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Identification of the first
gestational ground for tiger
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the Central Indian Ocean
using a high-definition
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Ahmed Inah4 and Tatiana Ivanova2
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The reproductive state of wild, free-swimming tiger sharks (Galeocerdo cuvier),

was assessed using underwater ultrasonography at a diving site in Fuvahmulah, a

Maldivian atoll within the central Indian Ocean. The presence of embryos were

observed in 93% of the adult sharks (26/28) and two distinct embryonic size

groups were observed within the subset of scanned adult females. The results

suggest that the observed dive site functions as a gestation ground and builds

upon previous work that emphasizes the importance of dive sites for the

collection of biological data for shark conservation and management.
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Introduction

Recent studies have demonstrated that a myriad of benefits result from healthy shark

populations (e.g. Dedman et al., 2024; Heithaus et al., 2022). Despite the importance of

sharks, the management and conservation of these predators have lagged behind their

terrestrial counterparts (Dedman et al., 2024). Understanding the reproductive biology,

including where gravid sharks spend their time gestating, is critical to the conservation of

sharks as their general life characteristics (slow growth, low fecundity, long-lived) make this

group of fish particularly susceptible to both anthropogenic and environmental stressors (e.g.

Nowicki et al., 2021). Thus, establishing effective site-based management strategies is critical

to safeguard these key life-history stages (Gallagher et al., 2021). Non-lethal approaches to
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studying reproduction in sharks (and other elasmobranchs) have

negated the need to sacrifice the animals (e.g. Hammerschlag and

Sulikowski, 2011; Sulikowski and Hammerschlag, 2023), which has

created opportunities to better manage threatened species. One such

approach has been the development of a portable, high-definition

underwater ultrasound that has been used to determine if sharks are

gravid in situ (e.g. Carrier et al., 2003; Hoyos-Padilla et al., 2023).

Diving with sharks has a global footprint and has become the

main activity for the sustainable use of this group of animals

(Gallagher and Huveneers, 2018). In the Maldives, local

businesses associated with tourists who visit the country for shark

diving generate an annual revenue of over $113 million US dollars

(Zimmerhackel et al., 2018, 2019). Tiger sharks (Galeocerdo cuvier)

are one of the most sought-after species for visitors seeking to dive

with sharks in the Maldives (Ministry of Tourism, Republic of

Maldives, 2022). The island of Fuvahmulah located on the

Equatorial Channel became a globally renowned destination

facilitating close encounters with these apex predators. Here, over

30 tiger sharks have been regularly documented year-round, during

a single, shallow dive at Tiger Harbor (Araujo et al., 2024).

Observational studies at shark diving tourism sites are

important because they can provide fishery-independent scientific

information on changes in shark populations, monitor their health

over time, and detect anomalies in local faunal patterns or even new

species within a geographical area (e.g. Parmegiani et al., 2023;

Fallows et al., 2013). This is especially true for tiger sharks as data

from local dive operations (Vossgaetter et al., 2024) suggest that

individual females are habitual to Tiger Harbor, returning every

year and spending considerable time at the location. However, it is

unknown where the tiger sharks migrate from, or where they

migrate to, during disappearances from this location which

generally last between 3-4 months (Vossgaetter et al., 2024).

Given that such aggregations have the potential to become

important population monitoring sites, particularly when

individuals can be easily and reliably identified (Pierce et al., 2018),

the ability to link reproductive state to the observed animals becomes

a critical tool in their conservation. To better elucidate the potential

function of the aggregation site observed in Tiger Harbor, a portable,

high-definition underwater ultrasound was used to determine if any

of the free-swimming tiger sharks were gravid at this location

(Hoyos-Padilla et al., 2023).
Materials and methods

Sampling occurred within the port of Fuvahmulah, a Maldivian

atoll within the Indian Ocean. Dates of sampling were betweenMay 2

andMay 12, 2024 at a baited dive site named Tiger Harbor (Figure 1).

Water depth was seven meters and the substrate consisted of

primarily sandy bottom where the diving occurred. Dive times

ranged from 30- 60 minutes. An IBEX Aquanaut (Figure 2; Hoyos-

Padilla et al., 2023) was used to scan the abdominal cavity of free-

swimming tiger sharks. Each shark that swam past the divers with the

ultrasound was identified from a database initiated by Fuvahmulah

Dive School in 2017 and currently co-administered with Pelagic

Divers Fuvahmulah (Vossgaetter et al., 2024). The Aquanaut was
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equipped with a 60 mm curved linear array 2.5 to 5 MHz transducer

(model eCL3) capable of a 50 cm scan depth which was connected to

the unit with a 3 m cord. A video of the scanning event was recorded

for each shark as it moved past the transducer and each video

recording of the scanning event was time-stamped and later

coordinated with the internal clock on the ultrasound to link a

video of the gravid female to her recorded embryos. As in Hoyos-

Padilla et al. (2023), scanning was performed primarily on the lateral

surface from the pectoral to the pelvic fin in either transverse or

longitudinal orientation to obtain cross-sectional and lengthwise

images, respectively. Stills from the video were then used to

measure (via proprietary software pre-installed on the Aquanaut)

embryo diameter (cm) along the transverse axis (Sulikowski and

Hammerschlag, 2023). Free-swimming female shark size was

determined following the methods of May et al. (2019) where

objects of established lengths were used as references to estimate

the size of the shark from video files obtained during each dive.

Based on a published mean size-at-maturity of 3.32m total length

(TL) in the Indian Ocean, female sharks that were estimated >3.32 m

were considered adults and females estimated ≤3 m were considered

subadults (e.g Varghese et al., 2017). Data were statistically analyzed

using R v.4.4.1 (one-sided, two sample t-test and Brunner-Munzel

test). All data were tested for normality prior to parametric analysis,

and all tests were considered significant at p ≤ 0.05.
Results

A total of 69 female sharks were observed (n=44 adult; n=25

sub-adult) as part of this study, with 36 sharks swimming at a

distance that could be scanned. Of those 36 sharks, 32 were

identified as adult individuals (greater than 3.32 m TL). The

transducer was in contact with 28 adult sharks for a minimum of

4 seconds. In addition, over the course of this study, each of these

sharks made several passes, and multiple scans of each shark were

obtained. Despite repeated passes, transducer contact was limited in

four sharks by their rapid movement which reduced transducer

contact to under 2 seconds. No male sharks were observed over the

study period. Based on the analysis of the Aquanaut video, 26 of the

28 scanned sharks (93%) were identified as gravid. Proprietary

software measurements from still images indicated the measured

embryos fell into two discrete groups (Student’s t-test, p-value <

0.01); group one (n=19) measured 8.0 cm (± 0.5 cm) in TL

(Figure 3A), and group two (n= 7) measured 18.4 cm (± 1.3 cm)

in TL (Figure 3B). The average size of adult females scanned was

3.79 m TL ± 0.1m) and no size differences existed between the

gravid sharks carrying pups in each embryo group (Brunner-

Munzel test, p-value > 0.5).
Discussion

This study represents the first quantified aggregation of gravid female

tiger sharks within the Indian Ocean and builds off previous work

conducted at Tiger Harbor that suggested a proportion of tiger sharks

may be gravid based on visual observation (Vossgaetter et al., 2024).
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The current study not only confirms this observation but was able to

identify that 93% of scanned tiger sharks were gravid. This finding

builds on the work of Hoyos-Padilla et al. (2023) by confirming high

definition underwater ultrasounds can be used to identify the stage of

gestation in free-swimming sharks. The statistical difference in

embryonic size (10.4 cm TL) was an unexpected finding from the

current study. While the reason for this observation is outside the

scope of the current work, a potential explanation could be a product

of asynchronous reproduction (e.g. Hoffmayer et al., 2013) since no
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differences existed within TL of gravid females within embryonic

groups. While TL differences have been observed between tiger shark

litters from different geographic regions (i.e Driggers et al., 2008) that

scenario seems unlikely as the differences in embryo size observed

herein occurred at the same temporal and spatial periodicity.

However, given that tiger sharks’ neonates have been found to

range in size at birth (from 45 to 90 cm in TL; Whitney and Crow,

2007), another explanation could be found in the considerable

variability in habitat use and movements of tiger sharks (e.g.
FIGURE 2

Representative distance from and lateral scanning of a free swimming pregnant tiger shark. Using the Aquanaut underwater ultrasound (E.I Medical
Imaging, Inc). Scanning was conducted with a 60 mm curved linear array 2.5 to 5 MHz transducer. Scanning produced either a cross section or
lengthwise orientation of embryos within the uterus.
FIGURE 1

Location of the study area within the port of Fuvahmulah, a Maldivian atoll within the Indian ocean.
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Hammerschlag et al., 2022). Accordingly, tiger sharks observed

herein could be exposed to different environmental parameters

(with varied nutritional conditions prior to arriving at the dive site

(Rangel et al., 2022) which could impact embryo growth. Long-term

monitoring of gravid females within the studies site as well as the use

of electronic tracking of movement should be considered for future

studies as such data would help inform the embryonic size difference.

Sampling size limitations of gravid females at various stages of

gestation have limited the understanding of the reproductive cycle of

tiger sharks and it remains one of the most challenging aspects of the

species’ life history (Holland et al., 2019). As such, both biennial (e.g

Castro, 2009) and triennial cycles (e.g., Whitney and Crow, 2007)

have been postulated with suggested gestation periods of 12 and up to

16 months, respectively. While our data set is also limited, the

proportion of pregnant sharks observed herein is unique in that

way as it represents the highest recorded for the species (Whitney and

Crow, 2007) and is more indicative of a biennial or possibly annual

reproductive cycle. Similar to Sulikowski et al. (2016), the results

suggest that Tiger Harbor may function as a refuge habitat like Tiger

Beach in the Bahamas, functioning as a gestation ground where gravid

females can benefit from year-round calm warm waters, potentially

reducing the gestation period by accelerating embryo development
Frontiers in Marine Science 04
(e.g. Jirik and Lowe, 2012). In addition, the Fuvahmulah supports a

local tuna fishery for yellowfin Thunnus albacares and skipjack tuna

Katsuwonus pelamis (Vossgaetter et al., 2024). While not quantified,

these behaviors could provide gravid females with a consistent, low

effort food source in the formof both discards and depredation events.

Similar behaviors havebeendocumented ina varietyof other species of

pregnant elasmobranchs (e.g.Brunnschweiler et al., 2018; Heim et al.,

2021). Given the unique nature of the findings presented here, further

research is required to better understand the relationship between

habitat use and the reproductive status of female tiger sharks within

Maldivian waters. Additionally, the findings of the current study have

conservation implications, as the implementation of commercial long-

line fishing is being considered in Maldivian waters. Fishing activities

in areas with aggregations of gravid females would pose threats to the

viability and health of local and regional populations (Sulikowski and

Hammerschlag, 2023). Given the findings herein and those of

Vossgaetter et al. (2024), year round fishing bans in this dive area

should be considered to protect this critical life history stage.

Regardless, the results of the current study build upon previous

works (e.g. Hoyos-Padilla et al., 2023) that emphasizes the

importance of ecotourism sites for the collection of biological

elasmobranch data, conservation, and management.
FIGURE 3

(A–C) Representative transverse ultrasound images of tiger shark Galeocerdo cuvier embryos measured using E.I Medical Imaging proprietary software.
Embryo’s separated into two discreet groups (students t test, p-value < 0.01); (A) group one (n=19) measured 8.2 cm (0.5 cm) in total length (TL) and
(B) group two (n= 7) measured 18.4 cm (1.4 cm) in total length (TL). (C) represents the scan from a non pregnant tiger shark. Arrow points to uterus.
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