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While lethal sampling can be the most effective technique to collect critical
reproductive data for elasmobranchs, non-lethal techniques need to be
validated for future use. Concentrations of reproductive hormones in plasma
and muscle have been found to correlate to sexual maturity and/or reproductive
cycles in oviparous as well as yolk-sac, placental, and histotrophic viviparous
elasmobranchs, offering a potentially non-lethal technique to study
reproduction. However, reproductive hormone analysis is scant for oophagous
sharks. This study utilized muscle tissues from porbeagles Lamna nasus that were
dissected for other life history studies and were stored frozen for up to 37 years
to quantify testosterone (T) and estradiol (E;) concentrations in relation to
previously-known maturity and reproductive stage. A total of 207 samples (92
males, 115 females) from porbeagles ranging in size from 80 to 256.5 cm fork
length were analyzed. Muscle T and E; concentrations were related to maturity
and reproductive stage in porbeagles, with the highest T concentrations found in
mature males during the spermatogenic season (summer) and the highest E,
concentrations found in gravid females. These results suggest muscle hormone
concentrations have the potential to serve as a non-lethal proxy of reproductive
stage in oophagous sharks. This study also demonstrates the value of specimen
sharing and the potential for continued use of stored vertebral muscle tissue for
reproductive hormone analysis in order to optimize the amount of data gained
from biological samples. Future use of these methods would be particularly
valuable for threatened species for which lethal sampling is restricted.
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1 Introduction

Effective conservation and management of elasmobranchs
requires a comprehensive understanding of a species life history,
including age and size at sexual maturity, reproductive cycles, and
habitats used for reproduction (Walker, 2005; Awruch, 2013). Such
information can be used to determine sustainable harvesting rates,
understand a population’s potential for timely recovery, and/or
develop protected areas or strategies for bycatch avoidance
(Awruch, 2013). Although lethal sampling of a relatively large
number of specimens has historically been the approach for
studying the reproductive biology of elasmobranchs (Heupel and
Simpfendorfer, 2010), sacrificing threatened species is in direct
opposition to the conservation and management goals science is
intending to support (Hammerschlag and Sulikowski, 2011). Given
this nuance, non-lethal alternatives for collecting reproductive data
should be validated and prioritized whenever possible
(Hammerschlag and Sulikowski, 2011). One promising technique
that can be used to study the reproduction (reproductive cycles,
maturity, reproductive habitats) of elasmobranchs is the
quantification of sex steroids (reproductive hormones) in muscle
tissues (Prohaska et al., 2013; Verkamp et al., 2021). This technique
may be most practical for large elasmobranch species for which
other non-lethal sampling collections (i.e., a blood sample for
plasma hormone analysis) are logistically challenging, as muscle
samples can be collected from free-swimming animals (Prohaska
et al,, 2013; Verkamp et al,, 2021). Muscle reproductive hormone
concentrations have been found to correlate to plasma
concentrations as well as dissection-verified reproductive stage
(preovulatory, early, mid, late gestation) in an oviparous (little
skate Leucoraja erinacea), yolk-sac viviparous (spiny dogfish
Squalus acanthias) and placental viviparous (Atlantic sharpnose
shark Rhizoprionodon terraenovae) species (Prohaska et al., 2013).
Muscle hormone concentrations were also used non-lethally (not
verified by dissection) to gain preliminary insight into the possible
reproductive role of an aggregation site for white sharks
Carcharodon carcharias (Verkamp et al,, 2021). Most studies
conducting reproductive hormone analysis for elasmobranchs
have quantified estradiol (E,), progesterone (P,) and/or
testosterone (T) (Becerril-Garcia et al., 2020). In general, in
female elasmobranchs E, has primarily been related to
vitellogenesis and maturation, while P, has been related to
ovulation and the maintenance of early pregnancy (Awruch,
2013). In males, T is associated with spermatogenesis
(Awruch, 2013).

The Northwest Atlantic (NWA) porbeagle Lamna nasus is
overfished and is a population of conservation concern (ICCAT,
2020). This population’s life history is characterized by late age (8
and 13 years for males and females, respectively; Natanson et al.,
2002) and large size (162-185 cm fork length (FL) for males and
210-230 cm FL for females; Jensen et al., 2002) at maturity as well as
low fecundity (average of 4 pups; Jensen et al, 2002). The
population was originally thought to have an annual reproductive
cycle (Jensen et al., 2002) but more recent evidence suggests at least
a portion of the population reproduces biennially (Natanson et al.,
2019). The embryos are nourished by consuming unfertilized eggs
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ovulated by the mother throughout much of gestation (oophagy;
Jensen et al., 2002). Mating occurs in September through November
and pupping from April through June (Jensen et al., 2002).

While the life history of the NWA porbeagle is relatively well
studied, information on reproductive hormones is absent for this
species and is scant for all oophagous sharks, particularly for mature
females (Tribuzio, 2004; Sulikowski et al., 2012; Verkamp et al.,
2021). Most information of shark reproductive endocrinology is
provided by direct assessment of plasma hormone concentrations.
However, because blood samples are logistically difficult to obtain in
the large specimens of porbeagles, and currently are unavailable, the
assessment of reproductive hormone concentrations in muscle
tissue could be a useful method to evaluate reproductive
endocrinology in this species, providing further the possibility of
a non-lethal methodology. In this sense, a large collection of stored
vertebral specimens or muscle tissues from NWA porbeagles that
were dissected between 1985 and 2019 for other life history studies
(Natanson et al., 2002) offers the opportunity to have available
samples to assess reproductive endocrinology in the species. The
objectives of this study were therefore to 1) determine if
reproductive hormones (T, E,) could be quantified from shark
muscle tissue that was stored frozen for up to 37 years, 2) determine
if muscle T and E, concentrations were related to size or maturity in
the NWA porbeagle, and 3) determine if muscle T and E,
concentrations were related to reproductive stage in the
NWA porbeagle.

2 Method

Porbeagles were sampled between 1985 and 2019 onboard
commercial and research longline vessels in U.S. and Canadian
waters between Massachusetts and the Grand Banks. The majority
of samples were collected after 1990 and came from vertebral
columns used to study age and growth in the U.S. (Natanson
et al., 2002). Additional samples were collected during a Canadian
fishery-dependent porbeagle survey in 2017. Capture date,
geographic location, and sex was recorded and over the body fork
length (FL; cm) was measured and recorded to the nearest mm. All
Canadian survey samples had associated information on sexual
maturity and reproductive stage and reproductive data were also
taken from U.S. samples when possible (74% of U.S. samples).
Determination of sexual maturity status and reproductive stage
from both the U.S. and Canadian sampling followed established
methodology based on morphometric measurements (including:
clasper length, testes length and width, oviducal gland width, uterus
length and width) and observations of the reproductive tract
(including: ovary, uteri, vaginal membrane, testes, clasper
calcification, etc.; Jensen et al., 2002; Natanson et al., 2019). In
brief, males were grouped into immature, transitional (immature
but maturing), and mature, with transitional males exhibiting
lengthening claspers and initial development of the rhipidion
(Jensen et al., 2002). Females were grouped into immature,
transitional (immature but maturing), mature non-gravid, and
mature gravid, with transitional females exhibiting the presence
of a vaginal membrane and a thin tubular uterus indicating no
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previous mating but an ovary similar in appearance to mature non-
gravid females (Natanson et al., 2019). While it is important to note
that transitional sharks are technically classified as immature, they
were separated from other immature sharks for this study due to
predicted changes in reproductive hormone concentrations
associated with the maturation process that may begin prior to
reaching maturity (Barnett et al, 2009). For the U.S. samples,
vertebral columns were stored frozen and muscle tissues used for
reproductive hormone analysis were scraped from these stored
vertebral columns in 2021. For samples collected during the 2017
Canadian survey, muscle tissues were excised from vertebral
columns of porbeagles immediately upon dissection after capture.
All muscle tissues were stored frozen and were shipped on ice to
Arizona State University, where they were kept frozen at -20°C
until processing.

Hormones were extracted from the muscle tissue following ether
extraction protocols modified from Verkamp et al. (2021). Protocol
modifications included adjusting the phosphate buffered saline
(PBS) to muscle ratio and adding an additional extraction (as
described below). Samples were thawed on ice and muscle was
excised, weighed, and transferred to a conical centrifuge tube.
Phosphate buffered saline (PBS) was added in a ratio ranging from
1 g:1 ml to 1 g:4 ml of muscle to PBS. While most samples (69%)
were resuspended in a 1 g: 1 ml of muscle to PBS following Verkamp
et al. (2021), initially processed samples and drier samples (31%)
were resuspended in a higher ratio of PBS. Samples were
homogenized using a Kinematica Polytron PT 10-35.
Approximately 0.5 g of homogenate was transferred to a
borosilicate tube in duplicate (if sample size allowed) and
spiked with approximately 1000 counts min' of the appropriate
tritiated hormone (1, 2, 6, 7, *H-T for males or 2, 4, 6, 7, 16, 17, 3H—E2
for females; Perkin Elmer Life Sciences) in order to calculate
the percent recovery of hormone during the extraction process.
The ~0.5 g spiked homogenate aliquots were then extracted 4-5
times with 5 ml of diethyl ether (ACS grade) and snap frozen in a dry
ice and acetone (ACS grade) bath. A fifth extraction with diethyl
ether was added during the study to improve hormone recovery
during the extraction procedure. The ether phase was decanted into
a second borosilicate tube and the diethyl ether evaporated at 37°C
under a stream of nitrogen. Dried isolated hormones were
reconstituted in 250 pl of PBS with 0.1% gelatin (PBSG) and
stored at 4°C.

T and E, concentrations were quantified for males and females,
respectively, following radioimmunoassay methods described in
Prohaska et al. (2013). Antibodies (provided by Dr. Gordon
Niswender, Colorado State, Fort Collins, CO) used to bind
hormones for quantification were diluted in PBSG to final
concentrations of 1:24,200 and 1:54,000 for T and E,,
respectively. A Tri-Carb 4910TR liquid scintillation counter
(Perkin Elmer Life Sciences) was used to quantify radioactivity.
Final concentrations were corrected for procedural loss using
individual sample hormone extraction recoveries. Any sample
that had a hormone concentration below the detection limit (6.25
pg g for T, 5 pg g’ for Ey) of our assay was assigned the minimum
detection limit for that hormone. The inter-assay coefficients of
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variation were 15% and 9%, and the average intra-assay coefficients
of variation were 7% and 6% for T and E,, respectively.

Muscle T and E, concentrations were grouped by sampling
season (summer = June-August; fall = September-December; spring
= March-May) and then plotted by FL for males and females,
respectively. Muscle T concentrations were then grouped and
boxplots were plotted by reproductive stage (immature,
transitional, and mature) for males and average inner clasper
lengths (mm) were also plotted for a subset of these individuals
for which reproductive measurements were available (n = 26). For
males that were not formally assessed for maturity based on internal
reproductive morphology, maturity was predicted based on size at
50% maturity (174 cm FL; Jensen et al., 2002). Mature males were
further divided by reproductive seasonality, with mature males
sampled in the summer (June-August; predicted to be undergoing
spermatogenesis) separated from those sampled during the other
times of year (September-May; predicted to not be undergoing
spermatogenesis) based on previously established timing of
spermatogenesis in male sharks (i.e., Manire and Rasmussen,
1997; Verkamp et al., 2022). Average (+ standard error) muscle T
concentrations were also plotted by month of the year for males
grouped by reproductive stage to evaluate the relationship with
reproductive seasonality. For this reproductive seasonality plot,
males that were not formally assessed for maturity were plotted
as separate groups based on whether they were smaller or larger
than the size at 50% maturity. For females, muscle E,
concentrations were grouped and boxplots were plotted by
reproductive stage (immature, transitional, mature non-gravid,
and gravid) for only the females that were formally assessed for
maturity and pregnancy. While many internal reproductive
characteristics have been found to relate to maturity in this
species (Jensen et al., 2002), average oviducal gland widths (mm)
were plotted for a subset of these individuals given this was the
morphological measurement with the largest sample size available
(n =19). One oviducal gland measurement from a gravid porbeagle
that did not have a muscle sampled to analyze for E, was included
for reference. Average (+ standard error) muscle E, concentrations
were also plotted by month of the year for females grouped
by reproductive stage to evaluate the relationship with
reproductive seasonality. For this reproductive seasonality
plot, females that were not formally assessed for maturity were
plotted as separate groups based on whether they were smaller or
larger than the size at 50% maturity. Muscle T and E,
concentrations were tested for correlations with FL using
Kendall ‘s tau rank correlation tests given data violated
assumptions of parametric regression even following
transformation. Muscle T and E, concentrations were compared
between different reproductive stages by Kruskal Wallis tests
followed by pairwise Dunn tests with a Bonferroni correction for
multiple testing. All tests were considered significant at o0 = 0.05.

3 Results

Muscle samples were analyzed from a total of 207 porbeagles
(92 males, 115 females), ranging in size from 85 to 246 cm FL for
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males and 80 to 256.5 cm FL for females (Table S1). Average
hormone recoveries from muscle tissue during the extraction
process were 67.0% and 48.6% for T and E,, respectively.
Hormone recovery (%) during the extraction process was not
impacted by the age of the sample (Figure S1) nor the muscle to
PBS ratio (Figure S2). For males, muscle T concentrations ranged
from 6.25 to 735.15 pg g”'. For females, muscle E, concentrations
ranged from 5 to 954.32 pg g'l. Hormone concentrations were not
impacted by the age of the sample (Figure S3) nor the muscle to PBS
ratio (Figure S4) when considering the additional factor of
reproductive stage.

Muscle T concentrations in males generally increased with
increasing shark size (Figure 1), yet the overall range was greater
in larger or mature males (6.25-735.15 pg g'') compared to smaller,
immature males (6.25- 427.32 pg g''; Figure 1). When considering
the time of year of sampling, the increase in T concentration with
increasing shark size was most visible for sharks sampled in the
summer (June-August), with less consistent trends for sharks
sampled in the fall (September-December) and spring (March-
May; Figure 1). Overall however, muscle T was not significantly
correlated with FL in males (Kendall’s tau; z = -0.653; p = 0.514). In
regards to reproductive stage, immature male porbeagles had T
concentrations ranging from 6.25 to 427.32 pg g’1 (average = 163.09
pg g') and inner clasper lengths ranging from 82 to 167 mm
(average = 137.3 mm; Figure 2A). Males that were considered to be
in a transitional state had T concentrations ranging from 6.25 to
308.88 pg g (average = 120.17 pg g'") and inner clasper lengths
ranging from 29.5 to 305 mm (average = 217.4 mm). Mature males
that were sampled in seasons porbeagles are predicted to not be
undergoing spermatogenesis (fall through spring) had T
concentrations ranging from 6.25 to 439.89 pg g'1 (average =
81.89 pg g') and there were no clasper measurements available
for this group. Finally, mature males that were sampled in the
predicted spermatogenic season (summer) had T concentrations
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FIGURE 1

Muscle testosterone (T) concentration (pg g™) as a function of fork
length (FL; cm) in male porbeagles. The shape represents the
sampling season with seasons grouped into summer (June-August),
spring (March-May), and Fall (September-December). The size at
50% maturity (174 cm FL; Jensen et al., 2002) is identified by the
vertical dashed line and the minimum detection limit of the assay
(6.25 pg g™ by the horizontal dashed line
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ranging from 96.68 to 735.15 pg g' (average = 360.70 pg g”') and
had inner clasper lengths ranging from 199 to 363 mm (average =
322.3 mm). Muscle T concentrations were significantly different
between reproductive stages (Kruskal Wallis; 3 = 28.026, p < 0.001;
Figure 2A). Pairwise comparisons indicated mature males sampled
during the summer had T concentrations that were significantly
higher than concentrations in transitional males (Dunn test; z =
2.80, p = 0.031) and mature males sampled in predicted non-
spermatogenic seasons (Dunn test; z = 5.24, p < 0.001). However, T
concentrations were not significantly different between any
other groups (p > 0.05). When reproductive seasonality was
considered for males (Figure 2B), a seasonal trend was clear
for mature males (including males that were not formally
assessed for maturity but were larger than the size 50% maturity).
Average muscle T concentrations for mature males were low to
moderate during the spring (March through May), increased and
were highest during June and July, and then decreased for the
remainder of the year. Lowest concentrations occurred during the
mating season of September through November, while lowest
variability in muscle T concentrations occurred in October
through December (Figure 2B). Seasonal trends were less
consistent among immature, transitional, and males that were not
formally assessed for maturity but were smaller than the size at
50% maturity.

For females, muscle E, concentrations were significantly
correlated with shark size (Kendall’s tau; z = 6.233; p < 0.0001);
E, showed a clear increase in sharks above the size at 50% maturity
(218 cm FL; Jensen et al., 2002) (Figure 3). However, similar to
males, there was a greater range in muscle E, concentrations in
larger or mature females (5-954.32 pg g') compared to smaller,
immature females (5-90.11 pg g'!) (Figure 3). When considering the
time of year sharks were sampled, E, was elevated in females
sampled in the fall (September-December; Figure 3). In regards to
reproductive stage, all immature females, except for one individual
(which had an E, concentration of 90.11 pg g’l), had muscle E,
concentrations below the minimum detection limit (5 pg g,
average = 6.81 pg g') and oviducal gland widths ranging from
2.9 to 46 mm (average = 9.6 mm; Figure 4A). Females that were
considered to be in a transitional stage had E, concentrations
ranging from 5 to 152.78 pg g ' (average = 54.26 pg g '), yet there
were no oviducal gland measurements available for this group.
Females that were confirmed to be mature but were non-gravid had
E, concentrations ranging from 5 to 152.18 pg g™ (average = 49.60
pg ¢') and oviducal gland widths ranging from 21 to 37 mm
(average = 29 mm). Finally, females that were confirmed to be
mature and gravid had the highest E, concentrations, ranging from
5t0954.32 pg g’ (average = 196.47 pg g'). A gravid porbeagle that
did not have associated hormone data had an oviducal gland width
of 42.2 mm. Muscle E, concentrations were significantly different
between reproductive stages (Kruskal Wallis; Xz ~58.248; p < 0.001;
Figure 4A). Pairwise comparisons indicated that E, concentrations
were significantly higher in gravid females compared to immature
females (Dunn test; z = 7.6, p < 0.001). However, E, concentrations
were not significantly different between any other groups (p > 0.05).
There were no trends in reproductive seasonality for immature,
transitional, or sharks that were not formally assessed for maturity
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FIGURE 2

(A) Boxplots of muscle testosterone (T) concentration (pg g %) and average right inner clasper length (mm) as a function of reproductive stage in
male porbeagles. For males that were not formally assessed for maturity based on reproductive morphology, reproductive stage was predicted
based on size at 50% maturity (174 cm FL; Jensen et al., 2002). Mature males were further divided into summer (June-August; predicted to be
undergoing spermatogenesis) or Fall-Spring (September-May; predicted to not be undergoing spermatogenesis) based on previously established
timing of spermatogenesis in male sharks (i.e., Manire and Rasmussen, 1997; Verkamp et al,, 2022). Numbers represent sample size for T
concentrations (black) and right inner clasper length (blue) and letters identify significant differences in T concentrations among groups. (B) Average
muscle T concentration by month in male porbeagles grouped by reproductive stage. Sharks that were not formally assessed for maturity were
grouped based on whether they were smaller or larger than the size at 50% maturity. Error bars represent standard error.

Month

6 7 8 9 10 11 12

(Figure 4B). Samples for females that were confirmed to be mature
but were non-gravid were limited to the months of July, September,
and November. E, was low in these females that were sampled in
July and September but was elevated in the single mature non-
gravid female that was sampled in November. Samples for gravid
females were limited to October through December. E,
concentrations increased from October to December for gravid
female samples.
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4 Discussion

Not only can reproductive hormones be quantified from muscle
samples stored frozen for up to 37 years, new insights into
hormonal control of reproduction are evident for this oophagous
shark species. Although validated through relatively few samples,
this study indicates measurable relationships between hormones
and sexual maturity and reproductive stage in porbeagles. These
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FIGURE 3

Muscle estradiol (E») concentration (pg g™ as a function of fork
length (FL; cm) in female porbeagles. The shape represents the
sampling season with seasons grouped into summer (June-August),
spring (March-May), and Fall (September-December). The size at
50% maturity (218 cm FL; Jensen et al.,, 2002) is identified by the
vertical dashed line and the minimum detection limit of the assay (5
pg g*) by the horizontal dashed line.

data indicate muscle T concentrations could most easily
differentiate between reproductive stages in the summer, with
mature males sampled during the summer having higher T than
transitional males and mature males sampled in other times of the
year. Muscle E, concentrations could most easily differentiate
between gravid females and immature females. However, it is
important to note that there was overlap in hormone
concentrations among stages for both sexes, suggesting there is
potential for misclassification of individuals if muscle hormone
concentrations are used as the sole predictor of reproductive stage.
This overlap is likely associated with individual level variation in
hormone concentrations (i.e., Verkamp et al., 2022) rather than the
age (Prohaska et al,, 2018; Figure S3) or dryness of the sample
(Figure S4) given concentrations were found to be variable (from
below the detection limit to hundreds of pg g”') among samples that
were collected from animals in the same reproductive stage, in the
same year, and homogenized with the same ratio of PBS.

Muscle T concentrations appeared to be higher in many larger
male porbeagles compared to smaller conspecifics, suggesting a
possible role of T in the maturation of the male reproductive tract
in this species. Moreover, although sample size was small and did not
include mature individuals sampled during seasons in which male
porbeagles are not predicted to be undergoing spermatogenesis, T
appeared to be related to reproductive morphology, as T
concentrations were highest in males that had the largest claspers. A
relationship between plasma T concentration and size or maturity has
been documented in males of other shark species (Awruch et al., 2008;
Awruch et al,, 2014). However, it is important to note that there was a
much larger range in T concentrations in larger or mature males
compared to immature males. This variability in T concentrations
among mature males of the same size was suggested to be attributed to
sharks being sampled at varying stages of the reproductive cycle
(Awruch et al, 2008). For example, muscle T concentrations were
highest in mature males sampled in June through August, which likely
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corresponds to when individuals actively undergo spermatogenesis in
the months prior to mating (Manire and Rasmussen, 1997; Verkamp
et al,, 2022). Muscle T concentrations began to drop and were lowest
in mature males sampled during the known mating season
(September through November; Jensen et al, 2002) when these
sharks are likely undergoing testicular regression (Manire and
Rasmussen, 1997; Verkamp et al,, 2022). Collectively, these findings
suggest that male porbeagle muscle T concentrations are related to the
combined influences of maturity and reproductive seasonality. This
highlights the importance of considering reproductive seasonality
relative to when samples were collected when predicting sexual
maturity based on T concentrations, as has been suggested in
previous work on male elasmobranchs (Awruch et al., 2008). In the
case of porbeagles, predicting sexual maturity based on T
concentrations would be most applicable during the summer
months when mature males undergo spermatogenesis.

Female muscle E, concentrations had a more distinct relationship
with maturity in the porbeagle. All females (with the exception of one
individual) that were confirmed to be immature based on internal
morphology had E, concentrations below the detection limit of our
assay and immature females had the smallest average oviducal gland
width. This finding was expected given undetectable or very low E,
concentrations are commonly observed in immature female sharks of
other species (Awruch, 2013; Verkamp et al.,, 2021), including the
related oophagous white shark (Verkamp et al, 2021). In mature
female sharks, E, is associated with the follicular phase and
vitellogenesis and is thus typically found to be elevated prior to
ovulation (i.e., Awruch, 2013). However, our study found that gravid
female porbeagles had elevated E, compared to mature non-gravid
females. This finding may be related to multiple factors. First, elevated
E, in gravid compared to non-gravid females is likely unique to
oophagous species that continue follicular development and
ovulation throughout gestation (Gilmore, 1993; Tribuzio, 2004).
Second, it is possible that the non-gravid females analyzed in this
study, most of which had E, concentrations comparable to females in
a transitional stage, were post-partum (if sampled in summer) or in a
resting phase of the reproductive cycle. These non-gravid mature
females analyzed in this study could be part of the portion of female
porbeagles that reproduce biennially in the NWA (Natanson et al,
2019). Low E, concentrations have been observed in other sharks
during resting phases when not actively undergoing vitellogenesis
(Tribuzio, 2004; Prohaska et al., 2013), including the closely related,
oophagous, salmon shark L. ditropis (Tribuzio, 2004). These
conclusions are consistent with our limited data on oviducal gland
widths. Mature non-gravid females had oviducal gland widths
comparable to porbeagles found to be in a post-partum or resting
phase (Natanson et al., 2019), while the gravid female had a larger
oviducal gland, comparable to other gravid porbeagles (Jensen
et al., 2002).

Overall, the hormonal trends observed in this study are consistent
with the current understanding of the role of reproductive hormones
during sexual maturation and reproductive stages in sharks. It appears
muscle reproductive hormones have the potential to serve as a non-
lethal proxy of reproductive stage in the porbeagle and potentially
other oophagous sharks, albeit with limitations regarding overlap in
concentrations among reproductive stages. It is possible that this
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FIGURE 4

(A) Boxplots of muscle estradiol (E,) concentration (pg g%) and average oviducal gland width (mm) as a function of reproductive stage in female
porbeagles that were formally assessed for maturity and pregnancy. Numbers represent the sample size for E, concentrations (black) and oviducal
gland width (red) and letters identify significant differences in E; concentrations among groups. *Indicates an oviducal gland width measurement
taken from a gravid porbeagle that was not analyzed for muscle E, but was included for reference. (B) Average muscle E, concentration by month in
female porbeagles grouped by reproductive stage. Sharks that were not formally assessed for maturity were grouped based on whether they were
smaller or larger than the size at 50% maturity. Error bars represent standard error.

limitation may be overcome by including additional non-lethal
assessments of reproductive stage, such as examinations of claspers
for males and ultrasonography for females. Moreover, while the size of
muscle samples available for this opportunistic study precluded the
quantification of additional reproductive hormones (ie., Py, 11-
ketotestosterone), it is possible that the inclusion of other hormones
may improve the differentiation of reproductive stages, and this is a
potential avenue of future research. Another limitation of this study
was the lack of samples available from mature females in the winter

Frontiers in Marine Science

and spring, which precluded the ability to assess changes in
reproductive hormones across the entirety of the reproductive cycle,
such as late gestation. Nevertheless, the success of this work has wide-
reaching applications for elasmobranch reproductive research. We
demonstrated for the first time that reproductive hormones could be
successfully extracted and quantified from shark muscle tissues that
have been stored frozen for decades and found no impact of sample
age or dryness on hormone recovery or concentration. Therefore,
similar work could be done for other species that have archived
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biological samples in order to increase the amount of scientific
information gathered from lethal sampling. This would be especially
relevant for threatened species for which lethal sampling is restricted
and reproductive data is especially needed for conservation and
management decisions.
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