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ABSTRACT: Several new species of oviparous skates of the genus Bathyraja have been identified
over the past 2 decades, yet it is possible that a complete understanding of species diversity
among this group has not been achieved. We used genetics and morphology to screen for the
presence of species-level differentiation among embryos from nursery areas in the eastern Bering
Sea that were initially identified as the Alaska skate B. parmifera. A sample of 57 embryos from
Pervenets Canyon differed significantly at single nucleotide polymorphism loci from 297 other B.
parmifera samples, and differences were on the order of those observed between B. parmifera and
the leopard skate B. panthera. This sample of embryos was similar to B. parmifera at the cyto-
chrome c oxidase subunit I (COI) mitochondrial locus. We discuss whether this group of embryos
may represent an undescribed cryptic species. Although morphological description of adults is
required for a complete species description, only embryo samples were available. Even so, results
presented here are a step toward understanding, managing, and conserving the diversity of skate

species in the North Pacific Ocean.
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1. INTRODUCTION

Accurate recognition of species diversity and asso-
ciated geographic ranges are essential steps towards
management and conservation. Understanding spe-
cies diversity is particularly important in regions
facing threats due to fishing and climate change,
especially for species whose life history renders them
particularly vulnerable. Research on morphologically
cryptic species (2 or more distinct species classified
under a single species name) has increased exponen-
tially with the availability of DNA sequence data

*Corresponding author: ingrid.spies@noaa.gov

(Bickford et al. 2007). Sequence diversity in the
mitochondrial gene cytochrome c oxidase (COI),
coined the '‘Barcode of Life' (Hebert et al. 2004), can
be used to discriminate a high proportion of species
within diverse groups (e.g. 92.1 % of beetles, Pentin-
saari et al. 2014; 93 % of Canadian freshwater fishes,
Hubert et al. 2008; 98 % of Pacific Canadian marine
fishes, Steinke et al. 2009). However, this tool is not
universally diagnostic (e.g. Spies et al. 2006), and
species identification may require morphological
examination and taxonomic evaluation (Will & Rubi-
noff 2004).
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Currently, 14 skate species are known to occur in
the Bering Sea and Aleutian Islands, 11 of which are
in the genus Bathyraja (Stevenson et al. 2008, Orr et
al. 2011). The Alaska skate B. parmifera (Bean 1881)
is the most abundant skate in the eastern Bering Sea,
ranging across the North Pacific from the Bering Sea
to southeast Alaska. It is an oviparous elasmobranch
that deposits egg cases in nursery areas that persist
across years (Stevenson et al. 2008, Hoff 2016). Fe-
male B. parmifera carrying yolked eggs have been
found during all months of the year (Matta 2015),
although egg case deposition rates are higher during
summer months, indicating annual deposition (Hoff
2008). The presence of multiple cohorts developing
simultaneously at nursery areas indicates that eggs
incubate for at least 3—4 yr without parental care, the
longest recorded development time for oviparous
chondrichthyans (Hoff 2008, 2010). In 2015, the North
Pacific Fishery Management Council identified 6
nursery sites as Habitat Areas of Particular Concern
(see Table 1 for designation names). This designation
recognizes the importance of skate egg nursery areas
but confers no protection from trawling. Species of
the genus Bathyraja and other skates with similar life
histories are considered vulnerable due to their
dependence on nursery areas for embryo develop-
ment. They are also vulnerable to commercial fish-
eries trawl gear, by which they are commonly
encountered roughly in proportion to the species’
abundance (Stevenson et al. 2019). In addition, the
temperature recorded at nursery areas during sum-
mer surveys falls within a 1°C range, indicating that
these species may be affected by thermal shifts
under climate change (see Table 1).

The presence of morphologically cryptic speciation
is not unprecedented in B. parmifera and other species
of skates. Smith et al. (2008) found evidence for a cryp-
tic species previously recognized as B. eatonii using
mtDNA sequence divergence. Similarly, Griffiths et al.
(2010) found evidence for cryptic speciation in the
common skate Dipturus batis with mtDNA and micro-
satellite DNA markers. Bathyraja panthera, the leopard
skate, was formally described in 2011 as a congener of
B. parmifera that resides along the Aleutian Islands
chain west of Amchitka Pass (Orr et al. 2011, Spies et
al. 2011). This species is distinguished by morphologi-
cal characters, a unique color pattern, and its geo-
graphic range, as well as a unique COI sequence (Orr
et al. 2011, Spies et al. 2011). However, differences at
COI are not always present among skates and rays,
even between known species with distinct morpholo-
gies. The Commander and white-blotched skates, B.
lindbergi and B. maculata, exhibit identical COI se-

quences (Spies et al. 2006), as do the yellow and cross-
back stingarees, Urolophus sufflavus and U. cruciatus
(Ward et al. 2008). Sharks present slower rates of mito-
chondrial DNA evolution than mammals (Martin et al.
1992); if this is the case for other elasmobranchs, then
there may be less diversity at the COI gene than in
other species groups. Hybridization and introgression
among species should also be considered in studies
that examine population structure; for example, the
sister skate species Raja polystigma and R. montagui
that co-occur in the Mediterranean have been known
to hybridize (Frodella et al. 2016).

Substitutions have been observed at 2 nucleotide
sites previously published for B. parmifera, positions
366 and 453, resulting in 2 haplotypes (Spies et al.
2011). Specimens of B. panthera previously se-
quenced at the COI gene had a single haplotype dis-
tinct from the COI haplotype of B. parmifera (Spies et
al. 2011). Without differences among COI sequences,
and in the absence of obvious morphological charac-
ters, cryptic diversity within species could easily go
undetected. This problem is exacerbated by the large
size of skates such as B. parmifera, whose wingspan
can reach over 1 m (Matta & Gunderson 2007), hin-
dering collection of adult individuals for morphologi-
cal analysis.

We applied restriction-site-associated DNA se-
quencing (RADseq), COI sequencing, and morpho-
logy to examine whether there may be evidence
for species-level differentiation among B. parmifera
embryos from nursery areas throughout the eastern
Bering Sea (see Fig. 1). RADseq produces thousands
of single nucleotide polymorphism (SNP) loci through-
out the genome and has served as a complement to
COI sequence data (Hebert et al. 2004, Baird et al.
2008, Orr et al. 2019). Samples of B. panthera were
included for comparison with a closely related spe-
cies (Orr et al. 2011) (see Fig. 1).

2. MATERIALS AND METHODS
2.1. Sample collection and individual data

Egg cases sampled for skate embryos identified as
Bathyraja parmifera were collected during Alaska
Fisheries Science Center (AFSC) standard eastern
Bering Sea bottom trawl surveys in 2006, 2007, and
2016 (see Table 1, Fig. 1). Tissue samples of skates
were preserved in 95% ethanol at sea. For reasons
described in Section 3, the sample originally iden-
tified as B. parmifera from Pervenets Canyon in
2016 will be referred to hereafter as B. cf. parmifera.
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ously sequenced specimens of the
other known species of skate in the
Bering Sea (Spies et al. 2006, 2011),
using methodology described therein.
Sequencing was performed to identify
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Fig. 1. Nursery site locations in the eastern Bering Sea from which Bathyraja
Inter-Pribilof-Zhemchug-
Canyon-1 (IPZ1), Inter-Pribilof-Zhemchug-Canyon-2 (IPZ2), Pribilof Canyon,
and Bering Canyon. Collection sites for B. parmifera were along the eastern
Bering Sea slope, B. cf. parmifera was collected only at Pervenets Canyon, and
B. panthera adults (asterisks) were collected in the Aleutian Islands. The

embryos were collected: Pervenets Canyon,

500 m isobath is shown as a light grey line

Collection sites were documented egg case nurseries
(Hoff 2008, 2010) (Fig. 1, see Table 1). Bottom trawl
gear for collection of embryo samples consisted of the
83-112 eastern otter trawl net (Lauth & Acuna 2007),
and tows were limited to 10 min to minimize impacts
to the nursery area. We included for comparison
tissues of 19 adults of Bathyraja panthera collected
from the western Aleutian Islands (Rooper 2008)
(Fig. 1, Table S1 in Supplement 1 at www.int-res.com/
articles/suppl/m670p155_suppl.pdf).

Embryo developmental stages were assigned based
on known embryonic developmental events de-
scribed by Hoff (2009) (Table S2 in Supplement 2
at www.int-res.com/articles/suppl/m670p155_supp2.
xlsx). The total length was measured for all embryos
to the nearest mm. Sex was identified for embryos in
stages 3-5 (claspers are not visible in stage 2) and
only for samples collected in the 2016 survey
(Table S2). Vouchered whole embryos and tissues
were preserved at the University of Washington Fish
Collection: 37 whole embryos of B. cf. parmifera col-
lected from Pervenets Canyon in 2016 (UW157700—
UW157736) and 19 embryos of B. parmifera col-
lected from Pervenets Canyon in 2006 (UW155609—
UW155627).

2.2. COI sequencing

The COI region was sequenced in a subsample of
embryos of B. cf. parmifera to compare with previ-

ncbi.com). The sequenced embryos
were vouchered at the Burke Museum
University of Washington Fish Collec-
tion with continuous numbers
UW157700-UW157736 corresponding
to GenBank Accession numbers MH
411166-MH411200. A haplotype net-
work was generated to compare COI
haplotypes of B. parmifera, B. cf. parmifera, and B.
panthera using the R package ‘pegas’ (Paradis 2010)
in Rv.4.0.3 (R Core Team 2019).

2.3. Morphological examination

We examined counts of thorns from 4 embryos
from Pervenets Canyon collected in 2006 and 5
embryos from Pervenets Canyon collected in 2016.
Counts were limited to the largest vouchered and
genetically identified embryos. We examined orbital,
nasal, scapular, middorsal, trail, and interdorsal
thorns following the methods of Orr et al. (2011).
Significance was tested using a 2-sample Student's
t-test with an alpha level of 0.05.

2.4. Generation of SNP data set using RADseq

Restriction-site associated DNA sequencing libra-
ries were constructed for 479 embryo samples and 19
adult B. panthera (see Tables 1 & S1). Genomic DNA
was extracted from embryo and adult wing tissue
using the 96-well format Qiagen DNeasy Blood and
Tissue Kit (Qiagen). DNA was quantified using the
Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen).
Dilute DNA was concentrated using a MultiScreen-
PCRyg filter plate (MilliporeSigma) and eluted in
50 pl H,O. RAD library construction followed the
protocol of Baird et al. (2008) and Drinan et al. (2018).
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A single library containing 24 embryos of B. parmi-
fera from Pervenets Canyon collected in 2006 and 24
embryos from Bering Canyon collected in 2007 (see
Table 1) was sequenced on an Illumina HiSeq 2500
(100 bp, single read SR100) at the University of Ore-
gon Genomics and Cell Characterization Core Fa-
cility (GC3F). Ten additional libraries, including the
B. cf. parmifera collection, were sequenced on an
Nlumina HiSeq 4000 (150 bp, single read SR150). A
maximum of 48 individuals was used per DNA lib-
rary due to the large size of the skate genome, which
is 3-8 times the size of the genome in teleost fishes
(Venkatesh et al. 2014, Torresen et al. 2017). Raw
data were archived at the Sequence Read Archive,
which is accessible from the National Center for
Biotechnology Information (NCBI; www.ncbinlm.nih.
gov/bioproject/4306953, BioProject ID: SUB4306953).

Data were downloaded from the GC3F website and
processed using Stacks v.1.46 (Catchen et al. 2013).
Raw data were quality filtered and demultiplexed us-
ing the ‘process_radtags' subroutine. All sequences
were trimmed to 95 bp to accommodate the difference
in sequence lengths (100 and 150 bp), and a popula-
tion map (‘popmap’) was used to specify which indi-
viduals belonged to each collection location and date
to ensure that loci were equally represented in data
sequenced on the HiSeq 2500 and the HiSeq 4000.

For all samples, a 2 step process was performed to
establish a de novo baseline set of SNPs without
duplicates and to effectively combine data that had
been run on different platforms. A de novo analysis
pipeline was selected that has been found to increase
the number of loci and reduce the SNP calling error
rates (Mastretta-Yanes et al. 2015). The 10 individu-
als with the most sequence data from each unique
egg case nursery site per year were used in catalog
construction during the first and second steps to
reduce the detection of false polymorphisms. In the
first step, sequence alignment, SNP identification,
and construction of a catalog containing all SNPs
were performed using the subroutines ‘ustacks’,
‘cstacks’, ‘sstacks’, and ‘'populations’ with default
values, except -m 3 (minimum depth of coverage
required to create a stack) was used as the minimum
depth of coverage required to create a set of aligned
sequences, or stack. Default parameter options
included -M 2, which was selected to avoid large,
repetitive sequences and paralogs (Mastretta-Yanes
et al. 2015), where -M is the maximum distance in
nucleotides allowed between stacks.

The fasta file of all selected loci was converted to a
database using Bowtie software v.2.3.4.1 (Langmead
& Salzberg 2012). The Bowtie database was aligned

to itself to check for duplicate or inadvertently split
loci (-v 3, -k 2), where -v is the number of mismatches
regardless of quality, -k is the number of valid
alignments to report. Identical loci were culled so that
all lociin the database were unique using the function
‘RemoveDups.R" (https://github.com/31ingrid/Remove
Dups). In the second round of analysis, data from all
individuals were aligned to the new database using
‘pstacks’ with flags (-m 3, -bound_high 0.05, -max_Io-
cus_stacks 3), where bound_high is the upper bound
for the error parameter epsilon, and max_locus_
stacks is the maximum number of stacks allowed per
single locus. These were followed by subroutines
cstacks (-g) and sstacks. Finally, the subroutine ‘pop-
ulations’ was run with no restrictions on the number
of SNPs per locus (-m 10, min_maf 0.05), where
min_mafis the minimum minor allele frequency. The
r = 0.5 parameter was also incorporated, which re-
quired that 50 % of individuals in a population were
genotyped to process a locus for that population.

The SNP with the highest minimum allele fre-
quency was then selected from each locus. The out-
put was converted to PLINK software v.1.90b5.3 for-
mat (Purcell et al. 2007). Loci genotyped in less than
75 % of individuals (-geno 0.25) and individuals with
less than 70% genotyping rate (-mind 0.3) were
removed because this provided sufficient loci geno-
typed in a high proportion of individuals in the data
set.

Conformation of genotype proportions to Hardy-
Weinberg expectations (HWE) was examined for
each population using ‘hw.test’ in the R package
‘pegas’. A chi-squared test compared expected geno-
type frequencies calculated from allelic frequencies
to actual genotypes. The false discovery rate method
(Benjamini & Hochberg 1995) was used to correct for
multiple comparisons at a significance level of 0.05.
Loci were discarded if they were out of HWE in 2 or
more of the 8 populations.

2.5. Testing for genetic differentiation

Several tests for genetic differentiation among co-
horts and egg case nursery sites were performed. The
R package StAMPP (Pembleton et al. 2013) was used
to estimate pairwise Fgsr, a commonly used measure
of genetic differentiation, among B. panthera, B. cf.
parmifera, and all B. parmifera calculated according
to Weir & Cockerham (1984) with 1000 bootstrap
comparisons for significance testing. Fisher's exact
test, which examines the hypothesis that alleles are
drawn from the same distribution among populations,
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was performed among B. panthera, B. cf. parmifera,
and all B. parmifera across all loci and combined us-
ing Fisher's method in the R package GENEPOP (Rous-
set 2008). SSAMPP was also used to perform analysis
of molecular variance (AMOVA) among develop-
mental stages in the sample of B. cf. parmifera.

Discriminant analysis by principal components
(DAPC) was performed to identify de novo genetic
clusters in the data according to best practices, using
the R package 'adegenet’ (Jombart 2008, Jombart &
Ahmed 2011, Miller et al. 2020). Cross-validation
was carried out using the 'xvalDAPC' function in
‘adegenet’ to determine the optimal number of
principal components with the lowest mean squared
error. The function 'find.clusters’ was used to select
the optimal number of clusters without a priori infor-
mation on collection site or year based on the lowest
Bayesian information criterion (BIC) value. The in-
breeding coefficient (Fis) was calculated for each
unique year and egg case nursery site collection and
samples of B. panthera using the function 'genediv-
Fis' in GENEPOP. Fig was examined for statistical sig-
nificance using %? = n x Fig?, which follows the chi-
square distribution with a single degree of freedom,
and n represents the number of individuals (Nei
1987, p. 156, Eq. 7.52). Heterozygosity was calcu-
lated per locus and population in ‘adegenet’.

2.6. Kinship/relatedness

Relatedness among individuals was determined
using the KING v.2.1.3 software (Manichaikul et al.
2010) and coLoNYy v.2.0.6.5 (Jones & Wang 2010).
Using KING, we estimated the kinship coefficient
and the proportion of SNP loci, N4 44, at which pairs
of individuals are homozygotes for different alleles
(Pr[IBD=0]). The kinship coefficient takes into ac-
count genetic relatedness using x;, and x,; the prob-
ability that 2 individuals, 7 and j, share 1 (k1) or 2 (k3)
alleles identical through common ancestry (Mani-
chaikul et al. 2010). This estimator is defined as:

¢j'j:ﬂ+K2:ML%+l_lw (1)

2 2N, 2 4 N9

where Ny, 4, is the number of SNP loci at which both
individuals are heterozygotes, Naa ., is the number
of SNP loci where individuals are homozygotes for
different alleles, and N{) ., is the number of markers
at which an individual i is heterozygous (Mani-
chaikul et al. 2010). Dependency among Pr(IBD=0),
Ky, and K, is expected within groups of individuals
that interbreed. Therefore, the relationship between

Pr(IBD=0) and the kinship coefficient (¢;;) is expec-
ted to be influenced by patterns of relatedness and
has been used elsewhere to delineate differences
among interrelated individuals (Manichaikul et al.
2010, Kling & Tillmar 2019). These statistics were
estimated within and among collections of B. parmi-
fera, B. panthera, and B. cf. parmifera.

CoLoNY considers sibship (the presence of full or
half siblings) among all sampled individuals jointly,
while KING considers relationships among pairs of
individuals. If 2 or more siblings (sharing the same
father, or mother, or both) were present in a collec-
tion, COLONY uses a maximum likelihood method to
find the probability of full or half sibship using multi-
locus genotypes (Jones & Wang 2010). COLONY was
run with polygamy for males and females, medium
precision for full likelihood, and no inbreeding.
CoLONY can only accept a limited number of loci
(250), so the number of SNPs was reduced to 243 by
selecting SNPs with a minor allele frequency of 40 %
or greater and a genotyping rate of at least 95 %.

The kinship coefficient (KING) and the probability
of sibship (COLONY) among collections of B. parmifera
were used as thresholds for sibship, as sibship among
nursery areas is unlikely. Over 200 million individu-
als of B. parmifera were estimated in the Bering Sea
in recent stock assessment models (Ormseth 2018). It
is not impossible for a female skate to deposit eggs in
more than one nursery area, but given the large pop-
ulation size and the low expected fecundity of each
skate (between 21 and 37 eggs yr~}; Matta 2015), sib-
ship across nursery areas is exceedingly unlikely.

2.7. Effective population size

We used the program LDNE (Waples & Do 2008) to
estimate effective population size (N,) for B. cf. parmi-
fera with a random mating model and a jackknife
method for estimating confidence intervals, as N, was
estimated for embryos of B. parmifera in (Spies et al.
2021). This method uses the amount of linkage dis-
equilibrium within a population to estimate N, and
corrects for bias due to sample size. We selected a mi-
nor allele frequency of 0.05 to ensure that the results
were not influenced by the presence of rare alleles.

2.8. UPGMA tree

We built an unweighted pair group method with
arithmetic mean (UPGMA) tree with the complete
SNP data set, including all embryo samples and B.
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Table 1. Collection information for embryos identified as Bathyraja parmifera and B. cf. parmifera, each collected in a single trawl haul:

nursery site name, designation, coordinates: latitude (°N) and longitude (°W), and date of collection, average measured temperature,

depth, and number of individuals sequenced (N) before [and after] filtering, the developmental stages within each collection, the number

of embryos corresponding to each stage (n), the inbreeding coefficient (Fis) for each collection, and the number of single nucleotide poly-

morphisms in each collection. IPZ1 and IPZ2: Inter-Pribilof-Zhemchug-Canyon-1 and Inter-Pribilof-Zhemchug-Canyon-2; AK: B. par-
mifera; LS: B. panthera. Information on B. panthera is provided where applicable; —: not applicable

Site name Site Coordinates Date Species Temp. Depth N Stage(s) n Fis Alleles
designation  collected (°C) (m)

Bering Canyon AK-10-54.8 54.8,165.67 3 Oct 2007 AK 4.5 145  24[18] 3,5 14,4 0.0189 13317

Bering Canyon AK-10-54.8 54.8,165.67 29 Jul 2016 AK 4.5 145  96[69] 2,4,5 19,11,39 0.0351 13555

IPZ1 AK-31-56.4 56.4,171.38 3Jul2016 AK 4.3 207 96[81] 2,3,4,5 20,16,31,14 0.1091 13570

IPZ2 AK-31-56.9 56.9,173.37 3Jul2016 AK 3.9 217 47[22] 2,5 1,21 0.1834 13345

Pervenets Canyon AK-61-59.4 59.4, 177.67 3 Aug 2006 AK 3.9 316 24[17] 3,4 15,2 0.0085 13315

Pervenets Canyon AK-61-59.4 594, 177.67 3Jul2016 AK® 4.0 316 96[57] 2,4,5 11,22,24 0.0398 9090
Pribilof Canyon AK-21-56.1 56.1,168.49 8 Aug 2016 AK 3.8 205 96[90] 2,3,4,5 23,537,25 0.0231 13580

“B. cf. parmifera

- - - 2006 LS - 19[11] - - 0.2075 10572

panthera, to show relative branch lengths. The tree
was based on Nei's genetic distance (Nei 1987) and
was generated using the R package 'poppr’ (Kamvar
et al. 2014). The mutation rate is not known; there-
fore, the tree was ultrameric, assuming that the rate
of mutation was the same across all lineages. The
significance of each node was calculated with 1000
replicate trees.

3. RESULTS
3.1. Sample collection and individual data

Embryo collections contained stages 2 through 4,
but not all stages were observed at each nursery
area, and embryos of stage 3 were relatively uncom-
mon among the collections taken in 2016 (Tables 1 &
S2, Fig. 2). The length ranges are shown for the 354
embryo samples that passed RADseq filtering criteria
and were relatively similar across nursery areas and
years, although there was some variation in the
length at each stage (Table 1, Fig. 2). There were 138
males, 107 females, and 109 unsexed embryos in the
final SNP data set (Table S2).

3.2. COI sequencing

The COI region was sequenced in a subsample of
35 embryos from the 2016 Pervenets collection and
trimmed to 613 bp. No new COI sequences were
present in the embryos of Bathyraja cf. parmifera that
had not been previously observed in B. parmifera
(Fig. 3) (Spies et al. 2011).

3.3. Morphological examination

Morphological characteristics of embryos of B.
parmifera collected in 2006 from Pervenets Canyon
were limited because these specimens were small,
stages 3 and 4. We selected the 5 largest vouchered
specimens identified as B. cf. parmifera collected
from Pervenets Canyon in 2016 for comparison. No
significant differences in counts of thorns were ob-
served between embryos of B. cf. parmifera collected
from Pervenets Canyon in 2016 and those collected
in 2006 (Table 2).

3.4. Generation of SNP data set using RADseq

Libraries were built for the 479 embryos and an
additional 19 adult Bathyraja panthera collected from
the western Aleutian Islands. A total of 34 048 SNPs
were present following the stacks analysis, 33342
SNPs remained following selection of the single SNP
with the highest minimum allele frequency, and 8410
SNPs remained after the selection of loci genotyped
in at least 75 % of individuals. A total of 125 individu-
als had >30% missing data and were removed from
the final data set. Eight additional individuals were
removed during the stacks pipeline due to poor bar-
coding and 2 were removed due to suspected con-
tamination. An additional 777 SNPs were removed
that were not in HWE in at least 7 of the 8 populations
(Table 1). The final data set contained 7633 loci and
365 individuals from tissue samples of 354 embryo
samples of B. parmifera and B. cf. parmifera and 11
adults of B. panthera. The total genotyping rate was
96.6 % and mean stack depth of coverage was 66.
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Fig. 2. Counts of estimated stage by length of all Bathyraja embryos sequenced using RADseq from the 7 unique nursery
area—year combinations: Bering Canyon in 2007 and 2016, Inter-Pribilof-Zhemchug-Canyon-1 (IPZ1, 2016), Inter-Pribilof-
Zhemchug-Canyon-2 (IPZ2, 2016), Pervenets Canyon (PervC) in 2006 and 2016, and Pribilof (2016)

3.5. Testing for genetic differentiation

All pairwise Fisher's exact tests were highly signif-
icant among B. cf. parmifera, B. panthera, and B.
parmifera from all other collections (p < 0.0001). Pair-
wise Fgr estimates were congruent with Fisher's
exact test results; all were significant and large. The
highest pairwise Fst was 0.8331 between B. cf.
parmifera and B. panthera. The Fst between B. cf.
parmifera and B. parmifera was also high at 0.6039,

while the pairwise Fsr between B. panthera and B.
parmifera was 0.1573. AMOVA results indicated no
significant differences among the 3 developmental
stages observed in the embryos of B. cf. parmifera
(0% = 2.0345 x 107®, error = 5.6939 x 107, p = 0.2128).

DAPC cluster analysis of embryos among nursery
sites highlighted the distinctiveness of the embryos of
B. cf. parmifera from those of B. parmifera and B. pan-
thera (Fig. 4). Cross-validation selected 200 principal
components, resulting in a mean squared error of zero.

Stage
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@ B. parmifera

@ B.cf. parmifera
@ B. panthera

Fig. 3. Haplotype network of 35 Bathyraja cf. parmifera, 8 B.
panthera, and 31 B. parmifera cytochrome oxidase subunit I
sequences, trimmed to 613 bp

The 'find.clusters’ algorithm found that k = 3 groups
was associated with the lowest BIC value (Table S3 in
Supplement 1) and placed B. parmifera, B. cf.
parmifera, and B. panthera into separate groups with
no a priori information. The DAPC clustered B. pan-
thera and B. cf. parmifera in different quadrants, with
B. parmiferalocated centrally. The first axis, which pri-
marily separated B. cf. parmifera from B. parmifera,
explained 41.1 % of the variance and the second axis,
which primarily separated B. panthera from B.
parmifera, explained 1.3 % of the variance. Samples of
B. parmifera grouped closely together (Fig. 4).

Fis was positive but small (<0.1) for all embryo col-
lections except for IPZ1 and IPZ2 (Inter-Pribilof-
Zhemchug-Canyon-1 and -2, respectively), which
were between 0.1 and 0.2 (Table 1). None of the ob-

served Fis estimates were significantly different from
zero. Fig was highest in B. panthera (>0.2), and lack of
relatedness (Wahlund effect) is consistent with a col-
lection of randomly sampled adults (Fig. 1, Table 1).

3.6. Kinship/relatedness

Three measures of relatedness were used to exam-
ine various aspects of the data. The kinship coeffi-
cient of KING vs. the Pr(IBD=0), intended to provide
information on genetic differences among groups,
showed cohesive patterns within embryos of B. cf.
parmifera, embryos of B. parmifera, and B. panthera.
Differences among these groups were demarcated by
physical spacing between them (Fig. 5). B. panthera
was centrally placed between B. cf. parmifera and B.
parmifera.

The mean Pr(IBD=0), or probability of zero identity
by state, was a measure of the number of SNPs loci
with fixed differences among pairwise sample com-
parisons. Pr(IBD=0) within B. cf. parmifera was 1.6 %;
within B. parmifera, 5.2%; and within B. panthera,
4.4%. The average proportion of SNPs with zero
identity by state between B. panthera and B. parmi-
ferawas 8.5%. In comparison, the probability of zero
identity by state among pairs of B. parmifera and B.
cf. parmifera was 32.7 % and among pairs of B. cf.
parmifera and B. panthera was 37.1%.

Finally, the highest kinship coefficient (KING)
among nursery collections was 0.15, and higher
values were not recorded within any nursery area.
Similarly, the highest probability of sibship among
nursery areas was 0.703 (coLONY), and higher val-
ues were not found within nursery areas. There-
fore, close kin relationships were considered un-
likely within the B. cf. parmifera collection or
within any of the B. parmifera collections because
no pairwise comparisons were higher than among
B. parmifera nursery areas.

Table 2. Thorn counts in embryos of Bathyraja parmifera (n = 4) and B. cf.

parmifera (n = 5) identified by genetics 3.7. N,
Character ——B. parmifera — — B. cf. parmifera — The N, over 3 cohorts for B. cf.
Range Mean + SD Range Mean = SD parmifera was estimated to be 610.9

(95% CI=496.4-791.6).

Total length (mm) 190-200 196 +4.3 207-220 212+ 54

Orbital thorns 1-10 55+39 8-10 9.2+1.1

Nasal thorns 3-4 3.3+x0.5 2-3 2.8+0.4

Scapular thorns 1-2 1.5+0.6 2-2 2+0 3.8. UPGMA Tree

Middorsal thorns 5-7 6.5+1 0-7 52+29

Tail thorns 16-21 18.5+2.1 19-23 20419 .

Interdorsal thorns ~ 0-1 0.5+ 0.6 1-2 1.2+04 The UPGMA tree with the longest
branch length belonged to B. cf.
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Fig. 4. Discriminant analysis of principal components based

on genotypes at 7633 single nucleotide polymorphism loci

for embryos of Bathyraja parmifera (n = 297), B. cf. parmifera

(n = 57), and adult B. panthera (n = 11) using 200 principal
components

parmifera, followed by B. panthera (Fig. 6). The
shortest branch lengths were associated with sam-
ples of B. parmifera (represented as IPZ1, Pribilof,
Bering 2016, Pervenets 2006, Bering 2007, and IPZ2).
Bootstrap support for B. panthera, B. parmifera, and
B. cf. parmifera were all 100 %, and support for nodes
within embryo samples of B. parmifera ranged from
60-100%.

4. DISCUSSION

Here, we found evidence of previously undetected
genetic diversity among embryos identified as B.
parmifera.

We used RADseq to examine broad-scale differ-
ences among embryos identified as B. parmifera
followed by the traditional approaches of mtDNA
sequencing and morphology, for examination of spe-
cimens with anomalous SNP genotypes. The main
finding of this study was the detection of a geneti-
cally distinct group of embryos, referred to as B. cf.
parmifera, that was collected in Pervenets Canyon in
the eastern Bering Sea in 2016. While multiple skate
species use nursery sites synchronously (Hoff 2010),
finding B. cf. parmifera was unexpected, as earlier
sampling in 2006 in Pervenets Canyon confirmed the
presence of embryos of B. parmifera.

In contrast to SNP genotypes, no unique COI se-
quences were observed among B. cf. parmifera em-
bryos that had not been observed in previously
sequenced specimens of B. parmifera (Fig. 3) (Spies
et al. 2006). Two haplotypes previously observed in
B. parmifera were also observed in B. cf. parmifera,
at similar frequencies. Other species of the subgenus
Arctoraja recognized from the western North Pacific,
B. smirnovi and B. simoterus, differ from B. parmifera
at no fewer than 5 positions in COI, and B. panthera
of the western Aleutian Islands differs at no less than
2 positions (Orr et al. 2011, Spies et al. 2011).

Although genetic results indicate that B. cf. parmi-
feramay represent a morphologically cryptic species,
we also considered other explanations. Mitochon-
drial DNA is typically passed from mother to off-
spring (Luo et al. 2018), so it is conceivable that hy-
bridization between 2 distinct groups could show
differences among nuclear loci but not mtDNA.
However, admixture among distinct groups was not

Morphologically cryptic species like-
ly represent a significant proportion ~ § 0.07
of undetected biodiversity (Struck et g
al. 2018), and new species of chon- '§ ~0.5-
drichthyans continue to be discov- %
ered (White & Last 2012, Borsa et al. %
2018). Identification of species diver- E -1.0+
sity is critical to informing conserva- o
. . .z Q (]
tion and management policy (Deli¢ et = 154 . .
al. 2017). The most abundant ovi- £ :g' Ranpiiorg .-.

. I & . cf. parmifera .

parous skate in the Bering Sea, L ® B. panthera
Bathyraja parmifera, was shown to -2.0 T T T
represent a species complex in 2011 0.00 0.05 0.10 0.15

with the identification of the allo-
patric congener Bathyraja panthera
(Orr et al. 2011, Spies et al. 2011).

Estimated Pr(IBD=0)

Fig. 5. Probability that identity by state is zero, Pr(IBD=0), vs. the kinship co-
efficient for Bathyraja parmifera, B. cf. parmifera, and B. panthera
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0.2 0.15 0.1 0.05 thera and between B. cf. parmifera
I I I I P71 and B. parmifera were considerably
71 higher than typically observed within
100 | Pribilof marine species. Waples (1998) found
a mean within-species Fgr of 0.062
44 |l Bering 2016 in a survey of 57 marine species
whereas we observed Fgt > 0.6. Fur-
50 - Pervenets 2006 ther, simulation studies indicate de
novo DAPC clustering success to be
100 Bering 2007 highly (>90%) accurate when pair-
100 wise Fgr values are comparable to
IPZ2 those observed here and population
sizes consist of 100 individuals (Miller

Fig. 6. Rooted unweighted pair group method with arithmetic mean
(UPGMA) tree of unique Bathyraja embryo collection and year combinations
and B. panthera, based on single nucleotide polymorphism data set. Distan-
ces were calculated according to Nei's genetic distance. Note that collections
IPZ1, Pribilof, Bering 2016, Pervenets 2006, Bering 2007, and IPZ2 represent

B. parmifera

consistent with our finding of >30 % of loci fixed for
distinct alleles (Pr[IBD=0]) because hybridization
would result in heterozygous genotypes rather than
widespread fixed differences. A second explanation
for a distinct population could be recent expansion
from a limited number of individuals. Indeed, this
may be consistent with evolution of a distinct group
of skates, but a recent origin is unlikely because of
the slow rate of evolution of elasmobranchs. In fact,
the longest branch node in the UPGMA tree be-
longed to B. cf. parmifera, contradicting the idea of a
recent origin of this group.

While the lack of adult specimens for morphologi-
cal comparison represented a significant limitation to
this study, the genetic results were compelling. We
restricted our morphological comparison to geneti-
cally identified embryos of similar development, and
therefore our sample size of embryos was not sub-
stantial. Embryos of B. parmifera were morphologi-
cally indistinguishable from B. cf. parmifera but we
may have missed variability that may have been dis-
covered if more specimens were available. Typically,
morphological characters that distinguish among
species and sexes of skates develop with growth and
maturity (Braccini & Chiaramonte 2002, Geniz et al.
2007). Morphology is generally conserved among
closely related species of skates and is demonstrably
so among species of Arctoraja (Orr et al. 2011). In
contrast to our unremarkable morphological results,
pairwise Fst between B. cf. parmifera and B. pan-

B. panthera et al. 2020). Finally, RADseq has been

used elsewhere to provide informa-
tion on phylogeny and discriminate
among species of turtles (Georges et
al. 2018) and snailfishes (Orr et al.
2019).

The naming conventions for B.
parmifera and B. cf. parmifera merit
some explanation. Which genotype
shares genetic identity with the type
material for B. parmifera may never be known, since
the type specimens were collected in the 1880s and
are partially disintegrated (Bean 1881, Orr et al.
2011). The B. parmifera genotype embryos appear to
be much more abundant and widespread than the B.
cf. parmifera genotype embryos. Furthermore, the
type locality of B. parmifera is in the Aleutian Islands,
and the B. cf. parmifera embryos have only been
identified from Pervenets Canyon, over 600 km from
the type locality, while multiple nursery sites (which
apparently include only the B. parmifera genotype
embryos) are much closer. In summary, it seems
more plausible that the abundant genotype matches
the original type material of B. parmifera. Thus, it is
logical to call the more abundant genotype B.
parmifera and the other B. cf. parmifera, as it conveys
this informal hypothesis.

Overall, this work provides evidence for the pres-
ence of previously undetected genetic diversity in
embryos that are morphologically indistinguishable
from the closely related B. parmifera. Future work
will require the collection and examination of adult
specimens genetically matching the embryos of B. cf.
parmifera, possibly through genetic testing in the
field, to conduct the thorough morphological analysis
required to diagnose and describe this distinct group
of skates. Examination of the biology, habitat prefer-
ences, and range of B. cf. parmifera will clarify the
ecological and evolutionary implications that led to
its genetic distinctiveness. More research on the N,

B. cf. parmifera
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of this group is important, as the harmonic mean N,
over 3 cohorts of the B. cf. parmifera collection was
611, on the order of values observed for B. cf. parmi-
fera; N, = 1257 (95% CI = 1190-1332) from the IPZ1
nursery area and N, = 890 (95% CI = 890-905) from
the Bering/Pribilof nursery area (Spies et al. 2021).
An N, of 1000 is a known threshold for conservation
(Franklin 1980, Lande 1994), while N, > 100 may pre-
vent short-term genetic erosion (Domingues et al.
2018). Further research on B. cf. parmifera will im-
prove the conservation and management of the
diversity of skate species in the Bering Sea.
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