.0089 and 0.1389, respec-
tively; Table 3), though due to the limited number of
Pacific samples, p-values could not be calculated.

Estimates of H, were significantly heterogeneous
(»<0.01) for the neutral and outlier datasets, but not
the environmental data set. In the neutral data, the
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Fig. 2 The first and second axes of a principal components
analysis (PCA) of all the data including the amount of varia-
tion described by each axis and color-coded by the k-means

PC 1 (variation = 3.450%)

© east Gulf (n=21) ® west Gulf (n=24)

© Atlantic (n=17)

groupings (K=3) with orange indicating the Atlantic (n=17),
green as the eastern Gulf (n=21), and blue as the western Gulf
(n=24)

Table 1 The variance explained, adjusted R-squared, and p-value for the abiotic factors which significantly explained a portion of

the genomic data

RDA factor Adj R-squared % variation p-value
September sea surface temperature 0.0177 2.57% <0.001
Mean annual nitrate 0.0098 1.89% 0.005
Minimum sea surface nitrate concentration 0.0016 1.73% 0.042
Full Model 0.0221 7.02% <0.001

The variance in the full model is higher than expected due to the partial collinearity of the variables which increases the variance

explained
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eastern Gulf had a significantly higher H, than the
other two regions, while in the outlier loci, the west-
ern Gulf had significantly lower H, values (Table 4;
Table S2). Estimates of A, were significantly hetero-
geneous (p <0.01) for the neutral and environmental
data sets, but not the outlier data set with the western
Gulf having the highest values and the Atlantic hav-
ing the lowest values.

mtCR

The mtCR of 52 S. dumeril was successfully
sequenced, and the sequences were trimmed down to
a 515 base pair fragment recovered in all individuals
(Genbank PP952512—PP952563), which included
all of the left domain of the mtCR. Among all of the
western North Atlantic samples, 12 polymorphic sites
were found, resulting in 17 haplotypes. The eastern
Gulf had the highest nucleotide diversity, and the
Atlantic had the lowest (Table 5), while the Atlan-
tic had the highest haplotype diversity. The HKY +1
model was selected, but because it is not available in
ARLEQUIN, the Tamura and Nei mutation model
(Tamura and Nei 1993) was used instead. A global
AMOVA was significant (@4r=0.5131; p<0.0001),
and estimates of pairwise Fgr between the western
Gulf and each of the other regions were significant
(Table 2). The TCS network indicated two distinct
groups with four haplotypes shared between the
Atlantic and eastern Gulf samples, though two hap-
lotypes were shared between the eastern Gulf and the
western Gulf. No haplotypes were shared between the
Atlantic and western Gulf (Fig. 4).

Demographic modeling

The best-supported demographic model contained an
initial split between the Atlantic Ocean and an ances-
tral population in the Gulf of Mexico (Table S1). The
ancestral population then proceeded to divide into
what is currently the western Gulf of Mexico and the
eastern Gulf of Mexico populations (AIC =4606.96;
Fig. S1B). This model indicated population growth
from the time of divergence to the present in all
populations and that historic symmetrical gene flow
between adjacent populations, though gene flow was
nearly zero between the original Atlantic and ances-
tral Gulf populations (Table 6).
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Table 2 Pairwise Fgp values and their respective p-values for the @4 and the p-values for the mitochondrial control region (mtCR)
sequencing as well as neutral, environmental, and Fgy outlier nuclear ddRAD data

mtCR Neutral Environmental Fgr outlier
Comparison Fyr p-value Fyr p-value Fgyr p-value Fgr p-value
Atlantic—eastern Gulf 0.0181 0.2449  0.0077 <0.0001 0.0758 <0.0001 0. 2880 <0.0001
Atlantic-western Gulf 0.6542 <0.0001 0.0157 <0.0001 0.0655 <0.0001 0.4491 <0.0001
Eastern Gulf-western Gulf 0.5275 <0.0001  0.0021 0.0001 0.0167 <0.0001 0.0964 <0.0001
Table 3 Pairwise F'g values for the neutral nuclear ddRAD Discussion/conclusion

data including the Pacific angel shark

Atlantic east Gulf west Gulf  Pacific
Atlantic -
east Gulf 0.0107 -
west Gulf 0.0218 0.0030 -
Pacific 0.1473 0.1263 0.1432 -

Table 5 Basic statistics from mtCR data for each population

mtCR Atlantic east_Gulf west_Gulf Pacific
Statistic
Samples 17 14 19 2
SNPs 5 8 8 1
Haplotypes 7 8 8 2
Mean number of 1.3317 2.1063 1.5422 1.0067
pairwise differ-
ences
Nucleotide diver-  0.0026  0.0041 0.0030 0.0020
sity
Haplotype diversity 0.8382  0.8242 0.8246 1.0000

Population structure

The nuclear data for S. dumeril in the western North
Atlantic has a very clear signal of structure with the
largest difference between the Atlantic and Gulf, cor-
responding to the known faunal break for multiple
taxa along southern Florida (Neigel 2009) such as
bonnethead (Fields et al. 2016; Portnoy et al. 2015),
blacknose sharks (Portnoy et al. 2014), and blacktip
sharks (Swift et al. 2023). Within the Gulf of Mexico,
significant population structure was detected as well,
aligning with the distribution break seen along the
Mississippi Canyon (Driggers et al. 2018); however,
no evidence was found to indicate cryptic speciation
in the genetic data. Results obtained from the mater-
nally inherited mtCR did not agree with the results
obtained from nuclear data, since the mtCR indi-
cated the Atlantic and eastern Gulf formed a group
which differed from the western Gulf. The selected
demographic model indicated that the split between
the Atlantic and the Gulf occurred prior to the split
within the Gulf, and there were low levels of historic
gene flow between all adjacent populations since the
last split. Taken together, the data seem to indicate

Table 4 Diversity characteristics of the ddRAD data for each population by dataset including the number of polymorphic sites (n),

expected heterozygosity (H,), and rarefied allelic richness (4,)

Neutral Outlier Environmental
Population n H, A, n H, A, n H, A,
Atlantic 5,853 0.287 2.568 27 0.469 3.14 825 0.510 3.494
east Gulf 6,431 0.295 2.623 27 0.435 2.776 848 0.504 3.511
west Gulf 6,180 0.288 2.706 24 0.304 3.211 822 0.494 3.623
Friedman’s p-value 7.74E-16 <22E-16 0.005 0.151 0.067 0.008

The p-value from Friedman’s test for each measure is also presented
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1 sample

west Gulf
east Gulf
Atlantic

0000

Pacific

Fig. 4 Haplotype network of the mitochondrial control region (mtCR) color-coded by k-means clustering. The sizes denote the num-

ber of haplotypes ranging from 1 to 12

that the incongruence between the results of nuclear
and mtCR data may be due to historical gene flow
which was limited enough to prevent homogenization
between the eastern Gulf and Atlantic but not to the
degree that would prevent mitochondrial replacement.

Long-term spatial isolation results in the accumu-
lation of genetic differences (Wright 1931), which
leads to the divergence of the populations. Migration
facilitates admixture thus allowing alleles to freely
mix. Depending on the scenario of mixing, alleles
once abundant in one population may become rare
(Wolf et al. 2001; Fitzpatrick et al. 2020) and, there-
fore, more frequently lost through genetic drift (Hartl
and Clark 2007). The speed at which this happens for
mtCR can be greater since it is only maternally inher-
ited and single-copy and, therefore, has a smaller

@ Springer

effective population size (Buonaccorsi et al. 2001).
The demographic modeling suggests that at the time
of the Gulf split, the effective population size of the
Eastern Gulf was small, and migration continued
between the Atlantic and Gulf (Table 6). This could
have led to mitochondrial introgression from the
Atlantic to the eastern Gulf, driving the contemporary
incongruence between the nuclear and mitochondrial
signals.

Mitochondrial introgression has been seen between
many fish species such as dusky and Galapagos
sharks (Carcharhinus obscurus and C. galapagen-
sis; Corrigan et al. 2017), tunas (Thunnus alalunga
into T. thynnus, Bremer et al. 2005; T. alalunga into
T. orientalis, Chow and Kishino 1995), and com-
mon shiner into striped shiner (Luxilus cornutus into
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Table 6 The results from the demographic modeling includ-
ing the point estimate, the Godambe Information Matrix value,
and the conversion of the MOMENTS point estimates, which

included a theta value of 8.23, to physical units using a muta-
tion rate of 7.5E — 8 and a generation time of 14.5 years

Variable Point estimate GIM Estimated value Lower CI Upper CI

Ancestral N, - 9.09 14.29 0.00 32.11
Atlantic Ng at T1 1.86 0.29 26.62 18.59 34.66
Atlantic N, 191.21 10.26 2732.03 2444.70 3019.37
Gulf N, at 71 1.93 0.23 27.58 21.09 34.07
Gulf N, at 72 1.21 0.18 17.34 12.44 22.25
eastern Gulf N, at T'1 0.94 0.31 13.42 4.70 22.15
eastern Gulf N, 6644.28 2832.32 94,933.86 15,615.84 174,251.88
western Gulf N, at T1 14.65 0.07 209.35 207.31 211.40
western Gulf N, 267.66 13.69 3824.30 3440.86 4207.75
Migration between Atl and the Gulf 0.03 0.00 0.00 0.00 0.00
Migration between Atl and east Gulf 28.81 3.05 1.01 0.80 1.22
Migration between east Gulf and west Gulf 57.15 3.15 2.00 1.78 222
Split of the Atlantic and the Gulf (71 +72) 34.27 0.89 14,200.68 13,791.02 14,610.35
Split in the Gulf (72) 24.44 0.39 10,127.79 9807.52 10,448.07

Long-term effective size estimates (N,) are shown for a hypothetical ancestral population and for each current population, the west-
ern Gulf, the eastern Gulf, and the Atlantic (Atl) currently and a time just post-split. Long-term migration rates () are also shown

between neighboring populations as are split times (7)

L. chrysocephalus, Duvernell and Aspinwall 1995).
Intraspecies introgression is also possible within a
species such as in the case of farmed European Atlan-
tic salmon (Salmo salar) breeding with wild North
American Atlantic salmon (Bradbury et al. 2022).
While the incongruence between patterns recovered
from mtCR and nuclear markers is common in marine
species (Wallis et al. 2017), within elasmobranchs,
results based on mtCR data typically show more
structure than those based on nuclear data. This has
been attributed to the philopatric behavior of females
to nursery grounds/regions (Chapman et al. 2015) and
male-mediated gene flow (e.g., Keeney et al. 2005;
Portnoy et al. 2010; Karl et al. 2011). By contrast, the
nuclear data in this study are more structured than the
mtCR results but rather than being driven by behav-
ior; this appears related to the demographic history of
S. dumeril.

This study found no genetic evidence of more than
one species within the sample regions as hypothesized
by Driggers et al. (2018). While population differen-
tiation was large enough to detect, the differences
between the S. dumeril groups were tenfold less than
those between the S. dumeril groups and their sister
taxa, S. californica (Hebert et al. 2004). The results

do not discount the possibility of multiple species in
the Gulf as samples were not collected from Mexican
waters (e.g., Castro-Aguirre et al. 2006), but the low
F'sr between S. dumeril and S. califonica relative to
what is seen in some sympatric species (e.g., Sphyrna
lewini and S. gilberti Fqr=0.876, Barker et al. 2019;
Cactoblastis cactorum and C. doddi Fyr=0.695, Pov-
eda-Martinez et al. 2022) does suggest an investiga-
tion into the classification of these two species may
be warranted since geographic isolation and subse-
quent genetic drift alone do not guarantee speciation
(Sobel et al. 2010). This investigation would need to
consider phenotype as there are distinctive morpho-
logical traits between S. dumeril and S. californica
(Compagno 1984).

Non-neutral loci

Driggers et al. (2018) found distinct differences in
the depths occupied by S. dumeril in the Atlantic and
the Gulf. In this study, sea surface temperature and
two measures of nitrate concentration were associ-
ated with the genetic data rather than depth. How-
ever, depth was correlated with SST at these sampling
locations (r=0.76) and was significantly associated
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with the genetic data if it was the only factor in the
RDA. Therefore, the distributional patterns seen by
Driggers et al. (2018) may be due to the correlation
of depth with other environmental factors identified
here. Similarly, significant environmental factors
identified using RDA here may also be serving as a
proxy for variables that were not measured and there-
fore not tested. While patterns of variation do differ
between the neutral and non-neutral, the geographic
location of the samples dominates those patterns
(Fig. 3).

While sea surface temperature and nitrate values
were correlated with allele frequencies at a small
subset of loci, the question remains whether this
association is biologically meaningful as S. dumeril
is a benthic species, often found at depths below
the mixed layer. Nitrate is a limiting nutrient for
primary productivity in marine systems (Redfield
1934), with coastal sources coming from runoff and
upwelling. Upwelling can lead to cooler SST and
mixing while river discharge can increase stratifica-
tion and affect SST based on the river’s character-
istics (Angles et al. 2019). The effects of upwelling
and riverine input vary among the three distinct
regions which correspond with the populations of
angel sharks found in this study. Within the Atlantic,
summer upwelling brings cold water and nutrients
up along the shelf and to the surface of the water
(Murphey et al. 2021). This is in contrast to rain-
fall, which is typically discharged more in winter
and spring, leading to warmer freshwater and a more
stratified water column (Roarty et al. 2020). Dur-
ing the summer, northerly winds lead to an easterly
current in the northern Gulf, leading to upwelling
along the western Gulf. These currents also move
the Mississippi River discharge to the east until it is
entrained in mesoscale eddies over the De Soto Can-
yon region where it is moved offshore, preventing it
from continuing into the eastern Gulf and onto the
West Florida Shelf (Schiller et al. 2011). In the Fall,
the winds shift to increase the upwelling in the east-
ern Gulf and the Mississippi River input is entrained
west, flowing along the shelf (Angles et al. 2019).
In this way, the western Gulf and Atlantic are more
similar with summer upwelling and riverine influ-
ence in the winter and spring, while the eastern Gulf
experiences upwelling in the winter and little river-
ine influence. Seasonal shifts in productivity would
have an impact on energetics for all organisms,

@ Springer

affecting processes like reproduction, growth, and
movement. Given that the amount, type, and quality
of prey available to angel sharks likely differ with
environmental conditions, selection could be act-
ing upon angel sharks to optimize their life history
to make the best use of available resources in time
and space. While this is an appealing idea, further
research would be required to elucidate the exact
mechanisms behind the sorting of regional adaptive
variation.

Evolutionary history of S. dumeril

According to fossil records, Squatina evolved
between 114 and 157.6 Mya in areas that are now part
of Europe (Klug and Kriwet 2013). During this time
frame, Europe was located in a shallow sea between
North America and Asia, potentially allowing the
dispersal of angel sharks among multiple continents
and suggesting the ancestor to S. dumeril and S.
californica was likely of European origin. Phyloge-
netic analyses of angel sharks suggest that S. dumeril
and S. californica are sister species (Stelbrink et al.
2010; Acero et al. 2016; Cafiedo-Apolaya et al. 2021;
Cafiedo-Apolya et al. 2021), and their divergence is
thought to have occurred because of the rise of the
Isthmus of Panama. Two separate molecular analyses,
using fossil records for calibrations, have estimated
that the split between S. californica and S. dumeril
occurred in the late Miocene (3.58 t08.64 Mya, Stel-
brink et al. 2010) which is during the time frame
of the rise of the Isthmus of Panama (2.8 to8 Mya,
McGirr et al. 2021; O’Dea et al. 2016).

This study provides further information on evo-
lution in angel sharks by providing a hypothesis
of what may have occurred to S. dumeril after the
split from S. californica. A rudimentary rate of
mutation was generated by mapping reads obtained
from S. dumeril and the single S. californica to a
published S. squatina genome (Genbank acces-
sion: GCA_031763465.1) using BWA (Li and Dur-
bin 2009). The number of differences between S.
dumeril and S. californica at putatively orthologous
loci was then calculated as the average of the per-
cent difference between each S. dumeril and S. cali-
Sfornica (3.16% of 126,771 bp). Taking the estimated
split between S. dumeril and S. californica, based
upon previous molecular work using fossil calibra-
tions, a divergence time of 6.11 Mya (Stelbrink
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et al. 2010) could be used to set a nuclear muta-
tion rate at 5.17x107™° (3.66x107°—-8.82x107%)
substitutions/site/year. Using a generation rate of
14.5 years (Cailliet et al. 1992) and the point esti-
mate, that becomes 7.50x 1078 substitutions/site/
generation (5.30x 1078 —1.28 x 1077). This puts the
point estimate of separation between the Atlantic
and the Gulf S. dumeril around 14 kya and between
the two Gulf populations around 10 kya (Table 6),
both falling within the recession after the last gla-
cial maximum (Martinson et al. 1987; Osman
et al. 2021). After the Wisconsin glacial period, S.
dumeril in the Atlantic likely shifted into northern
waters to escape warming lower latitudes which has
led to the Atlantic disjunction. During the glacial
recession, pulses of freshwater discharged into the
western North Atlantic along both the Atlantic and
Gulf coasts from around 16 to 8.4 thousand years
ago (Teller et al. 2002; Aharon 2003). In the Gulf,
the Mississippi outflow, out of southeast Louisiana,
was filled with pulses of cold, fresh glacial meltwa-
ter (Aharon 2003), likely leading to the bifurcation
of the Gulf population. If both the Eastern Gulf and
Atlantic populations were extended further south,
or potentially displaced by glacial meltwater, gene
flow could have been possible around the Florida
peninsula. Glacial meltwater has also been hypoth-
esized to have historically changed patterns of
gene flow in other marine taxa in the northern Gulf
including the purple marsh crab, Sesarma reticula-
tum, the blacknose shark, Carcharhinus acronotus,
and species in the genus Prionotus (McClure and
McEachran 1992; Felder and Staton 1994; Portnoy
et al. 2014).

Some angel shark populations have been impacted
by fishing practices (Gonzalez-Pestana et al. 2014;
Ellis et al. 2021) as are many rays and ray-like sharks
(Dulvy et al. 2014). While currently prohibited from
being retained in the US, S. dumeril is currently
caught as a bycatch (Vecchione 1987; Shepherd and
Myers 2005). This potential source of indirect fish-
ing mortality has had a significant effect on the
abundance of other elasmobranchs including sawfish
(Simpfendorfer 2000), barndoor skates (Casey and
Myers 1998), and Bancroft’s numbfish (Shepherd and
Myers 2005); however, S. dumeril has not been shown
to have any current population declines (Shepherd
and Myers 2005). Through understanding population
structure, the range and limitations of our knowledge

(e.g., Northern Gulf population abundance) can be
brought into perspective to aid in management deci-
sions, setting monitoring boundaries, and setting
direction for future research.
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