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ABSTRACT
REPRODUCTIVE STRATEGIES OF THE BIG SKATE (BERINGRAJA BINOCULATA)
WITH EVIDENCE OF MULTIPLE PATERNITY

by
Jessica Ja-Jei Jang
Master of Science in Marine Science
California State University Monterey Bay, 2019

Beringraja binoculata is a large skate species commonly caught, raised, and exhibited
in public aquaria, especially along the Pacific coast of North America. It is one of only two
species in the Rajidae family the other species being B. pulchra found in the western Pacific
able to produce multiple embryos within an egg case. Although recent studies have suggested
this species might be the most fecund elasmobranchs currently known, there has not been a
detailed study on whether this species’ novel reproductive strategy is influenced by location
and different environments (e.g. captive vs. wild). Specifically, if the reproductive strategies
differ in egg case sizes, embryo numbers, embryo sizes, and if offspring sex ratios (OSR)
were present. Specimens collected from NOAA trawl surveys between 2008-2016 showed
evidence that egg cases and embryo sizes were larger in the wild than in captivity; 3-4
embryos in an egg case were the most common in the wild, while 2 was the most common in
captivity. OSR were not significantly different between in the two environments, but in this
study, there were more female than male offspring in both captive and wild settings. At 42 °
North latitude, egg case sizes and embryo numbers peaked, suggesting that the region is
considered a suitable habitat to raise offspring due to strong upwelling conditions from the
California current ecosystem. Captive B. binoculata egg cases were raised to hatching to
improve the description of the developmental stage process done by Hitz (1964). A growth
curve was calculated to determine the development of the embryos among four observed
stages. Paternity tests were conducted using four microsatellites primer sets to find multiple
paternity exists within this species and that females may store sperm for a minimum of three

months in captivity, suggesting that B. binoculata possesses several reproductive strategies.
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INTRODUCTION

Skates are one of the most diverse groups of elasmobranchs, comprised of four families,
38 genera, and over 300+ species, with most species being regional endemics (Ebert &
Sulikowski 2007; Ebert & Compagno 2007; Ebert et al 2008a; Ebert et al. 2013; Last et al.
2016a). Skates are morphologically conservative with their dorso-ventrally flattened
morphology, and with most skate species being benthic dwellers, their association with benthic
habitats makes them susceptible to fishing practices such as bottom trawling and long-lining.
Because most species of this family look quite similar, current U.S. fisheries management often
lumps all skate species caught into a single generic skate category (Robinson et al. 2007). This
classification poses many issues, as numerous skate species have variable sexual maturity
sizes/age, breeding seasons, and different habitats where they lay their egg cases (sandy bottoms
vs rocky reliefs) (Ebert & Compagno 2007). Therefore, understanding how variable the

reproductive cycles are in this speciose family will help with management practices.

All skates are oviparous (egg-laying), with the females depositing keratinous egg cases,
commonly known as ‘mermaid purses’, from two functional uteri, on the seafloor (Ebert &
Compagno 2007). These egg case shapes are morphologically unique to each species and may
be used to identify specific species (Ebert 2005; Ebert & Davis 2007; Ishihara et al. 2012).
Most skate species lay a single enclosed egg case that will develop into a single embryo prior to
hatching (Ishihara et al. 2012). Embryos are known to take 3 to 15 months to develop, but
longer development times, sometimes 2-4 years dependent on the ambient water temperature

(Luer & Gilbert 1985; Compagno 1990; Hoff 2010; Hoff 2016; Salinas-de-Leon ef al. 2018).

Studies have found that skate species exhibit one of three different reproductive
temporal patterns. These patterns are defined as: (1) reproductively active year-round; (2) a
partially defined annual or biennial with one or two peaks; (3) a well-defined annual or biennial
(Musick & Ellis 2005; Ebert et al. 2008a, b; Conrath & Musick 2012). Species can vary among
these three distinct reproductive patterns. Some species may exhibit late sexual maturity and
slow growth like other elasmobranchs like the Roughtail Skate (Bathyraja trachura) reach
sexual maturity between 21 to 24 years (Winton et al. 2013), to other species such as the Little

Skate (Leucoraja erinacea) maturing very quickly within seven to nine years (Cicia et al 2009).
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While there are species that have the capability of reproducing actively year-round many of
these species only lay single egg cases, whereas only two species of skates lay multiple
embryos within in egg case (Zeiner & Wolf 1993; Ebert et al. 2008b; Winton et al. 2013; James
et al. 2014). One of these species that exhibit this reproductive strategy of being reproductively
active year-round and multiple embryo characteristic is the Big Skate (Beringraja binoculata)

(J. Bizzarro and D. Ebert, Moss Landing Marine Labs, unpubl. data).

The genus, Beringraja, was described by Ishihara et al. (2012) to differentiate the Big
Skate Beringraja binoculata (Girard, 1855) and the Mottled Skate Beringraja pulchra (Liu,
1932) from the North Pacific Assemblage (NPA) skate species. These two species were placed
into this genus. Both species are unique from other skate species in that they exhibit similarities
in clasper morphology and egg case structure (Figure 1A), and most importantly these are the
only two species whereby multiple embryos occur within each egg case (Figure 1B). This novel
reproductive strategy is not found in any other skates or any other oviparous elasmobranch.
Furthermore, genetic evidence supports that these two species are sister taxa and are a
monophyletic group from the NPA (Naylor et al. 2012; Chiquillo et al. 2014). Recently, the
four other species of the NPA were added, without explanation to this genus, increasing the
number of this genus to a total of six (Last et al. 2016a, b). However, none of these four other
species have multiple embryos within each egg case, and their egg case morphology is quite

distinct from the Big and the Mottled Skates.

The Big Skate (Figure 1C) is a shallow water species found from the Eastern Bering Sea
in the north to Baja California, Mexico in the south (Figure 2) occurring from bays to depths
rarely over 200 meters (Ebert 2003: Ebert et al. 2008b; Haas 2009; Bizzarro et al. 2014). It
typically inhabits sandy and muddy bottoms (Bizzarro et al. 2014). Over the past decade, more
species-specific life history information has been collected and reported on the Big Skate; a
relatively common, but previously little-known species. Studies have included dietary, age and
growth, and reproductive biology from throughout most of its range from Alaska to Southern
California (Zeiner & Wolf 1993; McFarlane & King 2006; Gburski et al. 2007; Ebert et al.
2008b; King & McFarlane 2010).
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Variation in sexual maturity and longevity of this species has been reported from three
geographically distinct coastal study areas: the Gulf of Alaska, British Columbia, and central
California. Sizes at sexual maturity range from 90-148.6 cm Total length (TL) (age at maturity
from 5-9 years), with estimated life spans ranging from 12-26 years (Zeiner & Wolf 1993;
McFarlane & King 2006; Gburski ef al. 2007; Table 1). These estimated age studies were
validated using bomb radiocarbon analyses with a probability of 70% that the age estimates are

accurate to within 2 years (King et al. 2017).

The Big Skate has been assessed as a species of ‘Least Concern’ by the International
Union for Conservation of Nature (IUCN) Red List of Threatened Species (Farrugia et al.
2016a). However, in the Western Pacific, its sister species, B. pulchra, have been extensively
overexploited in commercial fisheries (Kang et al. 2013; Im et al. 2017). While there is not a
direct fishery for the Big Skate in California waters, they are commonly taken as bycatch and
sold as food for human consumption in Asian countries (Ebert 2003; Haas 2009; McKnight
2011). Hence, additional information about the reproductive strategies for B. binoculata will

provide fundamental data for better management plans if commercial demands should increase.

The Big Skate is known to be the largest skate in the eastern North Pacific Ocean, with a
female reaching a record length of 214 c¢m total length (TL), while males may reach 184 cm
(King & McFarlane 2010). Interestingly, specimens of these extreme sizes have been found
only in the higher latitudes in the Gulf of Alaska (Ebert et al. 2008b). These observations have
prompted questions about whether Bergmann’s rule also holds true in this species. Bergmann’s
rule is an ecogeographical rule named after Carl Bergmann (1847) who observed that large-
bodied animal species tend to live further north than their small-bodied counterparts. However,
this rule is still controversial due to his observations pertaining to endotherms as many studies
have argued that resource presence plays a more important role to a species’ size rather than
location (Ray 1960; Blackburn ef al. 1995). Although, other studies have suggested that
Bergmann’s rule does apply to several taxonomic poikilotherms such as amphibians, nematodes
and several species of teleosts (Ray 1960). While it is noted that in northern latitudes, B.
binoculata is known to be larger than their southern latitude counterparts, it is unclear whether
their reproductive strategies are also affected. One study found that larger body sizes are

positively correlated with the fecundity in male Syngathus leptorhynchus (Bay Pipefish) a
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polygynous (mating with multiple females) teleost fish (Wilson 2009). Specifically, males with
larger body sizes along a latitudinal gradient were able to maintain their potential reproductive
rate despite decreased thermal gradients (Wilson 2009). This study prompted the question of
whether oviparous elasmobranchs, such as the Big Skate also exhibit similar fecundity patterns.
If Bergmann’s Rule applies to reproduction in Big Skates, we may expect that egg case

dimensions and embryo numbers per egg case will increase at higher latitudes.

Current studies have suggested that Big Skates are arguably the most fecund of any
known elasmobranch (Ebert & Davis 2007; Ebert et al. 2008b). Evidence supporting this
observation come from three features found in this species: 1) an earlier sexual maturity (5-8
years) than most species of skates (Ebert et al. 2008b), 2) the unique characteristic of producing
multiple embryos (range: 1-8) within a single egg case (Hitz 1964) and 3) being reproductively
active year-round. It is estimated that a single female during her lifetime may produce around
48,000 embryos (Ebert & Davis 2007; Ebert et al. 2008b). These calculations have prompted a
question as to whether multiple paternity (MP) is present due to the unique mode of oviparity of

this species.

Some species have developed a unique reproductive strategy to increase their chances of
producing more genetically mixed offspring, called polyandry. Polyandry is defined as the
action of a female mating with more than one male. Polyandry usually results in multiple
paternity (MP) where a single brood is often sired by multiple males (Daly-Engel et al. 2010).
Evidence of polyandry and multiple paternity are well documented in different taxa such as
amphibians, birds, mammals, and teleosts (Coleman & Jones 2011). This strategy contributes to
maintaining a genetically diverse population; species that exhibit MP are expected to have
increased effective population size (N¢) (Sugg & Chesser 1994). However, the benefits of such
a strategy are still being explored in taxa that do not exhibit additional parental care such as

elasmobranchs (DiBattista et al. 2008a; Coleman & Jones 2011).

In viviparous (live-bearing) elasmobranch reproduction studies, the advantages of MP
are evident in males. Having more mates increases a male’s potential to father more of the
offspring (Griffiths et al. 2011). Yet, the indirect benefits for females are debatable (Feldheim et
al. 2004; DiBattista et al. 2008 a, b; Daly-Engel et al. 2010; Coleman & Jones 2011; Griffiths et
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al. 2011; Conrath & Musick 2012; Fitzpatrick et al. 2012). While MP will also increase the
female’s fitness, during copulation, they incur a greater risk of injury. Copulation results in
large investment of energy, increasing the female’s vulnerability to infections and disease
(DiBattista et al. 2008a, b; Daly-Engel et al. 2010; Boomer et al. 2013). However, if the
number of males is greater than females, it may be more advantageous for the females to be
receptive than resistant. Therefore, MP might be a result of a behavior to avoid sexual conflict
(Portnoy et al. 2007). Other hypotheses suggest that MP contributes to a genetically diverse and
robust population that can withstand natural disturbances such as outbreaks of disease or abrupt
changes in the environment (Feldheim et al. 2004; Daly-Engel et al. 2010). Polyandry and MP
have also been suggested by commercial fisheries as strategies in species that are size and sex-
selective (Gosselin et al. 2005; Chevolot ef al. 2007a, b). However, there is little research into
whether MP occurs and if this method is advantageous in oviparous (egg-laying) elasmobranchs

since many lay multiple egg cases within a breeding season(s).

Although fecundity is higher in oviparous species than viviparous species, studies of the
presence of MP in oviparous species have been sparse. There are two oviparous species in the
Atlantic Ocean that are known to exhibit MP: The Small-spotted catshark (Scyliorhinus
canicula) (Griffiths et al. 2011) and the Thornback ray (Raja clavata) (Chevolot et al. 2007a),
yet these two species only produce one embryo per egg case (estimated: ~29-69 egg cases/yr in
S. canicula; ~180 egg cases/yr in R. clavata) (Holden 1975; Griffiths et al. 2011). The Big
Skate unlike other oviparous elasmobranchs has multiple embryos within a single egg case.
However, whether MP occurs in this species is currently unknown. Therefore, this study will
also investigate whether MP exists in the Big Skate with its novel and unique adaptation of

producing multiple embryos within a single egg case.

The objectives of this study were: 1) Observe if Bergmann’s rule is applicable in the
reproductive strategy of B. binoculata, e.g. if egg case dimensions and embryo numbers from
northern populations are greater than their southern counterparts. 2) Examine egg cases and the
size of embryos to see if they differ among captive between wild B. binoculata species. 3)
Modify and revise the developmental stages proposed by Hitz 1964 B. binoculata by adding

embryonic morphometrics for stages 1-5. These additional data will include total length, disc
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width, yolk diameter and yolk volume. 4) Model the growth curve observed during embryo
development. 5) Investigate whether sex ratios differ from 50:50 and whether sex ratios differ in
offspring produced in captive and wild settings. Lastly, 5) Determine if multiple paternity is
present in specimens raised from Monterey Bay Aquarium (MBA) and whether if one parent

influence the sex ratio of the offspring.

METHODS

Egg case collection

Egg cases were collected and raised under San Jose State University (SJSU) Institutional
Animal Care and Use Committee (IACUC) protocols: 2014-D and Ebert/Jang 1017. Big Skate
egg cases were collected opportunistically from NOAA's Fishery Resource Analysis and
Monitoring Division (FRAM) surveys in 2008, 2014, 2015, and 2016. A typical skate egg case
has several components including horns, tendrils, a main portion, which contains the fertilized
yolk, and finally anterior and posterior aprons (Figure 3; Ishihara ef al. 2012). Anterior and
posterior sides of the egg case are determined by the direction of where the egg case is
positioned in the oviduct of the mother (Ishihara et al. 2012). Egg cases were measured from
the anterior to the posterior apron for their length (ECL) and width of the main portion, and then
dissected to determine fertility status. If embryos were present, measurements such as total
length (TL), disc width (DW), yolk diameter, and yolk weight were recorded. Yolk volume was
calculated from the assumption that the yolk is shaped as a sphere:

V=4/3 *1*p [1]

Where r is the radius or half the diameter of the egg yolk, and 7 is a constant value.

The developmental stages of each embryo were also determined based on descriptions in
Hitz (1964), ranging from stage 1 to 5, with 1 as least developed to 5 being well-developed
(Table 2). If embryos were developed enough, sex was recorded depending on the presence and
absence of claspers. Embryonic tissues were also collected for DNA extractions.

To determine whether multiple paternity is present in this species, fertile Big Skate egg
cases (n=10) were acquired from the MBA and raised in the Moss Landing Marine Laboratories

(MLML) aquarium room from May 2015 to January 2016. The average incubation period for
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this species is between five to six months in captivity (Chiquillo ef al. 2014). The aquarium
room runs on a sand-filtered-open-water-system pumping fresh saltwater from the Pacific
Ocean. These ambient water temperatures provided suitable raising conditions for the egg cases
to grow and develop. Additional aeration devices were placed behind the egg cases to ensure
optimal hatching conditions. An incision was made in each egg case and a plastic film cover
was glued to observe the embryos as they developed (Figure 4A). Each egg case was numbered
and put in glass tanks (Figure 4B). Embryos that died prematurely were measured for TL, DW,
stage of development, and yolk diameter, and sex was determined if possible before preserving
them in 90% ethanol for DNA extraction. For offspring that successfully emerged,
morphometrics and sexes were also recorded. These individuals were named from the
corresponding egg case where they emerged from followed by either A, B, C, or D for
sequential purposes. Then each neonate was separated to keep track of when the remaining
littermates would emerge. From these 10 egg cases, 29 embryos were raised, and only 25
embryonic tissue samples (10-20 mg) were used (Table 3); DNA extraction was not successful
on four individuals. Five adult Big Skates tissue samples were also acquired (three females,

F 0007, F 2918, F 6528, and two males, M_2920, M_1479) from the aquarium. These adults
were present in the exhibit before and after the egg cases were laid and collected by the MBA

aquarists.

Microsatellite Genotyping

By observation of egg case laying, mothers for each case were known. Microsatellite
markers were used to determine paternity between two captive males. They are tandem repeats
of short sequence motifs of 1-6 nucleotides found in the nuclear genomes of most taxa
(Hancock 1999; Selkoe & Toonen 2006). The pattern is arranged without interruption by any
other additional base or motif. Microsatellites are also thought to be selectively neutral, usually
polymorphic, and codominant (Hancock 1999; Chevolot 2006a). These characteristics are
useful tools for paternal and kinship analyses as well as for studying population genetic
structure, evolutionary relationships, and gene mapping in species (Kashi & Soller 1999;

Webster & Reichart 2005; Selkoe & Toonen 2006). Due to their high levels of polymorphism
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they are widely used in population genetics and used to determine family relatedness especially

in polyandrous species (Portnoy & Heist 2012; Chabot 2015).

Genetics protocol

Tissue samples (muscle, embryonic tissue, and egg case samples) (10-20 mg) were
collected, preserved in 90% ethanol, and stored in room temperature in 1.5 mL microcentrifuge
tubes until processed (Table 3). DNA was extracted using Wizard® Genomic DNA Purification
kit from Promega (Promega, Madison, WI). DNA were extracted from these tissues using
Wizard® Genomic DNA Purification kit from Promega (Promega, Madison, WI). Samples
were tested for quality and concentration using the nanodrop and diluted to 10 ng/uL in
preparation for Polymerase Chain Reactions (PCR) using 7ag PCR kit from New England
Biolabs (NEB, Ipswich, MA). Five microsatellite primer sets (RP 30, RP 35, RP 39, RP 43, RP
44) were used to test for compatibility for this species (Table 4; Kang et al. 2012). Since the
primers were created for a sister species (B. pulchra) closely related to the study species, these
were the best published primers set to conduct the paternity tests for the study species, B.
binoculata. M13(-21) universal primer tails were added only to the forward primers (5°-TGT
AAA ACG ACG GCC AGT 3°), this was needed to label PCR products with appropriate dyes
(NED, VIC) in a secondary PCR using the M 13 primers (Schuelke 2000).

PCRs were conducted in 10 pL reaction mixture containing 0.25 U fag DNA
polymerase (New England Biolabs, Ipswich, MA), 2 x PCR buffer, 100 uM dNTP mix, 10
uM of forward primer, 10 uM of the universal primer (M13) with the fluorescent tag (NED
or VIC), and 10 uM of reverse primer, and 2-5 pL of the template DNA (10 ng/uL). The
forward primer without the M13(-21) tail was only % the amount of the reverse primer, this
was to make sure the forward primer with the M13(-21) tail was able to amplify and the
fluorescent tag would attach to the finalized PCR product (Schuelke 2000). PCR conditions
are as follows: 4 min at 94° C for initial denature process; followed by 35 cycles of
denaturation at 94° C at 30 s; 1 min at the annealing temperature specialized for each of the 5
primers (61-64° C); initial extension at 1 min at 68° C, followed by 8 cycles at 94° C for 30
s, annealing temperature at 53° C, initial extension at 1 minute for 68° C, and a final

extension for 68° C for 10 min.
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Genotyping protocols

PCR samples were visualized with an ABI PRISM 3130xI Genetic Analyzer at San
Francisco State University’s (SFSU) Genomics Transcriptomics Analysis Core (GTAC). 1
puL of PCR product was added to 10 pL of Hi-Di™ Formamide and 0.5 pLL of GeneScan™
600 LIZ™ dye Size Standard in each well. The 600 LIZ™ dye Size Standard was used as a
reference to determine the size and fluorescent intensity of PCR products. Samples were
heated to 95° C for 3-5 min before loading onto the sequencer which generated FSA files.
For adults, PCR and electrophoresis was repeated three times. FSA files are fragment
analysis data files created by DNA genetic analyzers that record the sizes and fluorescent

intensities of PCR products by size which then can be read by genotyping software.

Genetic analyses and statistical analyses

FSA files were viewed using the Microsatellite plugin in Geneious (Biomatters, New
Zealand) and the strongest two PCR products were scored as alleles, assuming this species is
diploid. For adults, allele sizes were determined by averaging the product sizes, as estimated
by the Geneious-plug-in. For embryos, PCR was repeated only for some samples and loci
when initial results did not produce scorable PCR products. Overall, the microsatellite
primers were expected to produce products of about 150-230 bp based on Kang et al. (2012),
though a larger size range of 100-250 was considered as this species had not been previously
characterized for these loci. For each locus, alleles were expected to differ by multiples of 2
bp.

Multiple paternity was investigated first by examination by eye of Table 10 A& B.
The mothers were known from observing them laying egg cases. Knowledge of the maternal
genotype allowed the paternal allele in each embryo to be identified. Because only two males
were potential sires in this captive group, it was possible to determine whether alleles unique
to each male were present among case-mate embryos (Figure 5). This would be evidence for

multiple paternity in this species and within cases

For comparison to manual analysis, several programs were used to determine population

genetics, relatedness, sibship and parentage. Multiple paternity analysis was conducted using
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the program COLONY by Jones and Wang (2010) (http://www.zsl.org/science/research-
projects/software/colony,1154,AR.html). CO-ANCESTRY was used to confirm the validity of

the genotyping and potential sibship.

COLONY (2.0.6.4) was used because this program considered species that are
polyploid, whereas most programs only accommodate diploid species, and cannot perform
analyses on both sibship and parentage (Jones & Wang 2010). Currently, polyploidy in
elasmobranchs is unknown as there is variability in genome sizes for different species (Range: 1
GB to 11 GB) (G. Naylor, pers. Communication, College of Charleston), but most
elasmobranch paternity studies assume diploidy (2N). Furthermore, COLONY uses group
maximum likelihood ratios to assign individuals into sibling groups and considers multiple
mating systems and skewed reproductive success (Jones & Wang 2010; Larson et al. 2011).

Finally, CO-ANCESTRY (V. 1.01.9) was used as this program implements seven
different relatedness methods (TrioML, Wang, LynchLi, LynchRd, Ritland, QuellerGt, and
DyadML) that determine pairwise relatedness using control references between individuals,
including or excluding inbreeding accounts and genotype errors in the data (Wang 2011).
Average relatedness was calculated among all the programs.

Various statistical tests were run on R 3.4.4 (R Core Team 2018) such as T-tests and
ANOVAs (Analysis of Variance) to test whether there was difference between egg case
dimensions and embryo numbers per egg cases among the two environments. T-tests were
conducted to see if average number of embryos differed between captive and wild egg cases.
Generalized liner models (GLMS) were used to see if there were differences between embryo
sizes among the two environments. GAMs (Generalized Additive Models) were chosen to
determine if there was a latitudinal gradient among egg case dimensions and embryo numbers
because initial plots with the egg case TL and embryo numbers as response variables did not
show a linear regression relationship with increasing latitude. Also, biologically, the egg case
length is dependent on the size of the female producing the egg case, and that would also
restrict the number of embryos produced within an egg case. Therefore, a linear model would
not biologically explain these relationships. GAM analyses were conducted using the mgcv
package v. 1.8-2.4 and following certain parameters listed in Wood (2006).

A relationship was determined between disc width and embryo TL, using GLM. It is

well known that an allometric growth curve is observed in many taxa during crucial
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developmental stages, therefore the equation was log-transformed to determine the values.
Using R, the null deviance and a residual deviance were calculated to calculate the pseudo R?

value proposed by Faraway (2016):

L ResidualDeviance
NullDeviance

2)

Finally, to determine if there were Offspring Sex Ratio (OSR) in both captive and wild
specimens Chi-squared tests were conducted with a Yate’s correction factor for continuity, with

o value of 0.05.

RESULTS

Egg case dimensions and Big Skate productivity

Wild egg case length ranged from 20.00-33.33 cm; wild egg case width ranged from
9.30-17.00 cm. Captive egg case length ranged from 19.30-22.50 cm and 8.50-9.30 cm width.
T-tests analysis was conducted to determine if the egg case dimensions differ between the
captive and wild populations (Figure 6). I found that both dimensions (egg case length [ECL]
and width [ECW]) from captive (n=10) and wild egg cases (n=103) were significantly different,
with the wild egg cases being much larger [ECL: T=-12.71, df= 28.90, p<0.0001]; [ECW: T=-
18.13, df=63.17, p<0.0001]. On average, the wild egg cases were 6.71 cm larger in length than
the captive eggs. A linear relationship was determined (Figure 7) between egg case length
(ECL) and width and both were significantly correlated (F=11.57, df= 129, p<0.0001, R?>=0.53).
Since ECW and ECL were highly correlated with each other, ECL was selected as the response
variable for future analyses. 103 egg cases were collected from the FRAM surveys with, of
which 59 were fertile and 44 infertile (Table 5). Of the 59 fertile egg cases, embryo counts
ranged from 1 to 6 (Figure 8), with an average embryo number of 3.62 per egg case. In egg
cases collected from MBA (n=10), the embryo counts ranged from 2 to 4 (Figure 8) with an
average of 2.90. Excluding the empty egg cases, three embryos were the most common per egg

case in the wild (Figure 8). Egg cases with only two embryos were the most common in captive
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egg cases (N=2). Embryo numbers were significantly different among captive and wild egg

cases [T=6.02, df=67, p=0.02].

Latitudinal patterns in egg case lengths and embryo numbers

Big Skate egg cases were largest in length at 42° N around 32 cm TL (dev. Expl:
28.02%, p-value: 3.71e"%) (Table 6, Figure 9). Although not significant (dev. Expl: 12%, p-
value: 0.06), embryo numbers per egg case also peaked at 42° N (Table 7; Figure 10). In this

region of the coast, egg cases were larger and contained more embryos than other locations.

Allometric growth curve

The final equation to explain the relationship between disc width and embryo TL,
(Emb_TL in the model) was log(disc_width) =-3.90 + 2.16*log (Emb_TL) (Figure 11). A
pseudo R? value was calculated with a of 0.87, indicating that this allometric model was able to
explain around 87% of the variables in the relationship. Embryos raised in captivity tend to

have a larger disc width and a shorter total length ratio.

Big Skate developmental stages

Wild embryos were 1.00 to 1.30 times larger than their captive counterparts in the same
stages of development (Figure 12&13). Only four developmental stages (2-5) were observed
throughout the study, no embryos were found in stage 1(Table 8). Hitz (1964) described stage 1
where the embryos are not physically formed yet, the yolks are fully separated, and blood
vessels are present in each yolk sac. In this study, all embryos were physically developed and
embryos measurements in both captive and wild settings were compiled to determine the ranges
among the developmental stages. In stage 2, the embryos were white in color and had a tadpole-
like body, had developed eyes, and had external branchial filaments covering their bodies.
Embryos in stage 2 had a TL that ranged from 2.5-9.0 cm, with an average of 6.29 cm. The
pectoral fins (wings) had started to develop, and disc width (DW) ranged from 0.4-4.5, with the

average disc width of 1.06 cm. Yolk diameter ranged from 3.3-5.7 cm, with an average yolk
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diameter of 4.48 cm. In stage 3, the pectoral fins became more developed and external brachial
filaments were replaced with gill slits and spiracles had formed, but the embryos had a pale-
cream coloration. Embryo TL and DW ranged from 5.0-13.4 cm with the average of 9.74 cm,
and 1.0-5.0 cm with the average of 2.61 cm, respectively. Yolk diameter at this stage ranged
from 2.4-5.4 cm with the average of 4.21 cm. In stage 4, embryos had pigmentation on the
dorsal side consisting of a light brown and tan color, and the distinct eye spots on the wings had
formed. TLs ranged from 10.50-20.1cm, with an average of 15.0 cm. Disc width ranged from
3.1 to 12.8 cm, with the average disc width of 7.21 cm. At stage 5, the embryos had dark brown
dorsal coloration with faded splotches, distinct ocelli on the dorsal side of each wing were
present, and dorsal spines on the head were formed for emergence. Embryo TLs ranged from
8.5 cm-21.00 cm, averaging 17.13 cm. Disc widths ranged from 7.0-14.0 cm, with an average of
11.03 cm. Yolk diameter ranged from 0.3-3.0 cm, averaging 1.11 cm. Embryo sizes among the

two environments were also significantly different (T=8.46, df=104, P<0.0001)(Figure 12).

Offspring sex ratio (OSR) from FRAM surveys

A total of 219 embryos were collected in 2008 and from the years 2014-2016. Only
embryos that were in the developmental stages of 4 and 5 (Table 9) were selected for sex ratio
analysis (hypothesized at 1:1) because these were the stages where the sexes could be
determined; of these embryos, there were 48 females and 37 males. There was no difference in
OSR in the wild or (¥*=0.38, df=1, p = 0.54) or between the different environments (captive vs
wild) (¥*=0.20, df=1, p = 0.66). Both tests were not statistically significant, therefore the null

hypothesis was not rejected.

OSR from captive environment

Offspring sex ratio from the Monterey Bay Aquarium samples was 13 females, 7 males,
and 5 unknowns. These five embryos had died prematurely before sex appendages were
developed enough to determine their sex. There was no significant difference in OSR between

these two sires (¥*>=0.41, df=1, p = 0.55).
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Genetic relatedness and multiple paternity presence

A total of 29 embryos were raised from the 10 captive-bred egg cases. Female F_ 0007
was observed to lay one egg case with three embryos. Female F_6528 laid nine egg cases with
two to four embryos each. Female F 0007 was aquarium raised and known to never to have
mated. Female F_6528 was wild captured and introduced to the mating group for approximately
one year during which she laid three egg cases; the remaining six egg cases were laid over a
three-month time period after she was removed from the mating group due to injury. Twenty-
five embryos were successfully extracted for genomic DNA. Microsatellite locus RP 35 did not
generate usable genotype data and was removed from the study.

The other loci displayed some puzzling characteristics. The difference in allele sizes
were unexpectedly large (Table 10 A&B). For example, RP 30 had alleles of 158 to 250, much
larger than the 14 bp difference in B. pulchra (Kang et al. 2012). A large difference was also
seen in RP39 (130-174 bp). Dinucleotide repeats are expected to differ in allele sizes by
multiples of 2 bp, yet both odd and even sizes were seen in RP43 (e.g., 125 bp and the next
longer allele of 132 bp, a 7 bp difference). These unusual characteristics suggest that errors in
allele calling may have occurred. The PCR products were not sequenced, so it is uncertain if the
different alleles are true homologues within B. binoculata.

Egg case number 221 was laid in captivity by female F 0007, who could only have
mated with M_ 1479 or M_2920. Embryos 221C has a genotype consistent with M_ 1479 as
the sire, but embryos 221A and 221D have an allele (RP44164) not seen in captive males.

Since sperm storage is not a possibility for this female, it is likely that this allele is miscalled
(Table 10A).

Female F 6528 produced many embryos (e.g., 227A, 227C, 229A, 232A, etc...)

(Table 10B) with alleles not seen in captive males, which could plausibly be derived from

stored sperm from mating encounters prior to capture, or from allele calling error.

Discrepancies in the characteristics of the loci (size range and deviation from
dinucleotide repeat unit size), as well as offspring genotypes irreconcilable with potential
sires suggest caution further interpreting these data. That said, cases from female F_ 0007

provide evidence of multiple paternity involving known males in the captive group,
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discounting possible allele calling error in RP44. Too, if sperm storage accounts for extra

alleles found in offspring of F_6258, multiple paternity is also evident.

DISCUSSION

Egg case dimensions and Big Skate productivity

Overall, the egg cases lengths (ECL) and embryos raised from a captive setting were
significantly smaller than the wild egg cases. This was expected because the size of embryos is
limited by the egg case dimensions (ECL and ECW) which in turn depends on the size of the
mother (Howard 2017). A total of three female Big Skates were raised in the captive
environment in the MBA exhibit, and two of the females (F_2918 and F_0007) had disc widths
of 84 cm and 86 cm, and total lengths of 125 cm and 117 cm respectively. Unfortunately, there
are no morphometric data for F_6258. The female sizes from captivity were smaller than the
average observed TL female Big Skates caught in the FRAM surveys (TL over 125 cm); and
the average embryo numbers (n=2) are fewer in a captive setting than those (n=4) in the wild
environment. Howard (2017) observed captive Big Skates attained a smaller sexual maturity
and laid smaller egg cases than previously recorded studies suggesting that because of the
environment played a role in early reproductive success than their wild counterparts.

Previous studies (Ebert & Davis 2007; Ebert et al. 2008b) have suggested that B.
binoculata may be the most fecund elasmobranch known to date. It has been well-documented
that oviparous elasmobranchs such as skates possess the reproductive strategy of producing
smaller offspring but at much higher frequencies than their viviparous counterparts (Conrath
and Musick 2012), but B. binoculata has taken this reproductive strategy to a higher level. Ebert
& Davis (2007) and Ebert et al. (2008b) estimated a female may lay up to 6000 egg cases
during her lifetime (around 350 egg cases per year). This calculation considered that a female
would reach an average maturity age of eight years and continue to produce fertile egg cases
while attaining a lifespan up to 26 years. Considering the ability to produce 1-8 embryos per
egg case, a single female may potentially produce more than 48,000 embryos in her lifetime
(Ebert & Davis 2007; Ebert et al. 2008b).

However, not all offspring will develop and emerge. Chiquillo et al. (2014) observed an

average of two embryos per egg case surviving in captivity. With this current information about
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offspring survival, the estimated offspring that will survive to emergence from a single female
are around 12,000 individuals in her lifetime in captivity. In the wild, excluding predation
pressure the offspring number produced is estimated to be around 18,000 to 24,000 individuals,
since three and four embryos were observed to be the most common. Producing so many
offspring in an egg case offers an insurance for females to ensure that majority of their offspring
will develop and emerge successfully. Many avian, amphibian and teleost species follow similar
strategies (Forbes 1991). This observation of multiple embryos per egg case was common in
fertile egg cases acquired from the FRAM survey. Embryo numbers ranged from 1-6 with four
embryos per egg case being most common (47%). However, this study was unable to
genetically match whether the egg cases were laid by specific females, which would help
further support this hypothesis.

Another explanation why three or four embryos were more common from the FRAM
surveys is to time their emergence and limit predation risks. This behavior has been found in
Green Sea Turtles (Chelonia mydas). Chelonia mydas synchronize their nesting times so their
offspring have a higher chance of surviving predation after hatching. Santos et al. (2016) were
able to observe that an increased group size within a nest reduced predation risk, especially if
hatchlings timed their emergence in early evening; the presence of the prey overwhelm the
predators causing the attack abatement effect, in which a predator is less likely to attack a group
of prey when the potential numbers of prey are much greater (Turner and Pitcher 1986). While
the maximum record of eight embryos was not observed in this study, one egg case housing six
fully developed offspring had an opening. This observation suggested that there may have been
offspring that had emerged earlier before the egg case was collected; implying that there had
been more than six embryos in that egg case.

The sample size (n=29) of embryos raised in captivity was smaller, with the most
common number of embryos from any one of these egg cases was two. In the captive
environment there are more stable conditions within the aquarium exhibit, such as consistent
water quality, abundant food, and regular encounters with potential mates. These factors may
lead to an earlier sexual maturity and productive success in the adults resulting in smaller egg
cases and offspring compared to their wild counterparts (Howard 2017). The differences in the
embryo numbers per egg case in these two environments also suggest that the mothers’

reproductive conditions may play a more substantial role. Two of the three females (F_2918 and
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F 0007) were captive raised themselves, and the third female (F_6528) was caught from the
wild. Interestingly, nine of the ten egg cases collected from MBA were from F 6528 (Table
10B) which six of the egg cases were laid while she was in quarantine for 3 months indicating
that sperm storage is present in this species. Paternity evidence suggested at least 4 males
contributed to this female’s offspring which furthers strengthens that Big Skate exhibit sperm
storage; two of these males were from the MBA exhibit. This female also produced abnormal
amount of egg cases until her death. Autopsy analysis revealed that she was heavily impacted
with egg cases exhibiting various degrees of decay (Kelsey Barker, Monterey Bay Aquarium,
personal communication). In egg case number 232, laid by F_6528 an unfertilized ovum was
found in the egg case along with two embryos, and this observation suggested that not all the
eggs will be fertilized.

Forty-three percent of the egg cases from the FRAM surveys were infertile which
validates the captivity observations that not all eggs will be fertilized. However, no unfertilized
eggs were found among any of the fertile egg cases. Since these egg cases were collected from
the wild, it is difficult to know which females laid certain egg cases from the FRAM surveys.
The study was unable to discern or observe each female’s reproductive condition. On the other
hand, the frequent observations of many unfertilized egg cases lead to a question why females
would invest in laying infertile egg cases if it is energetically costly. One explanation is that
laying infertile egg cases is an indicator that females are in a healthy condition that and they do
not need to maintain their energy reserves. This strategy would allow females to produce
infertile ‘dummy’ egg cases among fertile egg cases to relieve predation pressure. Predators
would choose infertile egg cases rather than egg cases containing developing embryos. To test
this hypothesis, blood and tissue samples are needed to observe female Big Skate health
conditions. In addition, monitoring whether egg case fertility status and quantity affect
predatorial behavior would be needed as evidence of whether increasing ‘dummy’ egg cases has

a positive correlation with neonate survival rates.

Latitudinal patterns in egg case and embryo numbers

Bergmann’s rule explains how body sizes vary among species or population along

latitudinal gradients; usually the smaller body sizes and slower growth occur in the southern
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(i.e. warmer) range, while larger body sizes and high growth rates occur in the northern (i.e.
cooler) range (Ray 1960). In this study, B. binoculata egg case sizes and embryo numbers did
not exhibit Bergmann’s rule; instead responses peaked at 42 degrees North (Figures 13, 14),
rather than increasing in sizes and quantity going further north along the Northeast Pacific
coast. Bergmann’s assumption was that climate gradients were affiliated with latitudinal
geographic locations. However, this relationship is not necessarily strongly correlated, as
other environmental factors within regions are known to impact the variability in a locality.
Along the coast of California there are two distinct biogeographic barriers that show high
intense biological activity due to geological oceanographic formations; these areas are Point
Conception in the south, and the Gorda Escarpment Basement Ridge (GEBR). Located at 40°
227 00” N and 125° 10° 00” W, the GEBR was formed by two plates, the North American
Plate and the Pacific Plate that move horizontally against each other (Hoover & Trehu 2017).
There are documented cases that the GEBR is a reproductive hotspot, especially for egg-
brooding deep-sea fish and cephalopods (Drazen et al. 2003). Previous studies have
suggested that Big Skates frequent water depths no less than 200 meters. Farrugia et al
(2016b) found that Big Skates at depths of 500 meters are thermally tolerant of temperatures
(2° to 18°C). Data from the FRAM surveys also collected several egg cases (n=3) at 530
meters as evidence of the species tolerating these greater depths. In addition, the egg cases
and embryo numbers were the greatest at 42 ° N within the species’ temperature range (8° C
to 10.4°C) However, many of the egg cases collected were at depths shallower than 200
meters, implying the GEBR does not have a large influence on the Big Skates’ reproductive

strategies such as altering the egg case dimensions and/or embryo numbers.

Oceanographic currents such as the California current system would best explain why
at 42° N, egg case length (ECL) and embryo numbers were the greatest. The California
Current System (CCS) is an eastern boundary current that moves southward as the Pacific
Ocean current from British Columbia to Baja California (Checkley & Barth 2009). This
system has three general areas where sea surface temperatures are influenced by seasonal
variations: 1) Columbia River plume (around 44° N), 2) Cape Mendocino (40° N), and 3)
San Diego (32-34° N) (Checkley & Barth 2009). In the Cape Mendocino area, the winds are

the strongest allowing more sea-surface mixing which increases upwelling intensity. Strong
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upwelling conditions are known to be very prolific and enhance the marine bio fauna
diversity and quantity within that region. Since B. binoculata are known to be opportunistic
feeders (Bizzarro ef al. 2014), areas near Cape Mendocino provide the best conditions to
feed, reproduce, and provide a nursery habitat so the offspring would be able to hunt once
their yolk sac reserves are depleted. This would be the best explanation of why ECL and
embryo numbers were the largest and greatest in this region. However, this study did not
include the northernmost region of this species range, so future studies would have to include
B. binoculata egg cases from the Eastern Bering Sea to British Columbia waters to test if
Bergmann’s rule applies to this species in their northernmost latitude or if other
oceanographic features impact the egg case length and embryo numbers. In addition, skate
species up in the Eastern Bering sea are known to aggregate and lay egg cases in specific
nursery sites coined as “Habitats of Particular Concern” (HAPC) (Hoff 2010). While FRAM
trawl surveys in this study did not find more than 18 B. binoculata egg cases in a trawl
location, off the Gulf of Alaska, scallop dredge surveys have found nursery sites with
numerous Big Skate egg cases near Kayak Island, (Farrugia, pers. Communication, Figure
14). These observations suggest that Big Skates in that region or perhaps in the northern most
part of their range may exhibit different behavior tactics to maximize their offspring survival

rate.

Allometric growth curve

Although the allometric growth curve was a good fit to the data (r’=0.87), there were
outliers and values that are above or below the allometric growth curve. Interestingly, the
aquarium-raised embryos’ disc widths were longer than their total length compared to the
wild embryos (Figure 11). Wider disc width might be beneficial in a captive setting but may
not be advantageous in the wild. In addition, neonates raised from captivity were observed to
have remaining yolk sacs (> 4mm in diameter) even after emergence, no remaining yolk sacs
were found in the skate embryos collected from the FRAM surveys. These observations may
indicate that maternal investment and embryo development do differ among individuals

within an egg case, among litters, and between the two different environments.



29

An example how maternal investment may differ is shown in oophagous viviparous
elasmobranchs (Gilmore 1993). Female lamnid sharks invest more in fewer offspring in by
providing nutritious yolks for the offspring to consume once their external yolk sac sources
are exhausted; only a limited number of individuals survive in the uteri of the mother before
birth (Gilmore 1993). In species such as Carcharias taurus (Sand-tiger shark), embryos
practice adelphophagy, where the largest embryos end up consuming their siblings until there
is one offspring left in each uterus, after which the mother provides unfertilized eggs for
them until birth (Gilmore 1993). Oophagy has not been observed in oviparous species since
most of these species laid single embryos enclosed in a case. In this study, while raising the
Big Skate embryos in the captive setting, some individuals in developmental stage 2 were
observed to tangle themselves among their littermates’ branchial filaments. At this stage 2,
the egg case’s horns are still plugged preventing seawater from entering; the only way for the
embryos to acquire oxygen is to physically move their bodies constantly as their branchial
filaments were still external. This stage is also the most vulnerable stage where the most
embryos died prematurely in this study. To determine whether maternal investment
influences embryonic survival rate, a relationship between embryo growth and yolk
consumption will need to be modeled in a time series including all the developmental stages,

not just stages 2-5.

Offspring sex ratio (OSR) from FRAM surveys

In both environments, offspring sex ratio (OSR) was found to be more females than
males. The variation in the sex ratio of offspring is an evolutionary and life-history strategy
in which many taxa have invested to ensure their own fitness. A popular hypothesis from
Trivers & Willard (1973) presented a simulation that suggested conditions where mothers
should produce more female offspring. They proposed mothers have lower variance in
reproductive success than male offspring under poor conditions therefore producing more
female offspring is the better reproductive strategy (Trivers & Willard 1973). This is known
as the Trivers-Willard Hypothesis (TWH). The TWH is still debatable as many studies and
reviews suggest that sex-ratio manipulation depends on a variable number of factors.

Cameroon (2004) looked at 422 studies in mammalian sex-ratio studies to see if these studies
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were in favor with TWH based on certain condition measures (e.g. range quality, litter size,
age, weight of mothers, etc.) and only 34% studies supported TWH. However, this
hypothesis only concerned polygynous ungulates, which: 1) have a limited breeding season
2) can only produce limited offspring (n=1-2) and 3) possess one functioning uterus.
Ungulates have the conservative K-selected reproductive strategy focusing on a limited
amount of offspring to insure a higher survival rate (Leslie et al. 1999). Whereas B.
binoculata reproductive characteristics are very prolific. In elasmobranchs OSR is not known
to occur. After looking at 223 liters (n=1005), Charnov (1982) stated that the sex ratio in
Squalus acanthias (Spiny Dogfish) was around 49%. Ishihara et al. (2002) found the sex
ratio of Okamajei kenojei (Spiny Rasp Skate) from one female in captivity that laid 40 egg
cases in that year, of the 30 offspring recorded 17 were males (56.67%) and 13 were females
(43.33%). In B. pulchra, the OSR were 45.50% for females and 54.40% for males (Kang et
al. 2013). Therefore, significant deviations from an even OSR may not be prevalent in
elasmobranchs, but even though most species are known to segregate among the sexes,

especially during breeding seasons.

Genetic relatedness and multiple paternity presence

This study showed that multiple paternity within an egg cases laid after captive
mating was plausible if an unexpected allele in one locus is resolved as an allele calling error.
Further, a female that may have mated both prior to capture and after introduction to the
mating group produced cases with multiple paternal alleles, many of which may derive from
sperm storage. DNA sequencing of a sample of microsatellite PCR products for each locus in
future studies will clarify allele calling and establish the homology of alleles. If sequencing
shows that these loci are not homologous to the microsatellites of B. pulchra, then future
studies will need newly designed, species-specific primers.

High genetic relatedness is not uncommon in elasmobranchs population studies when
sampling areas are limited in range, therefore this increases the chances of sampling related
individuals. Larson et al. 2011 found that 65-87% of Bluntnose Sixgill Sharks sampled
(Hexanchus griseus) were either half-siblings or full siblings within Puget Sound (PS),

Washington. These close relationships occur because PS has been observed to be a pupping
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and nursery ground for this species with siblings remaining in proximity in some areas
through tagging and genetic sampling studies (Larson et al. 2011).

While there is no current study on whether certain estuaries or bays in California are
suitable nursery grounds for Big Skates, Hoff (2010) and Hoff (2016) found multiple nursery
sites in two species of skates in the Eastern Bering Sea. These two species, the Alaska Skate
(Bathyraja parmifera) and the Aleutian Skate (Bathyraja aleutica), use different types of
nursery sites. Each nursery site is associated with different geographical features, 1) outer
continental shelf/canyon openings for egg deposition, and 2) outer and middle continental
shelf for newly emerged juveniles (Hoff 2016). The discovery of these nursery sites in the
Eastern Bering Sea was proposed to the North Pacific Fisheries Management Council
(NPFMC) to implement protection and monitoring programs for these regions (NPFMC
2018). Future studies should investigate whether Big Skates also use these two geographical
features along the coast, which may provide evidence of potential nursery sites for this

species that can be monitored and protected.

Although there are only two oviparous species of elasmobranchs that are known to
exhibit multiple paternity, this strategy is present in many viviparous elasmobranchs as well as
other taxa (Jones & Coleman 2011; Conrath & Musick 2012). Clearly, this reproductive
strategy is not a rare occurrence. However, because B. binoculata is one of only two species that
exhibit multiple embryos within an egg case, out of more than 300 recognized species, the
presence of MP from this study is a novel finding in the family Rajidae. One male (M_1479)
fathered more offspring than the other present male, this may be due to because of where they
were raised. M_ 1479 was caught from the wild while M_2920 was captive raised. Studies have
suggested that captive-raised individuals due to being in a more relaxed and less competitive
sexual selection pressure environment than their wild counterparts may carry high fitness in
captivity, but low fitness in wild environments which may affect developmental phenotypic
plasticity among individuals and these traits would be passed to future offspring (Evans ef al.

2014).

Christie ef al. (2012) suggested that while first generation (parents were wild) captive-
raised animals spawned in captivity may have a greater lifetime reproductive success rate than

their wild counterparts, their offspring performed the worst in the wild with many of these
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offspring unable to return to spawn. This inability was found in hatchery steelhead
(Oncorhynchus mykiss). The Oregon Department of Fish and Wildlife have been trying to
restore natural steelhead populations (which are listed as threatened under the US Endangered
Species Act) in the Hood River in Oregon through captive breeding programs. Christie et al.
(2012) was able to provide evidence that captive-breeding programs may not be successful for
certain species. O’Regan & Kitchner (2005) found that effects of captivity on wild mammals
have changed their morphology including bone structure in skull shape differences, brain size
reduction, postcranial adaptations and digestive tract changes. Behavioral changes were also
observed as well as sexual dimorphism. Therefore, if such breeding programs for Big Skates
were to be undertaken, precautions must be taken in effect so that 1) offspring survival rates
will not be altered once they are released in the wild 2) behavioral changes from captive skates
will not decrease their reproductive success, and 3) genetic diversity within this species remains

robust.

Will breeding programs replenish wild skate populations?

Aquariums such as the Monterey Bay Aquarium are part of captive breeding
programs primarily focusing on replenishing wild stocks of certain endangered species.
However, if captive-raised offspring indeed perform worse in the wild, then precautions must
be considered if the goal is to replenish wild stocks. For instance, the Mottled Skate (B.
pulchra) populations in the Yellow and East seas have drastically declined due to
overfishing. It is a species that is fished commercially as an important fish species in Korea
and has been overexploited. Beringraja pulchra is now considered ‘Vulnerable’ under the
IUCN criteria, but past studies have recorded drastic catch declines of 90% over the past 10
years in Korea (Ishihara et al. 2009). These declines have prompted recovery efforts to begin
studying the spawning characteristics by artificially propagating the species. The conclusion
of this study suggests that artificial reproduction might be the way to recover this species,
and to focus on producing females due to their faster growth rates and being more
commercially desirable (Kang ef al. 2013). This method of restoration will be difficult to
implement as Im et al. (2017) has found evidence of low genetic diversity in this species.
Therefore, artificial propagation or captive breeding programs may not be beneficial even

with a species that also possess the same ability of producing multiple embryos (n=9) as B.
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binoculata (Kang et al. 2013). Continued monitoring and imposing harvesting restrictions
during peak spawning season (especially in April to June) (Kang et al. 2013) are the current
solutions for protecting B. pulchra. These case studies should serve as an indicator to fishing
management on the Eastern Pacific to pay attention and implement monitoring programs to

ensure that B. binoculata does not share the same predicament as its overfished cousin.
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Table 1. Life history of sexual maturity and longevity of B. binoculata

110 cm

Females Males Life Documentation

maturity (TL, | maturity span

Total Length) (yrs)
Gulf of 125.8 cm- 119.2 cm- 15 Ebert et al. 2008b; Gburski et al.
Alaska 148.6 cm 124 cm 2007;
British 120 cm 90 cm 26 King and McFarlane 2010;
Columbia McFarlane and King 2006;
California | 130 cm 100 cm- 12 Zeiner and Wolf 1993




Table 2. Big Skate development from Hitz 1964

Stage

Descriptions

1

Yolk may have blood
vessels present; yolk sacs
are fully separated among
each other; but no

physical embryo present

Embryo present; gill
filaments present, no
wing development;
embryo is physically
moving back and forth

for oxygen intake

Wings have developed;
Gill slits have formed;
embryo still moving for

oxygen intake

Wings have developed
eye spots and coloration;
sex appendages have
formed (claspers);
embryos are actively
pumping water through

their gills

Wings fully developed;
embryo has developed
orbital spines for
emergence; yolk sac is

90% absorbed

* Stage 1 image credited to Kang et al. 2013
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Table 3. Egg cases and their corresponding embryos for paternity analysis

Egg Case Number Number of Embryos
201 4(2)*
202 3

204 4

221 4 (3)
227 3(2)
228 3

229 2

232 2

234 2

235 2

* Numbers in parentheses indicate samples used for genetic analysis

48



995¢€tOr

995€€vOrl

S95¢EtOr

295¢€Or

Jquny
UOISSANY
Nueguan

(14

191-6v1 +9

aOI-vS1 19

991-0ST 19

0€C-91C 65

(dq)

371 IP[V

(opD) dwoy,
Suipeauuy

L DL
DDILVVVVILLVLIIDOVOVILL DILVVOVIOVOIVILODLYIVIOV
VD) DODDIVOIVVVVIOL
L IDIDLVIDOLLLDIODLODLIIOV
‘(DL) DLLOLOVOVOIOVILLLLOVDO DODDIVOIVVVVIDL
o) S
DILVVOVODOVIDLLYVVVIYV IOVIOLVVVOLOLLLLODLLIDIOV
S(LV) DODDIVOIVVVVIOL
LL 1D
LOLVVDVIVIOVIDVYOVID LVIOLOLOLYIOLYIVIOLODLOV
(nL) DDDDIVOIVVVVIOL
(,€-,S) 9S19A3Y ddudnbas swLIg (,€-.S) pa1eAMI0 dudanbas JowLIg

MO

JIA

JIA

JIA

daN

=Y |

vy 4

¢y dy

6€ 4

o€ dyg

Snd0|

(2107 "1v 12 Suey] Woiy payrpour)

s3e) Judosaronpy Surpuodsariod pue sarnjerodwo) Surjeauue pajepdn PIm douanbas rey sownid ¢ 1-] U3 YIm SAI[IBSOIINA “§ J[qeL



Table 5. Number of egg cases collected from FRAM surveys (Fertile and Infertile)

Fertile

Not Fertile

Total

2008 18 13 31
2014 29 18 47
2015 10 10 20
2016 2 3 5
Total 59 44 103
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Table 6. Generalized additive model (GAM) estimates between egg case length (ECL) and
latitude, edf: estimated degrees of freedom, ref. df: estimated residual degrees of freedom,
Dev. Expl: the proportion of the null deviance explained by the model. Variables: ECL: Total
Length; Lat: Latitude

ECL~ Lat
Std.
Estimate | Error T-value | P-value
Intercept 25.9937 | 0.3644 71.34 | <2e-16
R- Dev.
Response variable edf Ref.df | F P- value | squared | Expl
s(Lat) 2.306 2.84 7.566 | 0.000371 0.255 | 28.20%
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Table 7. Generalized additive model (GAM) estimates between embryo counts and latitude,
edf: estimated degrees of freedom, ref. df: estimated residual degrees of freedom, Dev. Expl:
the proportion of the null deviance explained by the model. Variables: Embcounts: Embryo

numbers; Lat: Latitude; s(Lat): response variable

Embcounts~ Lat
Std.
Estimate | Error T-value | P-value
Intercept 3.587 0.127 28.25 | <2e-16
R- Dev.
Response Variable edf Ref.df |F P- value | squared | Expl
s(Lat) 1.984 2.362 2.769 | 0.0591 0.0907 | 12.00%




Table 8. Observed embryo morphometrics during developmental stages (2-5)
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2 3 4 5
Total 2.5-9 (6.29) * + 5-13.4(9.74)+ | 10.5-20.1 (15)+= | 8.5-21 (17.13)
Length 1.58 1.83 2.72 +2.20
(cm)
Disc width | 0.4-4.5 (1.06) + 1-5(2.61) + 3.1-12.8 (7.21) £ | 7-14 (11.03) +
(cm) 0.88 1.11 2.98 1.43
Yolk 3.3-5.7(4.48) + 24-54(421)+ | 13-523.04)+ |[03-3(1.11)=+
Diameter | 0.59 0.59 0.95 0.62
(cm)
Yolk 18.82-96.97 7.24-82.45 1.15-73.62 0.014-14.14
Volume (47.08) (39.07) (14.71) (0.72)
(cm’)

*: Values in parentheses denotes average
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Table 9. Number of embryos collected from FRAM surveys; UD: sexes were not applicable

UD

Total

2008 17 16 34 67
2014 25 15 68 108
2015 6 6 26 38
2016 0 0 6 6
Total 48 37 134 219




Table 10. Genotype of the 31 captive B. binoculata individuals. A) Genotypes of potential
sires with F_0007 offspring; B) Genotypes of potential sires with F_6528 offspring, (*
indicates egg cases laid during while this female was in quarantine for 3 months)

A.

Sample | RP30 RP39 RP43 RP44

M1479 166 250 166 174 125 135 175 179
M2920 170 230 130 166 121 125 165 175
FO007 158 222 130 166 125 145 126 160
221A 166 222 130 166 125 135 160 165
221C 166 222 0 0 125 135 160 179
221D 170 222 166 174 125 130 160 165

B.

Sample | RP30 RP39 RP43 RP44

M1479 166 250 166 174 125 135 175 179
M2920 170 230 130 166 121 125 165 175
201B 166 224 166 174 125 135 165 179
201D 166 224 166 174 125 135 165 179
202A 170 224 158 166 125 155 165 179
202B 166 224 158 166 125 135 165 175
202C 166 224 130 166 125 155 165 179
204A 224 250 130 166 125 135 165 179
204B 224 250 142 166 125 135 135 165
204C 224 250 166 174 125 135 165 179
204D 224 250 150 166 125 135 165 179
227A* 0 0 160 166 125 135 165 179
227C* 0 0 160 166 125 135 165 179
228A * 166 224 166 166 121 125 165 165
228B * 166 224 166 174 125 125 165 165
228C* 170 224 166 166 135 139 121 165
220A * 166 224 130 166 125 155 165 165
229B * 166 224 166 166 125 135 165 179
232A* 222 224 130 166 135 155 121 165
232B * 0 0 150 166 121 135 165 165
234A * 224 250 0 0 125 135 165 179
234B * 224 240 0 0 125 135 165 165
235A * 0 0 0 0 125 135 165 179
235B * 224 240 0 0 125 135 165 165




Figure 1. Distinct traits of the Beringraja genus; A. Egg case morphology (1: B. pulchra) (2; B.
binoculata); scale bar: 20 mm. Modified from Ishihara ef al. 2012 and Ebert & Davis 2007; B.
Multiple embryos; C. Size comparison of a Big Skate; Photo credit: Joe Bizzarro
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Figure 2. Geographic range of B. binoculata, (shown in red) acquired from www.flmnh.ufl.edu.
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Figure 3. General shape of a skate egg case with the different components labeled (Ishihara et

al. 2012)



Figure 4. Tank setup for rearing Big Skate embryos and studying the stages of development
(A) Aeration devices help oxygenate the water; (B) Magnified view of the embryos through

the egg case windows
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Figure 5. Chromatogram of scoring microsatellites; Orange peaks are size standards, whereas

the yellow peaks are the microsatellites (RP 30) of interest
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Big Skate Egg case dimensions
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Figure 7. Regression relationship between egg case dimensions from captive and wild

environments. Note the size of the points indicate the number of embryos found (0-1, 2, and

>2)
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Embryo Counts per egg case from FRAM Surveys
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Figure 8. Histograms depicting embryo numbers per egg case from samples collected from

the wild (top) and captive specimen from the Monterey Bay Aquarium (bottom)
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Egg Case total length (ECL) along a Latitudinal Gradient
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Figure 9. GAM plot of egg case length (ECL) versus latitude; ECL show a peak at 42 degrees
North; Y-axis: Partial residuals of the relationship between ECL and a cubic regression
spline of latitude (df=2.89); gray shaded areas are the 95% CI; (Colors indicate origin where

egg cases were collected from [blue: wild, red: captive])
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Number of embryos per egg case along the latitudinal gradient
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Figure 10. GAM plot of number of embryos per egg case versus latitude; the average number
of embryos per egg case peaked at 42 degrees North; Y-axis: Partial residuals of the
relationship of the number of embryos per egg case and a cubic regression spline of latitude

(df=1.89); gray shaded areas are the 95% CI



66

Embryo relationship with total length and disc width
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Figure 11. Allometric growth relationship in B.binoculata development among wild (blue)

and captive ( red) embryos;
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PROGENY SEX RATIO AMONG FEMALE BIG
SKATES RAISED FROM MONTEREY BAY
AQUARUM
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Figure 13. Offspring sex ratio produced by the two females from MBA; F: females, M: males,
and NA: not applicable
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.

Figure 14: Large quantity of Big Skate egg cases collected off Kayak Island; this amount
suggests that Big Skates may have a different reproductive tactic in their most northern range.

Photo credit: T. Farrugia
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