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Fundamental characteristics of the reproductive biology of female sand tiger sharks 
Carcharias taurus are needed to understand the periodicity, seasonality and environmental 
factors essential for reproduction in this iconic species. Animals in managed care, such 
as aquariums, provide the unique opportunity for longitudinal study in contrast to in situ 
sharks that are examined opportunistically, and at a single point in time. Additionally, 
comparison of reproductive observations from successfully reproducing in situ sharks 
and aquarium sharks may help elucidate reasons for lack of reproduction among 
aquarium sharks and aid the development of assisted reproductive techniques for 
managed populations. Reproductive status of in situ and aquarium female sharks was 
assessed using ultrasonography and plasma hormone (17β-estradiol, testosterone, and 
progesterone) monitoring. The reproductive cycle was divided into eight stages based 
on ovarian activity and uterine contents. In situ sharks were sampled from Delaware Bay 
(n  = 29), North Carolina (n = 39) and South Carolina (n = 11) during April-November from 
2015–2020. Nineteen aquarium females from five aquaria were examined longitudinally 
for two or more consecutive years. Reproductive regionalization was observed among 
in situ females with the majority (83%) of North Carolina females in an active state of 
reproduction and all Delaware females in a resting reproductive state. All aquarium females 
had a pattern of reproductive cycling that was consistent with alternating years of activity 
and rest with confirmed biennial (n = 7) or triennial (n = 3) reproductive cycles with spring 
seasonality. In contrast to in situ females, aquarium females often retained uterine eggs 
for 9-20 months after ovulation in the absence of a developing embryo(s). Pre-ovulatory 
aquarium females had significantly higher concentrations of 17β-estradiol, testosterone 
and progesterone than other reproductive stages. For females in the ovulatory stage, 
in situ females had higher testosterone than aquarium females. Endocrine differences 
between successfully reproducing in situ females and aquarium females likely contribute 
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INTRODUCTION
Sand tiger sharks Carcharias taurus are one of fifteen extant 
species belonging to the Lamniformes order of sharks. Lamnoid 
sharks include some of the most ancient and recognizable shark 
species such as basking sharks Cetorhinus maximus, megamouth 
sharks Megachasma pelagios, and white sharks Carcharodon 
carcharias (Gilmore et al., 2005). The reproductive mode for all 
Lamniformes is oophagy, a matrotrophic aplacental mode of 
reproduction where developing embryos are supplied with eggs 
as a supplemental form of nutrition. Detailed information about 
the reproductive life history of this order of sharks is deficient due 
to their rarity and/or protected status, with five species classified 
as ‘Vulnerable’, four species classified as ‘Endangered”, and the 
sand tiger shark classified as ‘Critically Endangered’ by the 
International Union for Conservation of Nature’s (IUCN) Red 
List of Threatened Species (Rigby et al., 2021). Among lamniform 
species, most is known about the reproductive life history and 
biology of sand tiger sharks from studies of populations in the 
western North Atlantic (WNA) (Springer, 1948; Gilmore et al., 
1983; Castro, 2009), western South Atlantic (WSA) (Lucifora 
et al., 2002), Australia (Bansemer and Bennett, 2008; Bansemer 
and Bennett, 2009) and South Africa (Bass et al., 1975; Dicken 
et al., 2006; Smale et al., 2007; Smale et al., 2012).

Aquariums have included sand tiger sharks in large mixed-
species exhibits for nearly a century (Koob, 2004), but they do 
not readily reproduce in managed care (Henningsen et  al., 
2017; Willson and Smith, 2017; Wyffels et al., 2020a). Sharks are 
observed mating, but young rarely result. Evidence that females 
cycle in aquariums comes from observations of uterine metritis 
from retained egg cases and the release of egg cases into the habitat, 
commonly described as egg shedding, dumping or dropping 
(George et al., 2017). For sharks in managed care, reproduction 
may be affected by environmental, social, demographic and/or 
physiological differences from in situ populations (Henningsen 
et al., 2004a; Henningsen et al., 2004b; Henningsen et al., 2017). 
Endocrine dysfunction and poor gamete quality for male sand 
tiger sharks  in managed care has been demonstrated, and likely 
contributes to limited reproductive success for this species in 
aquaria (Wyffels et al., 2020b).

Sand tiger shark females mature at 8-10 years (Goldman 
et al., 2006) with a lifespan of up to 40 years (Passerotti et al., 
2014) and have a synchronous and seasonal reproductive cycle 
(Gilmore et al., 1983; Lucifora et al., 2002; Smale et al., 2007). 
At the start of the reproductive cycle, the ovary increases 
in size with maturation of tens of thousands of vitellogenic 
follicles that are ovulated and subsequently encapsulated 
by the oviducal (nidamental or shell) gland over a period 
of about 200 days (Gilmore et  al., 2005; Castro, 2009). In 

addition to oophagy, sand tiger sharks utilize adelphophagy 
or intrauterine cannibalism, a rare reproductive strategy, 
early in gestation (Springer, 1948; Gilmore et  al., 1983). 
During late gestation the ovary is no longer vitellogenic and 
the embryo relies on internally stored yolk from its distended 
yolk stomach. Gestation is estimated to be 280-300 days and 
parturition occurs in late winter or early spring depending on 
location, with more northern locations lagging behind warmer 
southern locations (Gilmore et al., 2005; Wyffels et al., 2020a).

The periodicity of the reproductive cycle of female sand 
tiger sharks has been described as annual (Gilmore, 1993), 
biennial (Branstetter and Musick, 1994; Lucifora et  al., 2002; 
Dicken et al., 2006; Castro, 2009) and triennial (Bansemer and 
Bennett, 2009). Because gestation is less than a year, biennial 
and triennial reproductive cycles include one or more resting 
years after each active reproductive year, a common strategy for 
many large coastal elasmobranchs. The reproductive status of 
sand tiger shark females can be described as active or resting, 
based on ovarian activity and uterine contents. During an active 
year, females in the WNA undergo vitellogenesis in spring, are 
gravid during summer, fall and winter, and give birth in late 
winter and early spring (Gilmore et  al., 2005; Wyffels et  al., 
2020a). Females in a resting year are not gravid and possess an 
avitellogenic or quiescent ovary during the same seasons. In the 
wild, reproductively active and resting females have been found 
to segregate spatially (Branstetter and Musick, 1994; Lucifora 
et  al., 2002; Dicken et  al., 2006; Smale et  al., 2007), therefore, 
sampling a large part of their range is required to observe all 
reproductive stages and to accurately describe periodicity. In the 
WNA, females in an active reproductive state have been observed 
from the North Carolina and Florida Atlantic coast but not from 
more northern parts of their range (Gilmore et al., 2005).

Determining reproductive cycle length is simplified if the 
same shark can be examined over time, but this is not feasible 
for in situ populations because recapture of the same individual 
is uncommon. In contrast, by leveraging non-lethal methods 
including ultrasonography and endocrine profiling, the 
reproductive status of sharks in aquariums can be characterized 
longitudinally, throughout a complete reproductive cycle, and 
used to confirm patterns observed for in situ sharks where 
each female is examined at a single point in time during her 
reproductive cycle. There are few studies of the reproductive 
endocrinology of sand tiger sharks and none include samples 
from in situ females throughout their reproductive cycle 
(Henningsen et al., 2008; Henningsen et al., 2015; Wyffels et al., 
2020b). In situ data is valuable as a standard of comparison for 
reproductive (Mylniczenko et al., 2019; Wyffels et al., 2020b) and 
general health parameters (Otway, 2015) of managed sharks and 

to the limited reproductive success observed for this species in managed care and may 
be a reflection of diminished seasonal cues and environmental differences.
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rays, especially in cases where the managed population fails to 
produce young.

Characterizing endocrine patterns associated with 
reproduction for in situ female sand tiger sharks will provide basic 
information needed to understand if female endocrine dysfunction 
contributes to the lack of reproduction for sand tiger sharks in 
managed care. The objective of this study was to contribute to 
our understanding of female reproduction of this iconic species  
by: (1) development of non-lethal methods to assess the 
reproductive status; (2) investigate reproductive seasonality and 
periodicity, and (3) compare reproductive characteristics of 
successfully reproducing in situ females to aquarium females.

MATERIALS AND METHODS

Sharks and Husbandry
In situ sharks were sampled from Delaware (DE) (n = 29) and 
South Carolina (SC) (n = 11) using longlining methods with 
25-100 (16/0) circle hooks with flattened barbs baited with 
frozen-thawed Atlantic mackerel (Scomber scombrus). Lines 
were set throughout the day and soaked for 30 minutes to 
2 hours before retrieval. In situ sharks sampled from North 
Carolina (NC) (n = 39) were caught using conventional rod and 
reel tackle, 25 miles offshore from Morehead City with angling 
time less than 10 minutes. Sharks (n = 79) were examined once 
during the study and fishing occurred between April-November 
2015–2020. All sharks were tagged with conventional NMFS 
shark tags before release (Kohler and Turner, 2001). Sand tiger 
sharks (n = 42) housed at AZA institutions: former Georgia 
Aquarium affiliate Marineland Dolphin Adventure, Ripley’s 
Aquarium of the Smokies, Ripley’s Aquarium at Myrtle Beach, 
Ripley’s Aquarium of Canada and Wildlife Conservation 
Society’s New York Aquarium were examined 1–4 times annually 
for 1–5 years with a subset (n = 18) examined opportunistically 
and less frequently during the study. Aquarium environmental 
conditions for regularly monitored sharks (n = 24) are given 
in Table  1. The study was approved by the South-East Zoo 

Alliance for Reproduction & Conservation Institutional Animal 
Care and Use Committee (IACUC) and sharks were managed 
in accordance with AZA-accredited institutional husbandry 
guidelines.

Physical Examinations
In situ sand tiger sharks were restrained boat-side or transferred 
using a stretcher to a water-filled livewell aboard the vessel 
for examination. Restraint of sharks examined boat-side was 
accomplished using the fishing leader and a tail rope to secure 
the shark. Aquarium sand tiger sharks were manually restrained 
within a nylon cargo net or stretcher. Ventilatory support was 
provided with a submerged pump directed towards the shark’s 
mouth, and respiration rate was monitored throughout restraint 
(Stamper, 2004). Sharks were examined using tonic immobility 
or they remained upright or canted to either side as necessary 
for procedures.

Shark examinations were limited to 30 minutes. Blood (15 ml) 
was collected from the ventral tail vein from a ventral or lateral 
approach and immediately transferred to lithium heparin coated 
blood collection tubes without separator gel (BD Vacutainer, 
Franklin Lakes, NJ). Blood samples collected from in situ sharks 
were held in a cooler chilled with ice packs until processing at 
the end of the day. Plasma was collected after centrifugation 
(22-25°C, 1500 x g, 5 min) and stored frozen (-20°C) for steroid 
hormone analysis.

For the purposes of this study, sharks < 220  cm TL were 
considered juveniles, 220-230  cm TL subadults and >230  cm 
TL adults. Ultrasonography using an Edge II with a rC60xi 5-2 
MHz transducer (Fujifilm SonoSite, Inc., Bothell, WA) or Ibex 
Pro with a Cli3.8 2.5–5 MHz curvilinear transducer (E.I. Medical 
Imaging, Loveland, CO) was performed to examine the ovary 
and uteri of females 220cm TL and larger (n = 98). The uterus 
was remarked to be collapsed or empty (Figure 1A) or to contain 
fluid, egg cases (Figure 1B) or developing embryos (Figure 1C). 
The ovary was either small and quiescent or enlarged with 
vitellogenic follicles (Figures 2A, B). Females with a vitellogenic 

TABLE 1 |  Environmental characteristics for aquarium sand tiger sharks Carcharias taurus.

Institution Sharks 
mature (immature)

Seawater Light &  
Photoperiod

Temperature  
Range °C

Temperature  
Change °C

Enclosure

Marineland Dolphin Adventure 7 (1) natural natural & 16-26 10 320 kl
natural 3 m deep

12.2 m round
Ripley’s Aquarium of Canada 4 artificial artificial & 17-25 8 208 kl

13L: 11D 1.7 m deep
12.2 m round

Ripley’s Aquarium of Myrtle Beach 2 (2) artificial artificial & 22-23 <2 208 kl
13L: 11D 1.7 m deep

12.2 m round
Ripley’s Aquarium of the Smokies 5 artificial artificial & 21-23 <2 2081 kl

13L: 11D 3.6 m deep
irregular

Wildlife Conservation Society’s  
New York Aquarium

1 (2) natural artificial with 23 ± 1 <2 357 kl
natural influence 3 m deep

  12.2 m round
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FIGURE 1 |  Ultrasonography was used to determine contents of the paired uteri. Sonographs (longitudinal) show a uterus (u) with no contents typical of resting 
females (A), a uterus with egg cases (*) (B), or both uteri, one with egg cases and the other with a developing embryo (dotted outline, arrow indicates snout) and 
egg cases (*) in early gestation (C). Each egg case (D) contains multiple eggs enclosed by a soft and pliable case secreted by the oviducal gland. Aquarium females 
without developing embryos were observed to release hundreds of uterine egg cases (E) up to 2 years after ovulation.

FIGURE 2 | Sand tiger shark females develop large vitellogenic ovaries with thousands of follicles (A) during spring of their active reproductive year. Using 
ultrasonography (B), with the transducer in transverse orientation on midline just caudal to the pectoral girdle, the ovary (Ov) is juxtaposed to liver (L) and extends 
caudal to the anterior oviduct. A cystic ovary (C) is composed of yellow yolky vitellogenic follicles and fluid filled cysts (*) that appear anechoic in sonograms (D). 
Scale (cm) is at the right (B) or top and left (D) edge of sonograms.
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ovary and/or developing embryos were considered to be in an 
active reproductive state. Females with an avitellogenic ovary  
and an empty uterus were considered to be in a resting 
reproductive state.

One or more measures of shark length from the tip of the 
nose to: the tip of the tail in a natural position as total length 
(TL), the fork in the tail as fork length (FL), and the precaudal 
pit as precaudal length (PCL) was collected as examination time 
and field conditions allowed. Length data for measurements not 
collected directly were calculated using measured lengths and 
the previously established relationships between TL, FL and 
PCL for WNA sand tiger sharks (Goldman et  al., 2006). Age 
was calculated from TL using female specific coefficients for the 
Von Bertalanffy growth function (Goldman et  al., 2006). Age 
calculations for aquarium sharks were determined from TL at 
time of collection and known time in managed care. Maturity was 
assigned to sharks using direct evidence of reproductive cycling 
from ultrasonography including observation of vitellogenic 
follicles, uterine egg cases or embryos. Without direct evidence, 
maturity was assigned from total length using size at maturity 
determined in this study and previously reported size at maturity 
for sand tiger sharks in the WNA (Springer, 1948; Gilmore et al., 
1983; Castro et al., 1999).

Endocrine Assays
Plasma samples were analyzed using a competitive double 
antibody enzyme immunoassay (EIA) protocol using antibodies 
for 17β-estradiol (E2) (1,3,5(10)-estratrien-3, 17β-diol; R0008), 
testosterone (T) (testosterone-6-carboxymethyl oxime; R156/7), 
and progesterone (P4) (11α-hemisuccinate progesterone; R4859) 
and corresponding horseradish peroxidase (HRP) conjugates all 
sourced from C. Munro, Clinical Endocrinology Lab, University 
of California, Davis, CA. Antibody cross-reactivity for E2 
(Amaral et al., 2013), T (Penfold et al., 2013) and P4 (Graham 
et al., 2001) have been reported previously. Plasma samples were 
extracted using diethyl ether before E2 and P4 assays and T was 
measured from neat plasma. Plasma was double ether-extracted 
by placing 1 ml into a 16 x 125 glass tube and adding 5 ml of diethyl 
ether (Fisher Scientific Co., LLC, Pittsburgh, PA) and vortexing 
for 1 min. The samples were frozen in liquid nitrogen, and the 
ether supernatant decanted into a second glass tube. The plasma 
was re-extracted, and the combined ether supernatants were air-
dried, reconstituted in 1 ml of methanol (Fisher Scientific), and 
sonicated for 5  min. The methanol fraction was air-dried and 
reconstituted in 250 μl of EIA buffer (195  ml stock A (0.23 M 
NaH2PO4), 305 ml stock B (0.2 M Na2HPO4), 0.15 M NaCl, 1 g/L 
BSA; all chemicals from Sigma-Aldrich, Inc. St. Louis, MO 68178 
USA). Serial dilutions of pooled plasma generated dose response 
curves parallel to serially-diluted standard. Assay sensitivity 
was 0.08 ng/ml (E2 and P4) and 0.02 ng/ml (T). Recovery of 
testosterone spiked plasma yielded 56% whereas recovery of 
unextracted plasma yielded 96%. Differences in processing 
techniques have previously been published, demonstrating the 
importance of validations for each hormone by sex (Graham 
et  al., 2016). Recovery of known amounts of synthetic E2, T 
and P4 added to pools of plasma was 80% (regression equation: 

1.2817x  + 4.8721, r2 = 0.967), 96% (regression equation: 1.0252x 
+ 0.003, r2 = 0.998) and 96% (regression equation: 1.0252x + 
0.003, r2 = 0.998), respectively. Extracted plasma samples were 
assayed neat or diluted 1:2 for E2, and neat for P4. Non-extracted 
plasma was assayed 1:4 for T. Inter-assay coefficients of variation 
for high and low controls were 4.6% and 3.4% (E2), 10.3% and 
6.3% (T) and 10.3% and 6.3% (P4). Mean intra-assay coefficients 
of variation were 2.73 ± 2.8%, 2.41 ± 0.08% and 3.42 ± 0.14%  
for E2, T, and P4, respectively. Hormone values were reported  
as ng/ml.

Antibody reactivity was investigated using reverse-phase high 
performance liquid chromatography mass spectrometry (HPLC/
MS). Pooled serum from in situ samples previously determined 
in EIA assays to contain a relatively high concentration of one or 
more hormones (E2, T, and P4) was ether-extracted and dried 
as previously described. The pooled sample was desalted with a 
Sep-Pak Vac C-18 solid phase extraction column (WAT020805, 
Waters, Franklin, MA, 02038-3119 USA)  and dissolved in 
70% (v/v) methanol.  Hormone standards (E2, T, and P4) were 
prepared singly at 40 ng/ml in 70% methanol and combined 
into one mixed standard. Separation of steroid hormones was 
carried out using a Waters HPLC/MS (Autopur) mass-directed 
preparative purification system with Waters 2767 Sample 
Manager and SQD2 MS using a Sunfire® Prep C18 OBD Column 
(19 × 100 mm, 5 μm particle size) eluted with a linear gradient of 
A [Millipore H2O/HPLC-grade Acetonitrile (ACN) (95:5 v/v  + 
0.1% formic acid)] and B [ACN (+ 0.1% formic acid)], time = 
0 min A:B (95:5 v/v), time = 6 min A:B (0:100 v/v) and flow rate 
of 20 ml/min. Beginning 1 minute after sample loading (500 μl) 
and until all standards were eluted based on visual inspection of 
peaks at hormone specific m/z ESI pos [M+1] (273.16 E2, 289.42 
T and 315.36 P4) (~6 minutes), 1ml fractions were collected 
for subsequent evaluation of immunoreactivity. Fractions from 
mixed standards and pooled plasma were dried, reconstituted 
in EIA assay buffer, and analyzed for E2, T, and P4 via EIA as 
described previously.

Data Analyses
Descriptive statistics reported include mean, range and standard 
deviation (SD). Baseline concentration for each hormone was 
calculated using samples from all in situ sharks and an iterative 
algorithm (Brown et al., 1999). The mean concentration of each 
hormone from all in situ shark samples was calculated, and 
samples with values greater than 2 SD above the mean were 
removed before recalculation of the mean. This process was 
repeated successively until no samples with values greater than 
the mean + 2 SD remained. The mean of the remaining data was 
designated as the baseline and hormone concentrations greater 
than baseline + 2 SD were considered elevated. A Kruskal-
Wallis test with pairwise post-hoc Dunn test using Benjamini 
Hochberg alpha adjustments was used to determine the effect of 
reproductive stage on steroid hormone concentration for in situ 
sharks. Linear mixed modeling (LMM) was used to assess the 
significance of reproductive stage on hormone concentration for 
aquarium sharks. Mixed models included individual as a random 
factor to account for unbalanced repeated measures for aquarium 
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sharks with reproductive stage and environment or aquarium as 
potential factors or explanatory variables. Model fit was compared 
using likelihood ratio tests (LRT). For models with a significant 
LRT, explanatory factors were retained if the model Bayesian 
Information Criteria (BIC) was reduced (Schwarz, 1978). Final 
models were fit by restricted maximum likelihood (REML) with 
error degrees of freedom calculated using the Satterthwaite 
method. Differences for significant factors were explored using 
post-hoc pairwise comparisons with Tukey adjusted p-values and 
Kenward-Roger adjusted degrees of freedom. Mixed models were 
used to compare hormone concentration between in situ and 
aquarium sharks for common reproductive stages (resting and 
ovulatory). Models included the reproductive stage, population 
(aquarium or in situ) and their interaction with individual as 
a random factor to account for unbalanced repeated measures 
for aquarium sharks. Kendall’s correlation coefficients between 
steroid hormone pairs were calculated for aquarium and in 
situ sharks. Statistical analyses were conducted using R Version 
4.0.3 (R Core Team, 2016) with packages lme4 Version 1.1-14 
(Bates et al., 2015), lmerTest Version 2.0-33 (Kuznetsova et al., 
2017), emmeans Vesion 1.3.1 (Lenth, 2018) and ggplot2 Version 
3.3.2 (Wickham, 2009). An alpha of P < 0.05 was considered 
significant.

RESULTS

Shark Examinations
Shark length ranged from 145–299 cm TL (107-226  cm PCL) 
with more immature sharks sampled from DE compared to NC 
and SC (Table  2). The smallest female confirmed mature by 
ultrasonography observation of a vitellogenic ovary and uterine 
egg cases was 231 cm TL (175 cm PCL), and this was used as a 
threshold for maturity for this study (Table  3). Age calculated 

from TL for each size cohort indicates juveniles were up to 
7.5 years old, subadults 8.2–9.2 years old and adult sharks 9.6 
years or older (Table 3). Aquarium subadults were 224 ± 7 cm 
TL (n = 5, range 217–236 cm) and adults 264 ± 12  cm TL  
(n = 23, range 242–291 cm). Aquarium juveniles were not 
included in the study.

During this study, aquarium sharks were examined 
collectively 206 times without incident. One ovulatory stage 
female examined at the beginning of this study died within 24 
hours of handling due to gut torsion. In an effort to minimize 
future risk of torsion, examination procedures for sharks were 
modified and females remained upright with incomplete rotation 
as required  with few exceptions. Samples from 10 females were 
excluded from analyses because they were collected at the time 
of necropsy or health complications were discovered during 
physical examination of the female. Handling for 30 minutes or 
less did not result in observable negative effects upon release for 
in situ sharks and aquarium sharks swam normally upon release 
and resumed eating at their normally scheduled feedings, 24-48 
hours post-examination.

Reproductive Cycle
In Situ Sharks
The reproductive cycle of mature females was divided into active 
(pre-ovulatory, ovulatory, early gestation, midgestation, late 
gestation and postpartum) and resting (resting) stages based 
on ultrasonography observations of ovarian activity and uterine 
contents (Table  4). Females sampled from SC were observed 
in both active (n = 1) and resting (n = 3) reproductive states 
(Table 2). Females from NC (n = 23) were predominately (83%) 
in an active reproductive state with 3 resting females sampled, 
one each for the months of June – August. Females sampled in DE 
were either immature or in a resting reproductive state (Table 2).

TABLE 2 | Size and sampling locations for in situ sand tiger sharks Carcharias taurus.

 Precaudal Length (cm) Immature Mature Reproductive Status

< 175 >175

Unknown Resting Pre-Ovulatory Ovulatory Early Gestation Midgestation

South Carolina

April 3 5 2 2 1

May – 3 2 1

Delaware

June 5 1 1

July 10 3 3 1

August 8 2 2

North Carolina

June 7 1 1

July 2 4 1 1 2

August 6 6 1 2 3

October – 7 1 6

November – 6       1   5
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Among sharks sampled in an active reproductive state, 
only one female sampled during April in SC was in the pre-
ovulatory stage (Table 4). All other sharks observed in an active 
reproductive state were sampled from NC. Ovulatory females 
with uterine egg cases (Figures  1B, D) were observed in July, 
August, October and November (Table 2). The majority of mature 
sand tiger sharks sampled off the NC coast in late summer and 
early fall were confirmed pregnant (Figure 1C). No samples were 
collected from late gestation and postpartum stage females.

Aquarium Sharks
Aquarium females were examined in all months except January 
and September and observed in pre-ovulatory, ovulatory and 
resting reproductive stages. A second resting reproductive 
stage, designated as retaining (Table 4), describes females with 
an avitellogenic ovary and uterine egg cases without observable 
evidence of fertilization or embryonic development. Nearly 
half of all females were observed in the retaining stage for one 
or more physical examinations. Six observations of egg release 
(Figure  1E) were reported. Two females released egg cases in 
March and April, within a year of ovulation. The remaining 4 

observations of egg case release were for egg cases retained in 
the uteri for more than a year after they were ovulated. Duration 
for the retaining stage calculated from the first observation of 
retaining at a physical examination to a reported egg shedding 
event was 301 ± 55 days. A single postpartum blood sample was 
collected in April from a female that was successfully mated and 
became pregnant during the study timeframe (Table 5) (Wyffels 
et al., 2020a).

A peak in pre-ovulatory stage females was observed April–
June followed by ovulatory stage females in June and August 
(Table 5). Resting stage females were observed throughout the 
year and in nine of the ten months that females were examined. 
Retaining stage females were observed in six of the ten months 
that females were examined including spring, summer and fall. 
The largest percentage of females in a resting reproductive stage 
was observed in November with approximately half of females 
examined in February, March, July and August also in a resting 
reproductive stage (Table 5).

The minimum duration for pre-ovulatory and ovulatory 
stages calculated from sequential examinations where the female 
remained in the same reproductive stage was 70–119 days  

TABLE 3 | Age and size class for in situ sand tiger sharks Carcharias taurus.

  n Age* Total Length (cm) Fork Length (cm) Precaudal Length (cm)

mean ± SD min-max mean ± SD min-max mean ± SD min-max mean ± SD min-max

Adult 36** 14.2 ± 2.5 9.6—19.9 257 ± 13 231—299 215 ± 12 196—253 192 ± 10 175—226
Subadult 10 8.6 ± 0.3 8.2—9.2 224 ± 3 220—230 188 ± 5 180—195 165 ± 5 158—171
Juvenile 30 5.0 ± 1.5 1.9—7.6 186 ± 17 145—213 155 ± 14 122—178 136 ± 13 107—158

*Calculated using Von Bertalanffy coefficients from Goldman et al., 2006 ** Age not estimated for 299 cm total length shark.

TABLE 4 | Sand tiger shark Carcharias taurus reproductive stages.

State Stage In situ (n) Aquarium (n) Ovary Uterus

Active
Pre-Ovulatory 1 19 vitellogenic empty
Ovulatory 6 20 vitellogenic egg cases
Early Gestation 3 – vitellogenic egg cases & embryo(s)
Midgestation 11 – vitellogenic embryo
Late Gestation – – avitellogenic embryo
Postpartum – 1 avitellogenic empty

Resting
Resting 8 22 avitellogenic empty

  Retaining – 13 avitellogenic egg cases

TABLE 5 | Aquarium sand tiger shark Carcharias taurus reproductive stages by month.

Reproductive Stage Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec

Exams 2 19 17 12 30 20 8 21 2 8 19 5
Females 2 14 13 10 14 15 7 11 2 7 13 5
Active State (% Exams) 32% 35% 58% 63% 65% 50% 43% 62.5% 16% 40%
Pre-Ovulatory – 3 5 6 17 10 2 – – – 1 1
Ovulatory – 3 1 – 2 3 2 9 – 5 2 1
Postpartum – – – 1 – – – – – – – –
Resting State (% Exams) 68% 65% 42% 37% 35% 50% 57% 100% 37.5% 84% 60%
Resting 2 9 8 2 3 5 3 7 1 3 8 2
Retaining – 4 3 3 8 2 1 5 1 – 8 1
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(n = 6) and 111–209 days (n = 4), respectively. Considering 
sequential examinations for pre-ovulatory and ovulatory stages 
together, the ovary contained vitellogenic follicles for 146–280 
days (n = 4) during the active year of the reproductive cycle. 
The two oldest females in the study had a cystic ovary that 
resolved partially or completely when vitellogenesis commenced 
(Figures 2C, D).

The resting state (combining retaining and resting stages) 
for 8 reproductive cycles from 6 aquarium females was 327 ± 24 
days. Two females moved from an institution without seasonal 
changes in temperature to an institution with seasonal changes 
in temperature had a winter ovulatory cycle before relocation 
followed by an abbreviated resting period of more than 105 days 
but less than 216 days before their next cycle in spring. Two 
females were observed in a resting state for longer than a year, 
the first for more than 546 days and less than 727 days and the 
second for more than 472 days and in a resting state as of the 
completion of the study.

Nineteen females were examined longitudinally for two or 
more consecutive years to determine reproductive cycle length 
(Table  6). Females had a pattern of reproductive cycling that 
was consistent with alternating years of activity and rest with 
confirmed biennial (n = 7) or triennial (n = 3) reproductive cycles. 
One of the two triennial females was newly mature (10 years old) 
but the second female was nearly 20 years old. The time for one 
complete reproductive cycle was 1084 days for one female with a 
triennial cycle and 747 and 722 days for 2 females with a biennial 
cycle. The shortest time for a complete reproductive cycle (572 
days) was observed for one of the two relocated females described 
above with an abbreviated resting stage. No females followed 
an annual reproductive cycle; an active reproductive year was 
always followed by, and/or preceded by, a resting reproductive 
year. Females (n = 9) that were observed first in a resting year 
and followed for 3 reproductive seasons or fewer could not be 
confirmed as biennial or triennial before the end of the study.

Steroid Hormones
Plasma immunoreactivity for HPLC fractions of pooled, ether-
extracted plasma occurred in the same fractions as E2, T and P4 
standards.

In Situ Sharks
Hormone concentration generally increased with shark size 
and reproductive activity (Figures  3A, 4A, 5A). Baseline and 
elevated (baseline + 2 SD) hormone concentration determined 
from an iterative analysis of samples from all sharks was 0.124 
and 0.326 ng/ml for E2, 1.12 and 2.87 ng/ml for T, and 0.173 and 
0.303 ng/ml for P4. Kendall’s correlation coefficient indicates 
weak or no correlation between steroid hormones: P4 and T 
(τb = 0.003, P = .9745), E2 and T (τb = -0.01, P = 0.92), and E2 
and P4 (τb = -0.25, P = 0.009). Among steroid hormones, E2 was 
measured in the smallest proportion of mature sharks and in the 
lowest concentrations. E2 was measured in plasma from 47% of 
immature sharks and 43% of mature sharks (Figure 3A). It was 
either not present or below the assay detection limit (0.08 ng/
ml) for remaining samples. E2 was elevated in plasma from 24% 
of mature sharks in an active stage of reproduction, not elevated 
for mature sharks in a resting stage of reproduction and elevated 
for 3% of immature sharks (Table 7). Reproductive stage had a 
statistically significant effect on E2 concentration (H(4) = 11, P = 
0.0264, n = 54). Post-hoc pairwise comparisons using a Benjamini 
Hochberg-adjusted alpha were significant between early gestation 
and midgestation stages (P = 0.0221) (Figure  3B). A trend for 
elevated E2 concentration for ovulatory females was observed but 
not significant. The highest E2 measured was from a pre-ovulatory 
stage female sampled in April (Figure 3C).

Testosterone was measured in 95% of immature sharks and 
100% of mature sharks (Figure 4A). Testosterone was elevated in 
95% of mature sharks in an active stage of reproduction compared 
with 43% of sharks in a resting stage of reproduction, and 10% 
of immature sharks (Table  7). Testosterone concentration was 

TABLE 6 | Reproductive cycle length and demographics of longitudinally monitored aquarium sand tiger sharks Carcharias taurus.

Female ID Observed Cycle Length Aquarium Residency  
(Years)

Age Population  
Males

Population 
Females

1 biennial 4 15 2 5
5 biennial 6 18 5–6 5−7
6 biennial 4 9 2 6-8
11 biennial 3 9 2 6−8
12 biennial 10 20 5–6 5–7
14 biennial 5 18 2 5
19 biennial 1 14 5−6 5−7
3 bi/tri-ennial 2 9 2 8
4 bi/tri-ennial 20 26 5−6 5−7
7 bi/tri-ennial 16 28 2 6−8
8 bi/tri-ennial 16 23 2 6−8

10 bi/tri-ennial 7 8 3 3
13 bi/tri-ennial 13 25 5−6 5−7
15 bi/tri-ennial 9 17 3 2−3
16 bi/tri-ennial 9 22 3 2−3
17 bi/tri-ennial 19 30 2 6−8
2 triennial 6 11 2 5
9 triennial 11 18 2 5
18 triennial 25 25 2 3
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FIGURE 3 | Plasma 17β-estradiol concentration by (A) shark length, (B) reproductive stage, and (C) month for in situ sand tiger sharks. Color indicates reproductive 
stage and the dotted line represents the threshold for elevated hormone concentration. Early gestation and midgestation 17β-estradiol were significantly different 
(*P  = 0.02).
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significantly affected by reproductive stage (H(4) = 39.65, P <.0001, 
n = 68) with increasing concentration upon maturity and for females 
progressing through successive stages of reproduction (Figure 4B). 
There was a significant difference between immature and resting 
(P = 0.0443), ovulatory (P = 0.00107), early gestation (P = 0.0161) 
and midgestation (P <.0001) stages (Figure  4B). Testosterone 
concentration was highest in the fall, associated with gestational 
females (Figure 4C).

Progesterone was measured in plasma from 97% of immature 
sharks and 91% of mature sharks (Figure  5A). Progesterone was 
elevated in plasma from 59% of mature sharks in an active stage 
of reproduction compared with 17% of sharks in a resting stage of 
reproduction and 25% of immature sharks (Table 7). Reproductive 
stage had a statistically significant effect on P4 concentration (H(4) = 
10.6, P = 0.0308, n = 54) (Figure 5B). Post-hoc pairwise comparisons 
of unadjusted alpha values revealed significant differences between 
resting and ovulatory (P = 0.0395), resting and midgestation (P = 
0.0145), ovulatory and early gestation (P = 0.0371) and early and 
midgestation (P   = 0.0184) however, after Benjamini-Hochberg 
adjustments, all p-values exceeded the threshold for significance 
(Figure 5B). The highest P4 concentrations among mature females 
were measured during the ovulatory stage and all midgestation 
females had elevated P4. Generally, P4 concentrations rose for 
females in active states of reproduction from spring to summer and 
fall (Figure 5C).

Aquarium Sharks
Steroid hormones from 18 aquarium sharks sampled during their 
active and resting states revealed that the majority of females have 
dynamic changes in hormone concentration associated with 
reproductive stage. However, five females (Females 14 –18) 
were relatively refractory, with hormone concentrations 
consistently below or near baseline regardless of reproductive 
stage (Figure  6). Kendall’s correlation coefficient indicates 
weak or no correlation between steroid hormone pairs for 
aquarium sharks: P4 and T (τb  = 0.28, P <0.001), E2 and T 
(τb = 0.23, P <0.001), and E2 and P4 (τb = 0.06, P = 0.32). 
Plasma E2 was elevated in the majority (68%) of samples 
from aquarium females in an active reproductive state but 
only a quarter (26%) of samples from sharks in a resting 

reproductive state and immature sharks (Table 7). Half (51%) 
of plasma samples from sharks in a resting reproductive state 
and a third (35%) of samples from immature sharks had E2 
levels below the detection limit (Table  7). Testosterone was 
detected in nearly all mature sharks and 70% of immature 
sharks. More than half (54%) of mature females in an active 
state of reproduction had elevated T compared with 21% of 
resting state (resting and retaining stages) females (Table 7). 
Progesterone was elevated for the majority (63%) of sharks in 
an active stage of reproduction compared with only 10% of 
resting state sharks (Table  7). Environment (aquarium) was 
not associated with hormone concentration, but reproductive 
stage was significant. Pre-ovulatory stage aquarium sharks had 
significantly elevated E and P4 compared to immature, resting, 
retaining, and ovulatory stage sharks (Figure 7). Testosterone 
also was elevated for pre-ovulatory compared to immature, 
resting and retaining stages but not different from ovulatory 
stage sharks (Figure 7). The only aquarium female to become 
pregnant (Female 1) during the study had the highest overall 
range of hormone concentrations for samples collected during 
resting and active reproductive states (Wyffels et  al., 2020a) 
(Figure  6). Two females with a cystic ovary (Females 7 and 
13) had hormone concentrations within the range observed 
for aquarium females (Figure 6).

In Situ and Aquarium Comparison
The proportion of plasma samples with elevated P4 concentrations 
was comparable for aquarium and in situ sharks (Table  7). In 
contrast, T concentration for aquarium sharks was persistently 
lower and E2 concentration was persistently higher compared to 
in situ shark plasma hormone concentrations (Table 7). Statistical 
comparison of hormone concentration between in situ and 
aquarium sharks was limited to reproductive stages that were 
overlapping between the two populations: resting and ovulatory. 
Hormone concentrations for immature sharks were not compared 
between populations because in situ samples were predominantly 
from juveniles and aquarium samples entirely from subadults. 
There was no difference in E2, T or P4 between in situ and 
aquarium sharks for resting females. Similarly, E2 and P4 were not 

TABLE 7 | Sand tiger shark Carcharias taurus plasma samples with hormone concentrations below detection or elevated by reproductive stage.

  
 

17β−Estradiol (E2) Testosterone (T) Progesterone (P4)

Sharks  
(Samples)

Below  
Detection

Elevated Sharks  
(Samples)

Below  
Detection

Elevated Sharks  
(Samples)

Below  
Detection

Elevated

0.08 ng/ml 0.326 ng/ml   0.02 ng/ml 2.87 ng/ml   0.08 ng/ml 0.303 ng/ml

In situ
Active 17 (17) 65% 24% 21 (21) 0% 95% 17 (17) 6% 59%
Resting 6 (6) 33% 0% 7 (7) 0% 43% 6 (6) 17% 17%
Immature 32 (32) 53% 3% 41 (41) 5% 10% 32 (32) 3% 25%

Aquarium
Active 30 (57) 16% 68% 35 (65) 5% 54% 29 (56) 9% 63%
Resting 33 (70) 51% 26% 34 (84) 4% 21% 33 (70) 20% 10%
Immature 9 (26) 35% 23% 9 (27) 30% 7% 9 (24) 25% 13%
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FIGURE 4 | Plasma testosterone concentration by (A) shark length, (B) reproductive stage, and (C) month for in situ sand tiger sharks. Color indicates 
reproductive stage and the dotted line represents the threshold for elevated hormone concentration. There was a significant difference between immature and 
resting (*P = 0.0443), ovulatory (**P = 0.00107), early gestation (*P = 0.0161) and midgestation (****P <.0001) stages. Testosterone concentration was highest in 
the fall, associated with gestational females.
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FIGURE 5 | Plasma progesterone concentration by (A) shark length, (B) reproductive stage, and (C) month for in situ sand tiger sharks. Color indicates reproductive 
stage and the dotted line represents the threshold for elevated hormone concentration.
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different between populations for ovulatory stage females but T 
was significantly higher (P < 0.001) for in situ sharks.

DISCUSSION

Seasonal patterns of ovulation and gestation confirm that the 
reproductive cycle of female sand tiger sharks is biennial or 
triennial with a breeding season during spring and early summer 
for sharks in the WNA. Critical to accomplishing research with 
threatened and protected species, nonlethal methods, including 
ultrasonography and endocrine profiling, were developed and 
shown to be effective for reproductive monitoring. Handling 

and restraint of aquarium sharks allowed a unique opportunity 
to assess and refine examination techniques, as post-release 
swimming patterns and food intake could be easily monitored. 
Examination procedures were optimized to minimize risk of 
post-procedure complications observed previously for females 
with uterine egg cases and fragile, large vitellogenic ovaries 
susceptible to torsion and rupture (Daly and Jones, 2017; Penfold 
and Wyffels, 2019). Similar to male sand tiger sharks, endocrine 
profiles for female sharks under managed care were different 
than observed for in situ counterparts (Wyffels et al., 2020b).

The biennial or triennial reproductive cycle of female sand 
tiger sharks is synchronized with seasonal migrations in fall and 

B CA

FIGURE 6 | Plasma (A)17β-estradiol (B) testosterone and (C) progesterone concentration for aquarium sharks monitored longitudinally in resting and active 
reproductive years. Each symbol represents a different timepoint for each female. In situ shark data were combined into gravid and non-gravid categories with each 
symbol representing a single point in time for different females. The shape and color of each point indicate reproductive stage.

FIGURE 7 | Plasma (A)17β-estradiol (B) testosterone (C) and progesterone concentration (marginal mean and 95% confidence interval) by reproductive stage for 
aquarium sand tiger sharks. Different letters indicate significant (P < 0.05) differences between stages within each hormone plot.
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spring associated with reproduction (Gilmore, 1993). Females in 
early stages of their active year of reproduction were observed 
in spring and early summer in the Carolinas (Gilmore et  al., 
1983; Castro, 2009). Because reproduction is synchronous in 
this species, if females reproduce annually, all females examined 
during the same timeframe would be in a similar stage of 
reproduction. However, during summer, fishing occurred in NC 
and DE and females were segregated by reproductive condition 
with active females in NC and resting females in DE. The pattern 
indicates one or more year of rest between active reproductive 
cycles as has been proposed for the WNA population (Branstetter 
and Musick, 1994) as well as the SWA (Lucifora et  al., 2002), 
South African (Dicken et  al., 2006) and Australian (Bansemer 
and Bennett, 2009) sand tiger shark populations.

A reproductive cycle that includes a minimum of one 
(biennial) and a maximum of two (triennial) resting years was 
confirmed through longitudinal monitoring of aquarium-
housed sharks. Previously hormone profiles supported a 
biennial cycle for a longitudinally monitored aquarium female 
(Henningsen et al., 2008) and the addition of ultrasonography 
in this study corroborates endocrine data and shows 
unequivocally the cycle length. The majority of females in this 
study had a biennial cycle, similar to proportions described 
for a critically endangered population at Wolf Rock, southeast 
Queensland, Australia (Bansemer and Bennett, 2009). 
Biennial and triennial cycles were observed for aquarium 
sharks exposed to various combinations of natural, seasonal 
or constant photothermal regimes, suggesting the periodicity 
is not a function of light or temperature. Reproductive age 
may have a role in periodicity with newly mature and older 
females adopting longer cycles. The energetic demands of 
reproduction appear rate-limiting for sand tiger sharks and 
necessitate a year of rest to recuperate and replenish hepatic 
reserves and prepare a new cohort of ovarian follicles (Castro 
et al., 1999). Young are nearly half the size of mature females 
at parturition and the female must store enough energy to 
sustain her and the developing embryos during a relatively long 
gestation. Food consumption patterns from male and female 
sand tiger sharks show decreased consumption trends during 
the mating season, and for females, increased consumption 
in preparation for ovulation and again postpartum has 
been observed (Townsend and Gilchrist, 2017; Willson and 
Smith, 2017; Wyffels et al., 2020a). Plasticity in reproductive 
periodicity may be possible with females initiating or halting 
a reproductive cycle in response to poor body condition or 
unfavorable environmental factors (Johnson and Snelson, 
1996; Bansemer and Bennett, 2009; Driggers and Hoffmayer, 
2009; Furumitsu et al., 2019).

Biennial and triennial cycle plasticity has been described in 
other species such as the Argentinian lizards, Liolaemus pictus 
and Liolaemus elongatus (Ibargüengoytía and Cussac, 1996; 
Ibargüengoytía and Cussac, 1998). Liolaemus pictus exhibit 
vitellogenesis and pregnancy in alternate years, sometimes 
skipping a year of reproduction for a biennial to triennial cycle 
(Ibargüengoytía and Cussac, 1996). Similarly, L. elongatus has 
an annual or biennial reproductive cycle (Ibargüengoytía and 
Cussac, 1998). This suggests that the enormous amounts of 

energy required to produce the large numbers of yolky eggs 
must be replaced before egg laying can commence again, and so 
resting periods of one to two years are essential.

The reproductive cycle for seasonally reproducing sharks is 
annual, biennial or even triennial (Castro, 2009). Two important 
factors that influence timing of the reproductive cycle for seasonal 
aquatic species, water temperature and day length (Heupel et al., 
1999; Mull et al., 2008; Mull et al., 2010; Dharmadi and White, 
2015; Nozu et  al., 2018; Elisio et  al., 2019), also vary annually. 
This suggests that changing water temperature and day length 
may promote reproduction for sharks under managed care 
(Henningsen et al., 2004a; Henningsen et al., 2017). Aquarium 
females exposed to seasonal changes in temperature and/or day 
length cycled predictably and exhibited the same seasonality 
as their in situ counterparts. Similar to male sand tiger sharks, 
aquarium females that were maintained in habitats without 
seasonal changes sometimes cycled unpredictably (Wyffels et al., 
2020b). Aquarium females shifted seasonality in response to 
changes in environment that resulted in predictable cycling in 
late spring similar to in situ females. This suggests plasticity in 
cycle length between biennial and triennial for in situ females 
may be possible, especially if linked to resource availability, 
which has implications for management of sand tiger sharks. 
Intraspecific variation in reproductive life-history characteristics 
within a population and between geographically distinct 
populations is known for several shark species and environmental 
factors including temperature have been proposed as potential 
drivers (Yamaguchi et al., 2000; Driggers and Hoffmayer, 2009; 
Hoffmayer et  al., 2013; Trinnie et  al., 2014). No aquarium 
female in this study cycled annually, highlighting that even with 
sufficient resources provided in managed care, females are not 
able to reproduce more frequently than every other year.

Reproductive longevity, time to maturity, and reproductive 
cycle length are critical parameters for estimating reproductive 
productivity for any species. Shark age is difficult to assess 
because of the nonlinear relationship between vertebral and 
somatic growth and the diminishing rate of growth with 
age (Natanson et  al., 2018). Age estimates from age-length 
relationships are most accurate for sand tiger sharks 12 years 
and younger (Passerotti et  al., 2014). In this study, half of the 
aquarium females monitored were wild-sourced when 12 years 
or younger so their age estimate is relatively reliable compared to 
the other half, 13-16 years old when wild-sourced, and whose age 
is likely underestimated. The youngest aquarium females were 
8-9 years old at the time of their first reproductive cycle which 
aligns with previous estimates of age to maturity at 8-10 years 
based on band deposition in vertebrae (Goldman et al., 2006). In 
addition, two subadults monitored for 3 years were 8 years old at 
the end of the study, and one of the two cycled for the first time 
in the last year of the study.

Size at maturity for females in the WNA has been described as 
220–230 cm TL (Springer, 1948; Gilmore et al., 1983; Branstetter 
and Musick, 1994). However, in this study, the range of lengths for 
in situ females confirmed mature by observation of uterine eggs 
or young based on antemortem, non-lethal ultrasonography was 
231–299 cm TL. This overlaps with the size reported for pregnant 
females in the WNA (229- 312 cm TL) (Springer, 1948; Gilmore 
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et al., 1983; Castro, 2009). This suggests that females in the WNA 
220- 230 cm TL are predominately maturing subadults and not 
yet reproducing. In the SWA pregnant females were a similar size 
(n = 12, 226–252 cm TL) (Sadowsky, 1970) but pregnant females 
from South Africa are larger, 240-272 cm TL (Bass et al., 1975; 
Smale, 2002). Sand tiger sharks have a prominent precaudal pit 
making determination of PCL a more robust option for reporting 
lengths because it is not subject to differences in tail position 
(stretch or natural) or significant flux during measurement.

Aquarium females as old as 30 years continued to cycle and 
four of the oldest females (25-30 years) monitored in the study 
(n=2) or examined upon necropsy (n=2) had a cystic ovary. 
Cystic ovaries have been observed in older/larger elasmobranchs 
of multiple species and may be part of the aging process 
and reproductive senescence or be associated with disease 
(Mylniczenko et al., 2019). Ovarian cysts are fluid filled sacs that 
are distinguished from vitellogenic follicles by their generally 
larger size and homogeneous dark appearance during ultrasound. 
The difference in echogenicity between cysts and developing 
follicles reflects the contents, with yolky vitellogenic follicles 
appearing heterogeneous and hypoechoic compared to anechoic 
cysts that contain translucent fluid. Because the two oldest 
aquarium sharks in the study were older than 12 years when 
wild-sourced, their actual age is likely underestimated and the 
true lifespan is likely more than 30 years as was suggested from 
bomb radiocarbon dating (Passerotti et al., 2014). This suggests 
females are immature for a third of their lifespan and reproduce 
for the remaining two-thirds. If a female lives for 30 years and 
produces 2 young every other year (biennial) or every three years 
(triennial), she will produce 14-20 young during her lifetime. The 
low reproductive productivity (Bass et al., 1975; Gilmore et al., 
1983; Branstetter and Musick, 1994) and long time to maturity 
(Goldman et al., 2006; Passerotti et al., 2014) are reasons for the 
high susceptibility of this species to anthropomorphic threats 
including fishing pressure (Kilfoil et  al., 2017), climate change, 
and loss of critical habitat. Understanding and using the full 
range of life history characteristics, especially reproductive 
parameters, is critical for population assessment, which in turn 
informs management and conservation plans.

Like all vertebrates, elasmobranch reproduction is regulated 
by gonadotropin releasing hormones (GnRH) and the 
hypothalamic-pituitary-gonadal (HPG) axis, with hormones 
serving as chemical messengers. Among elasmobranchs, 
endocrine studies are uncommon and few of the more than 1200 
species have had the endocrine component of their reproductive 
cycle characterized. Complicating interpretation of hormone 
profiles, elasmobranchs utilize a wide range of reproductive modes 
(Wourms, 1977). Hormone functionality among elasmobranchs 
may be as equally diverse as reproductive mode and somewhat 
species-specific, however, functional commonalities for steroid 
hormones have been described (Awruch, 2013).

Sand tiger sharks are matrotrophic and viviparous 
reproducing via oophagy and adelphophagy and as a result, have 
a protracted period of ovulation that overlaps with gestation. 
Elevated E2 was observed for pre-ovulatory females, linking 
it to vitellogenesis similar to other studies that have suggested 
estrogens in elasmobranchs may regulate vitellogenesis, oviducal 

gland function, and egg case progression in the oviduct (Manire 
et al., 1995; Tricas et al., 2000; Marina et al., 2008; Elisio et al., 
2019). Early gestation showed a trend for higher E2 compared 
with midgestation. This also supports a link between E2 and 
vitellogenesis because ovulatory activity tapers during mid-
gestation as embryos switch from consumption of newly ovulated 
egg cases to yolk from their distended yolk stomachs.

For females, testosterone may serve as a precursor for E2 
and/or have its own physiological role in reproduction. Among 
elasmobranchs, T has been reported to stimulate mating 
behavior, promote sperm storage, and maintain embryonic 
diapause (Rasmussen and Murru, 1992; Manire et al., 1995; Koob 
and Callard, 1999; Tricas et al., 2000; Waltrick et al., 2012; Elisio 
et al., 2019). There is no evidence of sperm storage or diapause in 
sand tiger sharks, but because T was elevated for pre-ovulatory 
aquarium sharks it may serve as an E2 precursor and it may 
also promote pre-copulatory behavior. Testosterone remained 
elevated for ovulatory aquarium females supporting a link to 
ovulation or egg case progression in the oviduct. Testosterone 
was a maturity biomarker and distinguished immature in situ 
sharks from all reproductive stages of mature in situ sharks. Only 
one in situ subadult female had elevated T and based on her size 
(228 cm TL, 196 cm FL, 169 cm PCL) she was either mature in 
a resting state of reproduction or near maturity. Among in situ 
sharks, evidence for an association between T and ovulation 
comes from elevated levels for ovulatory through midgestation 
sharks. The large variance in T concentration observed during 
midgestation might be associated with in situ females concluding 
ovulatory activity. Additionally, although there was only one 
in situ pre-ovulatory female sampled, she had elevated T and 
E2 supporting the precursor hypothesis. Alternatively, T may 
have physiological roles associated with energetics and stressors 
related to seasonal migrations (Rankin, 1991) for sand tiger 
sharks as was preliminarily shown for juvenile male tiger sharks 
(Wosnick et al., 2018) and has been shown for birds (Ramenofsky 
and Wingfield, 2006; Lymburner et  al., 2016) and diadromous 
fishes (Ueda et al., 1984; Munakata et al., 2000; Munakata et al., 
2001; Crossin et al., 2009; Sudo et al., 2011).

Progestogens are thought to serve as maturational hormones 
(Manire et  al., 1995; Snelson et  al., 1997; Tricas et  al., 2000; 
Marina et  al., 2008; Fujinami and Semba, 2020). Progesterone 
for aquarium sharks was significantly elevated for pre-ovulatory 
sharks and a trend for higher concentrations was evident in 
ovulatory females but not in other stages. For in situ sand tiger 
sharks, P4 was the least diagnostic steroid hormone for assessing 
reproduction with concentrations from mature and immature 
sharks overlapping for most reproductive stages. Gonadal 
progesterone is secreted by post-ovulatory follicles (corpus 
luteum), however; progesterone also may be derived from 
interrenal gland secretions. Observation of elevated P4 for pre-
ovulatory and ovulatory sharks supports a maturational role for 
this hormone but the source of P4 for pre-ovulatory aquarium 
sharks requires further investigation and consideration. It is 
possible for elasmobranch pre-ovulatory follicles to undergo 
atresia and become steroidogenic (Waltrick et  al., 2017). Sand 
tiger sharks females have voluminous uteri and some aquarium 
females may have commenced ovulation but the few uterine egg 
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cases present elluded detection during examination. In situ sharks 
afford another hypothesis. The cause for elevated P4 observed 
for immature females and mature females in their resting year 
may be due to its more broad functionality in elasmobranch 
reproduction and physiology through activation of interrenal 
mineralocorticoid receptors (Wheaton et  al., 2018; Baker and 
Katsu, 2020). Acute physiological stressors, such as restraint 
during physical examinations and blood draws have been shown 
to alter circulating hormone concentration within minutes of 
handling for some species (Cooper et al., 1995; Moe and Bakken 
1996; Krause et al., 2014). The short-term stress associated with 
fishing and subsequent restraint may have caused ephemeral 
spikes in interrenal-derived progesterone, confounding potential 
differences associated with reproductive stage. Increasing the 
number of sharks sampled and minimizing stress associated with 
fishing may help elucidate the role of this hormone for sand tiger 
sharks.

Comparable endocrine data for sand tiger sharks is 
available for an aquarium female housed at National Aquarium 
(Henningsen et  al., 2008). Over 16 months of monitoring 
(without ultrasonography), a single peak in E2 and P4 was 
observed during late winter and early spring, corresponding to 
when pre-ovulatory vitellogenic females were observed in this 
study. A single and delayed but temporally overlapping peak 
in T was observed also (Henningsen et al., 2008). Although the 
methodology for measuring hormones differed, the patterns 
observed were similar providing secondary validation to this 
study.

Similar to reproducing in situ sharks, all plasma samples 
from the aquarium female that became pregnant during the 
study had elevated T concentrations. Endocrine dysfunction, 
especially T, may be associated with the poor reproductive 
success observed for this species in managed care. This theory 
is supported by the higher T concentration for ovulating in situ 
females compared to aquarium females. Other comparisons 
between in situ and aquarium females were hampered by a 
lack of samples in comparable stages of reproduction and 
a low number of samples with high variability in hormone 
concentration.

Plasma from all reproductive stages except gestation was 
collected from aquarium females but because aquarium females 
are not readily reproducing, endocrine patterns may not be 
representative of normal reproduction for the species (Henningsen 
et  al., 2008). The endocrinology of successfully reproducing in 
situ sand tiger sharks is important as a biological standard that 
can be used to understand reproductive dysfunction. Females 
in aquariums continue to cycle but their ability to become 
pregnant may be diminished by an improper hormone milieu. 
It is also possible that pregnancy fails very early in gestation and 
goes undetected in aquarium females. Reproduction, including 
gamete quality and hormone concentrations, are often disrupted 
for fish in managed care as a result of differences from in situ 
habitat, social dynamics, nutrition and photothermal regimes 
(Henningsen et  al., 2008; Henningsen et  al., 2015; Zupa et  al., 
2017).

Noninvasive reproductive monitoring includes observations 
of mating and egg release for aquarium females. Egg release is 
proof of reproductive cycling but egg retention for up to 2 years 
effectively uncouples ovulation and egg dropping events and 
makes the timing of reproductive cycles impossible to interpret 
without routine monitoring. In some instances, retained egg 
cases can cause egg metritis that can result in animal death that 
may be prevented through routine reproductive monitoring 
and treatment (George et  al., 2017). Reproductive hormones 
distinguished mature females in situ and pre-ovulatory females 
in aquariums. For other reproductive stages, hormones must 
be interpreted alongside additional reproductive data to be 
informative. Future studies should include additional steroid 
hormones that may have a role in reproduction for this species. 
Physical examination using ultrasonography remains the best 
non-lethal assessment method to determine reproductive stage 
for sand tiger sharks. Additional research is needed to understand 
control of the reproductive cycle and identify alternative 
biomarkers of reproduction, energetic markers for instance. 
Understanding the drivers of reproduction for sand tiger sharks 
has important implications for their conservation. Spatial 
segregation of in situ females depending on reproductive status 
may be linked to environmental parameters important for either 
gestation or postpartum energy recovery. Identification and 
protection of resources critical for sand tiger shark reproduction 
such as migration corridors, gestation and parturition grounds, 
and seasonal prey will support survival and reproduction. 
Elucidating environmental factors associated with successful 
reproduction in aquarium sharks and the wild population will 
help advance our understanding of reproduction for this species 
and in turn, inform impactful conservation policy.
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