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Effective management and conservation of threatened species biodiversity
requires knowledge of reproductive biology, such as cyclicity, mode, and age
at maturity. We combined reproductive endocrinology and in-situ
ultrasonography to examine reproductive characteristics of female Caribbean
reef sharks Carcharhinus perezi, a widely distributed, threatened marine predator
which remains largely understudied throughout its range. Unique to this study
was the opportunity to conduct longitudinal assessments of two individuals,
recaptured across multiple seasons during sampling in The Bahamas. Within-
individual, paired hormone analyses and in-situ ultrasounds of female sharks that
were confirmed as either pregnant, non-pregnant, or reproductively active,
suggest a biennial reproductive cycle for Carcharhinus perezi. This unique
opportunity to assess the reproductive biology of the same individuals over
time underscore the importance of repeated sampling for elucidating population
reproductive cyclicity of highly mobile sharks in the wild.
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1 Introduction

Elasmobranch fishes exhibit conservative life-history traits including slow growth, late
maturity, and low reproductive output, rendering them highly vulnerable to overfishing
(Stevens et al., 2000; Dulvy et al., 2021). As a result, approximately one-third of all living
elasmobranch species are listed as “Vulnerable” to “Critically Endangered” and 14%
considered as “Data Deficient” by the International Union for the Conservation of
Nature (IUCN) 2022 Red List (IUCN, 2022). Understanding components of a species’
reproductive biology (i.e., age-at-maturity, gestation period, reproductive mode,
reproductive cyclicity) and life-history strategies related to reproduction are essential for
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effective management of wild populations (Hammerschlag and
Sulikowski, 2011; Natanson et al., 2019). For example, such
information can assist stock assessments thereby informing
management decisions related to protected area designation
(Awruch, 2013). This is particularly true for elasmobranch fishes
who employ a suite of reproductive strategies, thereby challenging
management without species-specific, population-specific, or even
region-specific data (Musick et al,, 2005; Hamlett et al., 2011;
Natanson et al., 2019).

The Caribbean reef shark (Carcharhinus perezi, Poey, 1876) is a
medium-bodied requiem shark found throughout the sub-tropical
latitude band of the western Atlantic Ocean, with a range extended
from the southern North America to South America (Castro et al.,
1999; Compagno, 2002; Tavares, 2009; Carlson et al., 2021). This
species exhibits a conservative life history including an estimated
slow growth of 23.5 cm yr'1 in Venezuela (Tavares, 2009) and 8.8
cm yr'1 in Belize (Bond et al., 2017), late maturation around 14.8
year for males and 16.4 years for females (Tavares, 2009; Talwar
et al,, 2022), and a small litter size of approximately 4 pups (Talwar
etal., 2022). Coupled with fisheries exploitation throughout parts of
their distribution (i.e., Belize, Brazil; Carlson et al., 2021) these traits
have exposed Caribbean reef sharks to population declines in parts
of their range (~50-80%), thus elevating the risk assessment of this
species as globally “Endangered” by the IUCN Red List (Carlson
et al, 2021; Gallagher et al, 2021). Information linking the
reproductive biology, spatial movement, and habitat use in
Caribbean reef sharks remains poor, thereby precluding species-
specific management efforts (Carlson et al., 2021).

Caribbean reef sharks exhibit a placental viviparous
reproductive strategy (i.e., placental connection formed between
mother and offspring; live-bearing) with an assumed biennial
reproductive cycle (Carrier et al., 2004). This species is thought
to exhibit low reproductive output (3-6 pups) and a relatively long
gestational period (~1 year; Rangel et al., 2022). Yet, the general
understanding of Caribbean reef shark reproductive biology
remains extremely poor and, to date, no published studies have
specifically addressed the reproductive physiology or cyclicity of
the species (see Brooks et al., 2013; Talwar et al., 2022). Here, the
first ever empirical reproductive hormone concentrations and in-
situ ultrasonography for female Caribbean reef sharks was
investigated by presenting data collected from The Bahamas.
This analysis included multiple reproductive assessments from
two individuals recaptured across various seasons, a unique
opportunity given the low recapture rate of this species (~6.97%,
Talwar et al., 2022).

2 Materials and methods

All protocols for capture and sampling were approved by the
Arizona State University Institutional Animal Care & Use
Committee (IACUC; #20-1745) as well as the Government of the
Bahamas annual fishing permits granted to Beneath the Waves
Non-profit Research Organization (BTW; BS-2021-991344 and BS-
2022-348632).
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Female Caribbean reef sharks were opportunistically captured
between August 2021 and July 2022 using scientific drumlines (see
Gallagher et al., 2014) in coastal waters of Great Exuma, The
Bahamas (research permit BS-2021-765539). Individuals were
measured (total length, cm), tagged with conventional dart tags,
and a 10 mL blood sampled was taken via caudal venipuncture and
stored in sodium heparin-lined vacutainers. Reproductive state of
females was identified in-situ using an Ibex EVO II portable
ultrasound (E.I. Medical Imaging) with a 60 mm curved linear
array 5-2.5 MHz transducer (model 290470) capable of a 30 cm
scan depth. Briefly, in-situ ultrasound scanning was performed on
the ventral surface from the pectoral to the pelvic fin in both a
transverse and longitudinal orientation to obtain cross sectional and
lengthwise images of the reproductive tract, ovaries and follicles
(Sulikowski et al., 2016). On return to the lab, blood was separated
into primary constituents (red blood cells, plasma, and platelets)
and ~2mL plasma was stored at -20°C. Samples were shipped to
Arizona State University (Glendale, AZ) for processing of
reproductive hormones.

Following Sulikowski et al. (2004) 17B-estradiol (E,) and
progesterone (P,) concentrations were quantified using standard
radioimmunoassay techniques. The average hormone extraction
recovery was 72.5% for E; and 55.7% for P,. The mean inter-assay
coefficients of variation for E, and P, were 3.44% and 24.4%, and
the mean intra-assay coefficients of variation were 9.61% and 7.95%,
respectively. Samples that fell below the detectable limits of the
assay were concentrated and re-assayed. Final concentrations were
corrected for procedural loss during the extraction using individual
sample recoveries.

3 Results

Two mature females (IDs 00546, 00543) were captured on
August 13th, 2021, in Great Exuma, The Bahamas (Table 1). In-
situ ultrasonography indicated that neither female was pregnant
based on the appearance of an empty uterus (Figure 1B; Sulikowski
et al., 2016). Hormone concentrations were measured (Sulikowski
et al., 2004) for one female (ID 00543) which revealed E, and P,
concentrations of ~36.5 pg ml"! and ~306.1 pg ml’, respectively
(Table 1). Both females (IDs 00546, 00543) were subsequently
recaptured on December 14", 2021 (Table 1). In-situ
ultrasonography confirmed for a second time that neither female
was pregnant at time of recapture. E, and P, concentrations for the
same female (ID 00543) were ~64.6 pg ml™" and ~72.8 pg ml' P,,
respectively; Table 1). On July 19 and 21%, 2022, two additional
females (IDs 00521, 00767; Table 1) were sampled in Great Exuma,
The Bahamas with obvious, healed but recent mating scars (~1
month old) along the axis of the body (Figure 1A). These scars,
coupled with candle-like structures in the uterus detected via in-situ
ultrasonography (ID 00521; Figure 1C) allowed us to confirm
pregnancy at capture for both females (IDs 00767, 00521).
However, due to technical difficulties with equipment in the field,
the ultrasound footage of one female (ID 00767) was not preserved.
Hence, in Table 1, we refer to this female as “presumably pregnant”
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TABLE 1 Summary data of female C. perezi sampled in Great Exuma, The Bahamas from August 2021 through July 2022 including blood plasma
estradiol (E;) and progesterone (P4) concentrations as well as field ultrasonography evaluations.

Sampling = Conventional Total Latitude Longitude E, P4 Ultrasonography
Date Tag ID Length Concentration = Concentration Evaluation
(cm) pg mL? pg mL?
08/13/2021 00546 188 23.482992 -75.703163 - - Not Pregnant
08/13/2021 00543 194 23.482992 -75.703163 36.5 306.1 Not Pregnant
12/14/2021 00546 - 23.49791 -75.72291 - - Not Pregnant
12/14/2021 00543 - 2349791 -75.72291 64.6 72.8 Not Pregnant
07/19/2022 00767 182 23.771292 -76.1105302 241.6 1349.0 Presumably
Pregnant
07/21/2022 00521 201 23.771292 -76.1105302 334 146.6 Pregnant

Total length taken in December 2021 was not used due to sampling discrepancies.

instead of “pregnant”. Further, E, and P, concentrations for one
female (ID 00521) were ~33.4 pg ml" and ~146.6 pg ml’,
respectively, and for the second female (ID 00767) were ~241.6
pg ml" and ~1349.0 pg ml'', respectively (Table 1).

4 Discussion

Interpretation of hormone concentrations (i.e., estradiol (E,),
progesterone (P,)) in the context of elasmobranch reproduction has
been investigated since the mid-1900s (Becerril-Garcia et al., 2020).

Generally, it has been shown that high levels of E, are associated
with preparing the female reproductive tract for ovulation through
stimulating the production of vitellogenin by the maternal liver
(Awruch, 2013). Conversely, high levels of P, have been
hypothesized to play an antagonistic role toward E,,
downregulating the production of vitellogenin and prompting
ovulation (Verkamp et al., 2022). In this sense, the increase in E,
and decrease in P, concentrations from August to December
demonstrated by individual #00543 is presumed to be indicative
of vitellogenesis (Awruch, 2013), suggesting that this female was
entering a pre-ovulatory state and preparing for the next mating

FIGURE 1

(A) An enlarged photo example of mating scars seen on both females caught in July 2022 (IDs 00767, 00521), (B) in-situ ultrasounds performed on
non-pregnant 2021 female (ID 00543) with empty uterus and (C) pregnant female (ID 00521; bottom) captured in 2022. Candle-like structures are
highlighted in red. These structures are thin, pleated egg envelopes seen in placental sharks (see Hamlett et al., 2011). The presence of these

envelopes indicate that this female had completed ovulation
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season (Awruch, 2013). This observation is supported by previous
work on the placental viviparous blue shark, where high
concentrations of circulating E, were directly linked to the
synthesis of vitellogenin by the maternal liver during the follicular
phase (Fujinami and Semba, 2020). Given that Caribbean reef
sharks are thought to follow a biennial cycle with a long gestation
(~11-12 months; Rangel et al., 2022), it is presumed that this female
(ID 00543) had pupped earlier in the year before the first time she
was sampled. Furthermore, the absence of soft tissue structure
inside the uterus of this female, observed via in-situ
ultrasonography (Figure 1B) further supports the presence of this
pre-ovulatory state suggested by hormone concentrations. Because
these observations occurred during an odd year, this could suggest a
biennial reproductive cycle for Caribbean reef sharks, at least for
The Bahamas population. The subsequent capture of two
reproductively active females (IDs 00521, 00767), with evidence
of pregnancy in both (ID 00767, 00521; Figure 1C), during an even
year provides additional support for a biennial reproductive cycle
for this sub-population.

High individual-level variation in hormone concentrations was
observed across individuals sampled in this study (Table 1). The levels
of E, in female 00767 were 4-7 times greater than those observed in the
other females. In addition, the P, levels of this female were very high
(Table 1) which is similar to levels observed in other ovulated/early
post-ovulatory females of different species (Sulikowski et al., 2016).
These hormonal observations coupled with recent mating scars and
early-stage pregnancy assessments via ultrasound support the notion
that this was a recent pregnancy. The female from August 2021 (ID
00543) that was not pregnant had similar levels of E, and P, as the
pregnant female sampled in July 2022 (ID 00521). This has been
observed in other species such as tiger sharks (Galeocerdo cuvier;
Sulikowski et al., 2016; Hammerschlag et al., 2018) where hormone
concentrations were found to be of similar levels between females in
different reproductive stages. The low levels of E, concentrations
exhibited by the pregnant female in this study (ID 00521) is
consistent with the completion of ovulation (Awruch, 2013).
However, P, concentrations for this individual were lower than
expected, especially when compared to the other reproductively
active female from July 2022 (ID 00767). Since the sampling efforts
represent a temporal snapshot of the hormonal profiles of these sharks,
this variation in this small window of time is expected based on
previous studies and can most likely be attributed to individual
differences in the exact timing of the reproductive cycle (Verkamp
et al,, 2022). To provide population-level resolution across seasons and
major reproductive events, we recognize the need to obtain a larger
sample size (e.g., 10 or more individuals).

Although preliminary, the findings offer support for a biennial
reproductive cycle in the Caribbean reef sharks captured in Exuma.
However, given the high individual-level variation in hormonal
concentrations, and low sample size, the need for additional non-
lethal samples are needed to further support this conclusion.
Despite these short comings, we believe these preliminary
findings carry conservation value given the paucity of existing
information for this species’ overall biology as well as proof-of-
concept for future research on elasmobranch reproduction.
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