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ABSTRACT: Novel, non-lethal approaches are needed to improve our current understanding of
the reproductive biology and ecology of the white shark Carcharodon carcharias. Previous studies
have demonstrated that concentrations of reproductive hormones in muscle tissue can be used as
reliable indicators of reproductive status for many vertebrate species, including elasmobranchs.
Here, we applied this method to assess the concentrations of testosterone (T) and estradiol (E2) in
muscle biopsies from free-swimming white sharks at a known aggregation site off the coast of
Cape Cod, Massachusetts (USA), in the Northwest Atlantic Ocean, to determine whether this
technique could be used to evaluate the reproductive status of this species. A total of 14 muscle
samples from 13 white sharks (7 males [1 sampled twice], 6 females), ranging in size from 3.3 to
4.2 m total length, were analyzed for this study. T and E2 were present in sufficient amounts to be
quantified in 7 of the 8 (87.5%) male and 1 of the 6 (16.7%) female samples, respectively. As expected, most samples collected from immature individuals were below minimum detection
thresholds. Hormone concentrations in males presumed to be adults were also generally low, suggesting these individuals were not actively producing sperm at the time of sample collection.
Overall, the results herein are similar to those found in other species and indicate that concentrations of hormones in the skeletal muscle of subadult and adult white sharks can provide information on the reproductive status of individuals. This technique could have wide-ranging applications for the study of white shark reproduction in the future.
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1. INTRODUCTION
Research conducted over the past 2 decades has
greatly improved our understanding of the movements, diet, and behavior of white sharks Carcharodon carcharias, yet data on their reproductive biol*Corresponding author: hjverkamp@gmail.com

ogy remains limited (Huveneers et al. 2018). Historically, reproductive studies have been hindered due
to factors such as the low natural abundance of this
apex predator (Francis 1996) and logistical difficulties associated with the capture and handling of
large individuals. As a result, most information on
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white shark reproduction has come from rare opused to evaluate the reproductive stage of this speportunistic sampling of incidentally captured indicies in the coastal waters of Cape Cod, Massachuviduals (Francis 1996, Pratt 1996, Saïdi et al. 2005) or
setts (USA).
indirect methods (e.g. satellite and acoustic telemetry) that have allowed researchers to make hypotheses regarding certain aspects of reproductive ecol2. MATERIALS AND METHODS
ogy (Jorgensen et al. 2010, Domeier & Nasby-Lucas
2013, Skomal et al. 2017). Given the importance of
Muscle tissue was sampled from free-swimming
reproductive data for the effective conservation of
white sharks near Cape Cod, Massachusetts, in the
shark species, this deficit recently prompted experts
Northwest Atlantic Ocean (Fig. 1), between August
to highlight reproduction as 1 of the top 10 research
and October of 2017 and 2018 as part of the Massapriorities for white sharks (Huveneers et al. 2018).
chusetts Division of Marine Fisheries directed white
The analysis of reproductive hormone concentrashark tagging program. Samples were collected from
tions, such as estradiol (E2) and testosterone (T), in
sharks swimming at the surface using a custombody tissues is a nonlethal approach to elasmobranch
made, marine-grade 316 stainless steel biopsy neereproductive studies that can be used to inform chardle (Amherst Machine) attached to a hand-held tagacteristics such as life stage, reproductive status, the
ging pole (Skomal et al. 2017). The biopsy needle
timing of reproductive events, and how species are
was 11.5 cm long and 1 cm in diameter, with a beusing a particular habitat (Gelsleichter & Evans 2012,
veled cutting edge, internal retention barb, and a
Awruch 2013, Sulikowski et al. 2016). In female elassingle vent to allow water to escape. Underwater
mobranchs, E2 is primarily associated with regulating
video of each shark sampled was used to determine
vitellogenesis, while in males, T functions primarily
sex and identify individuals. The total length (TL) of
in spermatogenesis and sperm maturation (Awruch
each individual was visually estimated to the nearest
2013). Circulating concentrations of these hormones,
0.3 m, and life history stage was assigned as
obtained from blood plasma, have previously been
described by Skomal et al. (2017) (for males, juvenile:
used to nonlethally assess reproductive status in
< 3 m, subadult: 3.0−3.5 m, adult: ≥ 3.5 m; for females,
white sharks (Sulikowski et al. 2012). However,
juvenile: < 3 m, subadult: 3.0−4.8 m, adult: ≥ 4.8 m).
this approach has not been widely applied, in part
Juveniles and subadults were considered immature,
because obtaining plasma samples for studies of this
while adults were considered sexually mature. Musnature is logistically problematic for
many research groups. Alternatively,
quantifying reproductive hormones in
muscle tissue, which can be collected
from free-swimming individuals, has
also been shown to be effective in
determining reproductive state across
a range of aquatic vertebrates, including teleosts (Heppell & Sullivan
2000), chimeras (Barnett et al. 2009),
and elasmobranchs (Prohaska et al.
2013). For example, in the little
skate Leucoraja erinacea, spiny dogfish Squalus acanthias, and Atlantic
sharpnose shark Rhizoprionodon terraenovae, concentrations of reproductive hormones in muscle tissue
are generally related to those in
plasma and can be used as indicators
of reproductive status (Prohaska et al.
2013). Here, our objective was to apply
this method to white sharks for the
first time to determine whether concentrations could be quantified and
Fig. 1. Biopsy locations (black triangles) for white sharks sampled in this study
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cle samples were frozen and shipped on ice to the
2018, resulting in a total of 8 male samples. All
University of New England (Biddeford, ME), where
female biopsies were collected in the month of Octothey remained frozen at −20°C until processing.
ber across the 2 sampling years. Based on estimated
T and E2 were extracted from the muscle tissue of
TLs, all sampled females were likely subadults
males and females, respectively, following ether
(mean ± SD: 3.8 ± 0.36 m TL); with the exception of 1
extraction protocols modified from those used for
subadult, all males sampled were likely adults (3.7 ±
plasma by Sulikowski et al. (2012). Ether, which has
0.27 cm TL; Table 1). The mean recoveries for T and
been used to extract reproductive hormones from the
E2 from muscle tissue were 73.9 and 72.3%, respectively. E2 was detected (minimum detection limit:
muscle of spotted ratfish Hydrolagus colliei (Barnett
5 pg E2 per 100 μl extract) in 1 of the 6 extracted
et al. 2009), was chosen based on preliminary extracfemale samples, albeit at a very low level (B1710:
tions; this solvent resulted in higher recoveries of
29.8 pg E2 g−1 muscle). T was quantified in 7 of
hormones than a chloroform−methanol solution (Pro8 male samples (minimum detection limit: 6.25 pg T
haska et al. 2013). Samples were thawed on ice, and
per 100 μl extract) (Table 1). T levels were generally
white muscle tissue was excised, weighed, and translow (range 40.48−182.79 pg T g−1 muscle), with the
ferred to a borosilicate tube. Phosphate-buffered
notable exception of the second sample from the
saline (PBS) was added in a ratio of 1 g muscle to 1 ml
individual that was biopsied in consecutive years,
PBS, and the samples were homogenized using a
which had a T level of 1070.94 pg T g−1 muscle in
Kinematica Polytron PT 10-35. To account for proceOctober 2018 (Fig. 2).
dural loss, homogenate was spiked with approximately 1000 counts min−1 of the appropriate tritiated
hormone (1, 2, 6, 7,3H-T or 2, 4, 6, 7,16,17,3H-E2; Perkin
4. DISCUSSION
Elmer Life Sciences). Each homogenate sample was
then extracted 4 times with 5 ml of diethyl ether
In this study, we extracted and quantified E2 and T
(ACS grade) and snap-frozen in a dry ice and acefrom the muscle tissue of subadult female and
tone (ACS grade) bath. The aqueous phase was desubadult and adult male white sharks, respectively.
canted into a second borosilicate tube and evaThe results of this study are consistent with our curporated at 37°C in a heat block under a stream of
rent understanding of the role of reproductive hornitrogen. Isolated hormones were reconstituted in
mones in sharks, are comparable to concentrations
250 μl of PBS with 0.1% gelatin and stored at 4°C.
previously reported for elasmobranch skeletal musHormone concentrations were determined followcle, and follow general trends observed across life
ing radioimmunoassay methods modified from Sulistages in other vertebrate species. This illustrates
kowski et al. (2004). Antisera (provided by Dr. Gordon
that assessing reproductive hormone concentrations
Niswender, Colorado State, Fort Collins, CO) were
diluted in PBS with 0.1% gelatin to
Table 1. Biopsy data for individual white sharks. Life stages were based on
final concentrations of 1:17 600 and
Skomal et al. (2017). TL: total length; E2: estradiol; T: testosterone; <min: below
1:60 800 for T and E2, respectively. A
the minimum detectable concentration of the assay
Tri-Carb 2900TR liquid scintillation
counter (Perkin Elmer Life Sciences)
Sex
ID
Date
Estimated Estimated
E2 (females)
was used to calculate radioactivity.
(mm/dd/yy)
TL (m)
life stage
or T (males)
The inter-assay coefficients of variation
(pg g−1 muscle)
were 15 and 15%, and the mean intraFemale B1707
10/5/17
3.6
Subadult
<min
assay coefficients of variation were 11
B1708
10/10/17
4.2
Subadult
<min
and 12% for T and E2, respectively.
B1710
10/20/17
3.6
Subadult
29.80

3. RESULTS
Male

Muscle samples were collected from
13 individual white sharks (6 females,
7 males), with estimated TLs ranging
from 3.3 to 4.2 m (Table 1). One male
(B1703) was biopsied twice, once in
August 2017 and again in October

B1711
B1712
B1715

10/20/17
10/27/17
10/31/18

3.9
3.3
4.2

Subadult
Subadult
Subadult

<min
<min
<min

B1701
B1703A
B1704
B1705
B1706
B1709
B1713
B1703B

8/7/17
8/17/17
8/17/17
9/13/17
10/2/17
10/18/17
8/9/18
10/19/18

3.3
3.6
3.9
3.6
3.9
4.2
3.6
3.6

Subadult
Adult
Adult
Adult
Adult
Adult
Adult
Adult

182.79
40.48
165.49
<min
46.61
157.06
153.12
1070.94
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as adults produce larger quantities of
this hormone during certain stages of
their reproductive cycle (e.g. Awruch
2013, Prohaska et al. 2013). Large, presumably mature females have previously been documented at the sampling site (Skomal et al. 2017), and
future studies should prioritize collecting muscle samples from such
individuals.
In contrast to females, the majority of
males sampled were considered adults
based on their estimated sizes (Skomal
et al. 2017). The muscle T levels of all
males sampled in this study were much
lower than those previously reported
in the plasma of mature male white
sharks (range 2519.12–7483.62 pg ml–1
plasma), and all but 2 were lower than
those in immature males (range 171.92–
Fig. 2. Muscle concentrations of testosterone versus the estimated total length
of male white sharks. The open circles represent data points for different sam337.79 pg ml–1 plasma) (Sulikowski et
ples collected from the same individual with associated dates of collection (given
al. 2012). This disparity is likely associas mm/dd/yy). The red dashed line indicates the estimated size at maturity
ated with differences in the quantity of
hormones present in different tissues,
in muscle tissue, which can be collected from freeas concentrations in muscle are generally considerswimming white sharks, is a feasible, non-invasive
ably lower than those in plasma (Prohaska et al.
method to gain information on the reproductive biol2013).
ogy of this species, which remains largely unknown
The low T levels that we observed can be attrib(reviewed by Huveneers et al. 2018).
uted to a number of factors. First, given considerE2 concentrations in the majority of female samples
able individual variation in size at maturity (Pratt
were undetectable, and this is likely a reflection of
1996), it is possible that males classified as adults
the maturity status of the individuals. For example,
based on TL had not reached maturity. However,
very low, often undetectable, E2 is characteristic of
visual assessment of clasper length and rigidity from
immature female sharks (Awruch 2013), and many
underwater video footage collected at the time of
studies have reported undetectable/minimum horsampling indicated that all males, including the
mone values for both immature females and mature
individual classified as a subadult, had well-develfemales that are not actively undergoing vitellogeneoped claspers that appeared to be calcified and
sis (e.g. muscle, Prohaska et al. 2013; plasma, Suliwere probably indicative of maturity (Pratt 1996).
kowski et al. 2016). Sulikowski et al. (2012) were simAlternatively, it is likely that the low T levels obilarly unable to quantify E2 in the plasma of immature
served could be associated with time of sampling
female white sharks, while mature females displayed
(early August to mid-October) as it relates to the
higher E2 concentrations. Muscle levels of this horreproductive cycle, as low T is generally found in
mone showed a similar pattern in Atlantic sharpnose
males that are not actively undergoing spermatosharks and little skates (Prohaska et al. 2013). As all
genesis (Gelsleichter & Evans 2012). The succesfemale white sharks in this study were likely immasively sampled male in this study (B1703) provided
ture based on their estimated sizes, low or undean interesting observation of variability over time
tectable E2 concentrations were expected. This result
that suggests T concentrations begin to rise in the
is further supported by the observation that none of
fall. In some elasmobranch species, T levels peak
these individuals had scars or wounds indicative of
several months prior to mating (when spermatorecent mating. In addition, given that the high sensigenic activity is highest), decrease and remain low
tivity of our assay was able to detect the very low
throughout the mating season, and subsequently
E2 concentration in 1 subadult female, this method
begin to increase again after the mating period
can be used in the future to study mature females,
(Manire & Rasmussen 1997). If this pattern holds
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for white sharks, our observations support the hypothesis that this species mates in the spring and
summer months in the Northwest Atlantic Ocean
(Pratt 1996, Skomal et al. 2017), and it could also
be indicative of post-spermatogenesis sperm storage. Sperm storage has been well documented in
elasmobranchs, including the white shark (Pratt &
Tanaka 1994), and Domeier (2012) suggested that
low plasma T levels measured in reproductively
active male white sharks sampled off Guadalupe
Island, Mexico, a purported breeding area, could
be indicative of post-spermatogenesis sperm storage. However, without additional sampling, we
cannot entirely rule out that the difference in T
found in successive samples from B1703 reflected
a change in maturity state between years (Prohaska et al. 2013), variation associated with individual reproductive behaviors, or dominance effects
(Henningsen et al. 2008), which have been largely
unexplored in wild elasmobranch populations. Future
studies should evaluate how muscle T levels fluctuate over time and among individuals in relation to
reproductive events in this species.
In conclusion, the results herein provide the first
use of muscle tissue to assess reproductive status of
white sharks at a known aggregation site in the
Northwest Atlantic. The results of our study suggest
that this method is a feasible, non-invasive approach
that can be applied to white sharks to gain insight
into the reproductive biology and ecology of this
species, which remains poorly understood. Some
useful applications may include using muscle hormone concentrations to assess individual variability in reproductive events or maturity as well as
to evaluate habitat use as it relates to reproduction. Future studies should prioritize collecting
muscle samples from individuals of varying life history stages throughout the year for both sexes to
evaluate how concentrations of hormones change
throughout maturity and a complete reproductive
cycle.
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