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Public aquaria showcase aquatic life while raising awareness and educating the public on biodiversity and the need for conservation. Recently, aquaria have followed in the footsteps of zoos by taking more directed approaches in species conservation as well as leveraging animals in their collection to fill biological knowledge gaps through research. Similar to zoos, aquaria are able to house animals that are not feasible to care for in traditional academic settings, allowing important life history information to be gained. In particular, our understanding of reproductive aspects of large migratory fishes such as elasmobranchs (sharks, skates and rays) have benefited from information gleaned in aquarium settings that would otherwise be difficult or impossible to study in the natural environment. For example, the ability of elasmobranchs to reproduce parthenogenetically was discovered through observation of sharks maintained in public aquaria. Since its discovery, parthenogenesis has been observed for many ex situ shark and ray species. Aquaria have made other important contributions to characterizing elasmobranch reproductive biology such as understanding reproductive cycling and trialing assisted reproductive techniques, among others. Here, we review the role aquaria have played in the field of elasmobranch reproductive biology and discuss how zoos and aquariums can continue to contribute to this field in the future.
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Introduction

Elasmobranchs (sharks, skates, and rays) are an important group of mostly marine organisms that comprise approximately 1,200 species (White and Last, 2012). Although they are a charismatic group of fishes, playing important predatory roles in marine food webs, research on this taxon has lagged behind that of other vertebrates. Elasmobranchs tend to be wide-ranging, cryptic animals that are challenging to sample and this likely contributes to their underrepresentation in the literature. As such, there is still much to learn regarding elasmobranch species-specific life history characteristics. In particular, certain biological aspects (such as reproduction) can only be studied in situ as single point-in-time measurements, resulting in patterns being surmised from sampling many individuals once over the course of a study. While this information is valuable, noise in the dataset due to individual variability may hamper deeper understanding of complex processes in the natural environment.

Public aquaria (herein referred to as “aquaria”) have recently followed in the footsteps of zoos by taking more directed approaches in species conservation as well as using animals in their care to fill biological knowledge gaps through research. Indeed, aquaria are able to house animals that are difficult or impossible to care for in traditional academic settings, allowing important life history information to be gained. Importantly, aquaria can study the same individual(s) over time, allowing researchers to examine both seasonal and age-related effects on physiology.

One of the more important aspects of elasmobranch life history that has benefited from aquarium collections is reproductive biology. Some of the first observations on egg laying in elasmobranchs came from the Brighton Aquarium in the late 1800s (Koob, 2004). Aquaria have also played an important role in characterizing mating behavior in elasmobranchs. Clark (1963) described premating behavior in Lemon Sharks (Negaprion brevirostris) at the Seaquarium in Miami, Florida. Other studies have described ex situ mating behavior in more detail (Uchida et al., 1990; Henningsen et al., 2004) and these behaviors have been confirmed in wild populations (Nordell, 1994; Pratt and Carrier, 2001; Whitney et al., 2004). Aquaria have played an unparalleled role in their ability to track reproductive behavior and physiology year-round for extended periods of time on the same individual(s) (Henningsen et al., 2008; Nozu et al., 2018; Sheldon et al., 2018; Murakumo et al., 2020; Wyffels et al., 2020a; Wyffels et al., 2022). For example, regular physical examinations have enabled hormone cycling fluctuations to be paired with associated changes in reproductive organs (e.g. ovaries, testes) using ultrasonography (Nau et al., 2018; Wyffels et al., 2020a; Wyffels et al., 2022). Aquaria also provide a platform for the development and in-house testing of new technologies that can then be applied in the field (Payne et al., 2015; Dove et al., 2021). Here, we focus on the contributions of research conducted in an aquarium setting to the understanding of the unique and varied reproductive biology of elasmobranchs, much of which would be nearly impossible to carry out on free-ranging in situ wild populations. Because mating behavior has been extensively reviewed, it will not be covered here in detail; rather, the discussion will be centered on reproductive physiology patterns that are now understood from studying animals ex situ.



Areas of advancement


Reproductive cycling

Traditionally, in situ reproductive biology of elasmobranch species has been studied as single points in time, either destructively (Wourms, 1977; Pratt, 1988; Natanson and Gervelis, 2013) or non-lethally (Sulikowski et al., 2007; Awruch et al., 2008; Wyffels et al., 2020a). While both approaches provide important information for describing basic biology, they cannot capture temporal changes within individuals, leading to inference being used to estimate natural reproductive cycling based on observations from the sum of individuals sampled within a natural population. This approach underrepresents natural variation among individuals, and can, at times, lead to discrepancies in accurately describing the reproductive cycle of a species. For example, in the Smalltooth Sawfish (Pristis pectinata) reproduction was estimated to occur on a biennial cycle in situ (Carlson and Simpfendorfer, 2015; Feldheim et al., 2017), but was observed to occur annually ex situ (Flowers et al., 2020), indicating that females are physiologically capable of reproducing every year. Animals held in human care have access to ample food resources and, potentially, reduced stressors, which could remove energetic obstacles that may result in animals having prolonged time between breeding cycles in situ. Importantly, Smalltooth Sawfish are critically endangered, and their biennial reproduction could be a result of resource limitation(s) such as food or mates in situ (Flowers et al., 2020), the latter of which may contribute to why parthenogenesis has been observed in this wild population of elasmobranchs (Fields et al., 2015). Nevertheless, documentation of this important life history discrepancy through information gleaned from aquaria has important implications for recovery and management of this severely impacted species. If Smalltooth Sawfish are capable of reproducing every year, instead of every other year, the ability of wild stocks to recover may be better than previously thought, assuming the obstacles preventing them from reproducing biennially are removed.

Unexpected observations of fetal habits have been documented thanks to pregnancy and parturition events in aquaria. For example, through repeated ultrasound, it was discovered that embryos of the Tawny Nurse Shark (Nebrius ferrugineus) move between uteri during gestation (Tomita et al., 2019). At parturition, the transition in respiration from in utero buccal pumping to ram ventilation was observed for the Tiger Shark (Galeocerdo cuvier; Tomita et al., 2018). These and other interesting but ephemeral characteristics of elasmobranch reproduction are only possible through cooperation and collaboration with aquaria.

Similarly, rest periods between reproductive events are nearly impossible to confirm in the wild. Data from individuals held in aquaria have allowed scientists to estimate the reproductive timing of species, which is important life history information for species management in situ. For example, Sand Tiger Sharks (Carcharias taurus) were assumed to reproduce every year using traditional lethal methods of research (Gilmore, 1993) and hypothesized to reproduce biennially or triennially based on photo-identification and residency patterns (Bansemer and Bennett, 2008; Bansemer and Bennett, 2009). However, recent examinations of female reproductive cycling in aquaria unequivocally shows reproduction every other or every two years, with resting between cycles (Wyffels et al., 2022). Similarly, embryonic development across gestation was described in a pair of ex situ Reef Manta Rays (Mobula alfredi), providing baseline information that can be used to guide gestational staging in the field (Murakumo et al., 2020). Obtaining these critical reproductive timelines would be impossible to achieve otherwise and is important to inform and guide management of protected species.

Routine examination of animals while in human care can also enable research to determine what environmental cues (e.g. changes in temperature, photoperiod, and/or salinity) may be important for reproduction (Smale et al., 2004). Considering that many aquaria hold environmental conditions constant, removing these natural cycles reveals which species are more sensitive to these cues to properly time reproductive activity and which species are more adaptable (Henningsen et al., 2004). For example, Sand Tiger Sharks have traditionally been difficult to breed in aquarium settings, but recent successes appear to be closely related to providing both seasonally fluctuating light and temperature (Wyffels et al., 2020b). Similarly, because some aquaria keep animals in different conditions, it provides a powerful platform to compare and contrast among institutions that would be difficult to do otherwise for large, charismatic megafauna. For instance, previous work by the Churaumi Aquarium has shown season-dependent cycling of female Zebra Shark (Stegostoma tigrinium) reproductive hormones and egg laying patterns with natural fluctuations in sea water temperature (Nozu et al., 2018). This approach is in contrast to many North American institutions that keep constant temperatures and have less synchronized breeding cycles (Watson and Janse, 2017; Wyffels and Lyons, pers. obs.). For example, continuous egg laying is observed year-round for some Zebra Shark females held in aquaria (Adams et al., 2022), a pattern that is likely atypical from a natural cycle where there would be a distinct reproductive period. Current research is being conducted to determine what effect (if any) the lack of environmental cues has on influencing reproductive cycling in this species. By contrast, other species appear to have no challenges breeding in managed settings regardless of environmental cues, such as Cownose Rays (Rhinoptera bonasus; Sheldon et al., 2018), Southern Stingrays (Hypanus americana; Henningsen, 2000) and carpet sharks (Chiloscyllium spp.; Wyffels et al., 2021). The variety of species held in human care provides a rich platform to understand the mechanisms underpinning species reproductive biology and the factors that drive reproductive cycling.

Mating in aquaria has also shed light on female choice in elasmobranchs (Lyons et al., 2021). For example, female Sand Tiger Sharks exhibit retaliatory biting of males that try to copulate with them (Gordon, 1993). They also practice “shielding” where they swim very close to the substrate (Gordon, 1993). Shielding has also been shown in female Epaulette Sharks (Hemiscyllium ocellatum; West and Carter, 1990). A female Sand Tiger Shark at UnderWater World SEA LIFE Mooloolaba, Australia, was observed wedging her body between rocky outcrops on or near the bottom to avoid unwanted male copulation (Willson and Smith, 2017). These behaviors have the effect of preventing mating, thus demonstrating females employing pre-copulatory mate choice. Because aquaria are able to track and dictate group composition within habitats, there are unique opportunities for aquaria to take the lead on understanding the role of female choice for elasmobranch mating systems.

Corresponding to observation of reproductive behaviors, aquaria can take more deliberate steps to genetically test offspring. This information can play a role in linking reproductive behavior with genetic outcomes to further our understanding of female choice and multiple paternity (Heist and Feldheim, 2004), a widespread phenomenon across elasmobranch species both in situ (reviewed in Bester-van der Merwe et al., 2022) and ex situ (Janse et al., 2013; Townsend et al., 2015). Performing parentage analysis will provide institutions with an indication of which individuals are genetically overcontributing or undercontributing to the regional studbook and will enable facilities to coordinate breeding efforts effectively (Janse et al., 2013; Hook, 2019). Thus, coordinated breeding efforts informed by genetic parentage can both serve to help sustainably source animals for display within the aquarium community, reducing the need to source animals from the wild, as well as lay the groundwork for possible in situ conservation work (i.e. reinforcement or reintroduction programs).



Reproductive life history parameters

Along with reproductive cycling, other important reproductive life history parameters have been described for a number of species maintained in aquarium collections, several aspects of which are only obtainable through long-term monitoring of individuals across collections. For example, some of the most basic life history parameters (e.g. age at maturity, litter size, longevity, senescence, etc.) are unknown for most shark species. By leveraging the expert husbandry provided to animals in aquaria, individuals can be tracked for many years, sometimes across multiple decades, elucidating some of these life history parameters. At times, information gathered through aquarium collections can corroborate what has been estimated in the field. For example, Zebra Sharks obtained at 6 months of age reached reproductive maturity at approximately 6 years of age for females and 7.5 years of age for the male (Watson and Janse, 2017), which corroborates what is estimated for their in situ population (Ebert et al., 2021). For other species, age/size at maturity can, in essence, only be gathered through aquarium collections because the animals are rare and/or extremely difficult to study in situ. For example, sexual maturity was recently described for a male Reef Manta Ray born at Okinawa Churaumi Aquarium and a resident Whale Shark (Rhincodon typus), where aquarists were able to monitor blood hormones and correlate increased titers with clasper morphology to confirm maturity, as well as document when sex-specific behaviors (i.e. mating) commenced (Nozu et al., 2017; Matsumoto et al., 2019). Information collected by this research group provided essential baseline biological information for species that are challenging to study in situ at the same level of detail.

One outstanding parameter that is not well understood in elasmobranchs, yet is critically important for species management, is longevity. Current methods and tools available often require lethal sampling to obtain hard structures (e.g. vertebrae, eye lens, etc.; Cailliet, 2015) in an attempt to use growth markers to estimate age. However, many of these methods are undesirable because obtaining sufficient data across a range of size classes is difficult or impossible, and many of these methods have shown to be rather inaccurate (Burke et al., 2020) or unable to be validated (Nielsen et al., 2016). For example, vertebral “growth ring” aging of Sand Tiger Sharks estimated lifespan to reach 34 years for males and 40 years for females; however, the authors state outright the inadequacy of the method to accurately age this species beyond 12 years (Passerotti et al., 2014). Individual Sand Tiger Sharks that have been mature and in aquaria collections for 30 years or more will undoubtedly provide more accurate information on the maximum potential longevity of this species (Wyffels et al., 2022). Determination of maximum lifespan in ex situ animals will allow for current and future aging methods to be validated so that in situ animals can be aged more accurately and determine if they reach similar lifespans as their ex situ counterparts.

For oviparous species, in particular, aspects of their reproductive life history (such as fecundity and embryo development time) are particularly difficult to estimate in the field but are crucially important. Despite the limitations of field samples, fecundity is a fairly reliable metric that can be estimated for viviparous species because the number of young can directly be associated with an individual female, assuming she does not spontaneously abort prior to sampling (Wosnick et al., 2018). For oviparous species, point-in-time sampling to quantify fecundity is not possible since females lay clutches of eggs over a reproductive period that can last for months (Wyffels et al., 2021; Adams et al., 2022). Furthermore, variance in fecundity is possibly more variable in oviparous species than viviparous species because the former do not have a physical limitation on available body space to carry young. For example, ex situ egg laying activity of the Barndoor Skate (Dipturus laevis) demonstrated these animals laid variable numbers of eggs in consecutive years, but also confirmed year-round laying activity as well as a longer incubation time than previously thought (Parent et al., 2008). Likewise, reproductive output of individual female Zebra Sharks has been documented from aquaria worldwide (Watson and Janse, 2017). Alongside fecundity, gestation for viviparous species and incubation period for oviparous species, are important reproductive life history parameters. Gestation time can be estimated for synchronously reproducing in situ species, but incubation time requires temporal observations of the same egg cases over time to monitor embryo development, which is easily accomplished in aquaria (Luer and Gilbert, 1985; Castro et al., 1988; Wyffels et al., 2006; Harahush et al., 2007; Rodda and Seymour, 2008). Furthermore, by observing animals in managed care, the impact of global warming and other anthropogenic environmental changes on development time can be investigated (Pistevos et al., 2015; Musa et al., 2020; Ripley et al., 2021; Wheeler et al., 2021). For oviparous species, leveraging aquarium collections to describe fundamental life history characteristics is important for proper species management, and at times, can only be obtained through observations in aquaria.



Reproductive pathologies

The ability to observe the same individuals throughout complete reproductive cycles in the controlled setting of an aquarium, versus unpredictable field conditions, in combination with the availability of advanced diagnostic tools including endoscopy, radiology and ultrasonography, has led to the discovery of reproductive pathologies among elasmobranchs in aquaria (George et al., 2017). Overall, the incidence of reproductive pathologies is relatively low (2.4%) compared to other causes of death among elasmobranchs in aquaria (Garner, 2013).

Viviparous sharks and rays that readily reproduce in aquaria sometimes suffer from dystocia, a difficult or obstructed labor, which is life threatening for the female and the fetus. The cause of dystocia is typically attributed to abnormal fetal positioning, anatomy, and/or an oversized fetus, but insufficient cervical dilation or congestion in the birth canal can also prevent a successful birth. An oversized fetus may be a consequence of delayed parturition whereby the fetus has more time to accumulate size and mass before birth. Over-conditioning (i.e. ample food provisioning) of ex situ females may lead to high birth-weights and exacerbate dystocia (Jung-Schroers et al., 2015).

Over-gestation and dystocia were suspected for a Sand Tiger Shark that gave birth (unassisted) to a female that was either stillborn or died soon after birth (Wyffels et al., 2020a). The neonate was longer in length and heavier in mass than that reported for the smallest free-swimming conspecifics in situ, suggesting the large size of the fetus may have contributed to its death (Wyffels et al., 2020a) and explain why stillborn, full-term young have been reported repeatedly for Sand Tiger Sharks in aquaria (Henningsen et al., 2017; Willson and Smith, 2017). A similar case in a Blacktip Reef Shark (Carcharhinus melanopterus) ended with negative consequences for the oversized young, which died in utero, and the female, which succumbed to infection two days after a cesarean delivery (Jung-Schroers et al., 2015). Other sharks in managed care that have been affected by dystocia include a Bonnethead Shark (Sphyrna tiburo; Stoskopf, 2017) and a Blacktip Shark (Carcharhinus limbatus; Mylniczenko et al., 2017).

Dystocia has been observed on multiple occasions for Cownose Rays in aquaria (Cavalcante et al., 2016; George et al., 2017), and it has also been suggested as a cause of mortality associated with capture for in situ rays (Leite et al., 2020). Procedures for cesarean delivery and monitoring have been developed for Cownose Rays, and, if adopted, should minimize neonate and female loss for animals in aquaria. Prevention of dystocia due to neonate size requires the gestation period of the species to be documented, and that the start of gestation be known, so that intervention can be planned for the end of gestation to ensure survival of the female and offspring (George et al., 2017). Insufficient cervical dilation and congestion in the birth canal necessitated an assisted birth for a Whitespotted Eagle Ray (Aetobatus narinari; Mahon et al., 2004). The neonate was delivered, but its tail was entangled with gills and required amputation in order for the newborn to swim and thus respire (Mahon et al., 2004). Three previous pregnancies for this female resulted in stillborn young that were fully developed and term, suggesting dystocia may have been a contributing factor.

Southern Stingrays in aquaria are prone to reproductive disease that may be related to age and/or their lack of reproduction (Mylniczenko et al., 2019). Southern Stingrays are prolific and readily reproduce in aquaria (Henningsen, 2000), and because of this, they are often maintained in aquaria as single-sex groups in an effort to limit reproduction. It is not known if the disease develops because of a lack of reproduction or other factors such as advanced age, but disease was not observed among the smaller but mature and actively reproducing in situ rays examined (Mylniczenko et al., 2019). The reproductive disease manifests in the ovary, which becomes enlarged, congested, and comprised of a large number of ovarian cysts and variably sized follicles. The uterus and vestigial right uterus of rays with severe disease is often enlarged, sometimes with cysts in the uterine wall, and filled with copious fluid, presumed to be histotroph despite their non-pregnant reproductive state (Mylniczenko et al., 2019). The increase in size of reproductive organs translates to less space for digestive organs and eventually the rays become emaciated and succumb to the disease.

Female Sand Tiger Sharks are prone to another type of reproduction-related complication known as egg-retention metritis (George et al., 2017). Females in aquaria readily ovulate during their reproductive cycle, but if they do not become pregnant, the egg cases sometimes remain in the uterus for much longer than the gestation period (Wyffels et al., 2022). Egg cases are a rich source of nutrition and if they are not spontaneously released, this can lead to bacterial metritis that may result in septicemia and death (George et al., 2017). Fortunately, with routine reproductive monitoring to follow the cycle of females and understand the possible timeframe for egg-retention, uterine lavage is an effective way to remove inspissated and degrading egg cases and prevent more serious complications (George et al., 2017; Wyffels et al., 2022).

Although not life-threatening, the reproductive cycle of male elasmobranchs may also be impacted by managed care, as evidenced by the comparatively poor quality of semen for aquarium versus in situ Sand Tiger Sharks. Low sperm number and poor motility in ejaculates from aquarium sharks may contribute to the lack of successful reproduction observed for this species in managed care (Wyffels et al., 2020a), and demonstrates the need to more thoroughly understand the sensitivity of individual species to environmental cues or other factors missing ex situ, such as nutrition.



Contraception

While the ability to have successfully breeding individuals in aquaria can provide important information about basic life history parameters, it is not always desirable because it can compromise the ability to manage populations both within and among institutions. Maintaining single-sex collections is not always possible nor are resources always available to support the young generated from indiscriminate breeding, especially for species that are relatively fecund or cycle frequently. Furthermore, there can be a need to control reproduction in certain segments of the ex situ population if a few animals are genetically overrepresented (Janse and Luten, 2019), which could lead to future inbreeding. Therefore, aquaria have been some of the first to trial modern methods to limit reproduction in elasmobranch fishes.

Three general options are available for facilities to reduce undesired procreation: physical separation, surgical, and hormonal. Physical separation of sexes may be managed within an institution as well as through relocation. Individual animals can be transferred to other institutions, ideally in coordination through species studbook managers (see below); however, availability of monetary and logistical resources may hamper this option as a reliable means of managing collection species, especially for large-bodied elasmobranchs. Therefore, employing contraception methods, with permanent or temporary sterilization, aims to achieve stable collection populations. Since little research has been performed in this arena, it leaves the field open for a number of future research pathways. For studies based in surgery, ovariectomy has been used successfully in Southern Stingrays with few complications when animals were selected at appropriate sizes for the procedure (George et al., 2017). However, it should be noted that ovariectomy as a means of birth control was an indirect result of maintaining a single-sex population where animals suffered from reproductive disease that may have been caused by or have been exacerbated by the lack of pregnancy cycles that are a part of their normal life history (see above section). To our knowledge, similar procedures to control reproduction from the male perspective have not been performed, and represents another avenue of exploration.

While limited, more work has been conducted using hormonal means to suppress reproduction, possibly due to lower risk of life-threatening complications associated with implanting or injecting hormones compared with more invasive surgical techniques (George et al., 2017). Hormonal methods have the advantage of a potential reversal to enable future reproduction, if and when desired. The hypothalamic–pituitary–gonadal axis represents the endocrine pathway that hormonally regulates reproduction (Awruch, 2013), and most studies have targeted the first step in this cascade by limiting the release of gonadotropin-releasing hormone (GnRH) in the hypothalamus. Although elasmobranchs appear to use several forms of GnRH (Lovejoy et al., 1992), one of these may be mammalian GnRH (Calvin et al., 1993), which is significant, as several agonistic and antagonistic pharmaceuticals have already been manufactured and implemented successfully in mammals to suppress reproduction (Agnew et al., 2021). Thus, employing similar pharmaceutical hormone therapies in sharks and rays may prove beneficial. The most commonly trialed form of hormonal contraception in male and female elasmobranchs has been Suprelorin® implants (deslorelin, a GnRH agonist), with mixed success. For example, pregnancy was suppressed for 22 months in a single female Eagle Ray (Aetobatus ocellatus) given a deslorelin implant, despite copulation and conspecifics reproducing successfully in the same system (Janse and Luten, 2019). By contrast, deslorelin implants were unsuccessful in male Zebra Sharks and Short-tailed Stingrays (Bathytoshia brevicaudata), as well as female Largespot River Stingrays (Potamotrygon falkneri; Daly and Jones, 2017). Antide, a GnRH antagonist, has also been trialed in male Sand Tiger Sharks and resulted in decreased, although variable, reproductive hormone levels (Henningsen et al., 2015); however, whether these reductions were associated with significantly reduced semen quality and ultimately prevented reproduction was not investigated.

Overall, contraception of elasmobranchs as a reliable method to regulate ex situ populations remains unknown. Of the few published studies, sample sizes are limited to one or a handful of individuals, which does not have the statistical power to test if these methods are effective at preventing reproduction. In addition, the longevity of implants and how frequently they need to be administered is also unclear, which is necessary in order to have effective contraception year-round, likely necessary at a species-specific level. Aquaria have the ability to leverage their diverse collections to conduct well-designed studies aimed at answering these questions.



Parthenogenesis

Parthenogenesis is the process whereby an embryo develops from a female gamete without contribution of male sperm (Lampert, 2008). The ability of elasmobranchs to reproduce unisexually was first recognized through observations in aquaria, where females were noted producing young in the absence of males (Chapman et al., 2007). Since it first being noted in a Bonnethead Shark, parthenogenesis has been documented for many elasmobranch species using a variety of reproductive modes (Table 1). The underlying mechanisms leading females to reproduce parthenogenetically are unknown; however, aquarium collections play an important role in understanding the processes behind this interesting biological phenomenon, which is extremely difficult, if not near impossible, to study in situ.


Table 1 | Cases of parthenogenesis from aquaria. Fem indicates the number of females in that study that gave birth via parthenogenesis. Offspring represents the number of parthenotes in the study. Repro Mode is the reproductive mode of the species.



Parthenogenesis has been documented across a variety of shark and ray species, and at times, independently in the same species at multiple aquaria. For example, parthenogenesis in Zebra Sharks has been observed in three different countries across the world (Australia, United Arab Emirates, and United States) and has been documented in animals producing parthenotes yearly (Robinson et al., 2011) and switching between sexual and unisexual reproduction (Dudgeon et al., 2017; Adams et al., 2022). Likewise, parthenogenesis has been observed on several, independent occasions in the Whitespotted Bamboo Shark (Chiloscyllium plagiosum; Feldheim et al., 2010; Straube et al., 2016; Wyffels et al., 2021). Reproduction by parthenogenesis across multiple years is not restricted to oviparous species. In the Whitespotted Eagle Ray, a female gave birth to parthenogenic offspring in consecutive years (Harmon et al., 2015).

Considering how often this phenomenon has been described simply as a byproduct of females laying fertile eggs in the absence of males, it raises questions about how often parthenogenesis occurs when it is explicitly studied. For instance, parthenogenesis has been documented to occur alongside sexual reproduction in the Whitespotted Bamboo Shark (Wyffels et al., 2021) and the Zebra Shark (Adams et al., 2022); however, it is likely that the only reason why parthenogenesis was detected at all in these studies is that every hatchling was genotyped to determine the success of artificial insemination techniques, not to determine rates of parthenogenesis itself. Thus, in general, the impetus for examining young born in aquaria for parthenogenesis usually only occurs when young are produced at a time when females are maintained as a single sex population and/or when they have not been housed with males for an extended period of time. However, two independent artificial insemination studies (Wyffels et al., 2021; Adams et al., 2022) demonstrate that even in the presence of semen, females still reproduced parthenogenetically. Therefore, it is likely that the known instances of parthenogenesis represent only a small portion of its true occurrence for elasmobranchs in aquaria and in situ populations.



Sperm storage

Sperm storage is a common trait in many animal taxa (Holt and Lloyd, 2010; Holt and Fazeli, 2016) and serves the purpose of uncoupling copulation from ovulation, allowing females flexibility as to when they fertilize their eggs. Some elasmobranchs store sperm in specialized tubules of the oviducal gland (Pratt, 1993; Dutilloy and Dunn, 2020; Jordan et al., 2021). Although the occurrence of sperm storage is known for some species, the duration sperm remain viable once stored by females can only be ascertained in an aquarium setting. To date, only a few studies have addressed this question. Luer et al. (2007) inseminated Clearnose Skate (Rostroraja eglanteria) females with freshly collected and extended semen and found females were able to use this sperm for insemination over the next ten weeks; however, genetic testing was not performed and sireship was only assumed based on the successful development of an embryo. In a similar study, Wyffels et al. (2021) found Whitespotted Bamboo Shark females were able to fertilize eggs (genetically confirmed paternity) up to 17 weeks after insemination.

The longest duration of sperm storage documented for an elasmobranch occurred at the Steinhart Aquarium when a female Brown-Banded Bamboo Shark (Chiloscyllium punctatum) laid an egg that resulted in a viable hatchling after 45 months of isolation from a male. Importantly, the authors genotyped the putative mothers and the hatchling and discovered the offspring had levels of heterozygosity similar to those of its mother, consistent with sexual reproduction (Bernal et al., 2014). This indicates that sperm can remain viable in a female’s reproductive tract for up to four years in this species. The duration of viable sperm storage has been speculated in wild-caught specimens (Pratt, 1993); however, ex situ monitoring is the only way to truly quantify the length of time females store sperm for future use. With the ability to definitively document when males and females were together, combined with access to subsequent reproductive products (i.e. eggs or live-birth young), aquaria are well poised to quantitatively monitor duration of sperm storage in a variety of elasmobranch species.



Artificial insemination

Despite being practiced in terrestrial mammals for more than two centuries (Foote, 2002), artificial insemination (AI) is a relatively new technology used to support elasmobranch ex situ breeding. In other taxa, AI has been used to maintain genetic diversity or introduce novel genes into threatened populations (Hildebrandt et al., 2012; Howard et al., 2016; Fox et al., 2018). In addition to maintaining genetic diversity, aquaria can also use AI in elasmobranchs to avoid logistically challenging and expensive transport of individuals between institutions. AI allows for the maintenance of female-only groups, eliminating the risk of injury from male harassment. This approach has the additional benefit of reducing the requirement to maintain extra animals on reserve for display when animals in main exhibits need to be rehabilitated behind-the-scenes, thus, decreasing husbandry costs (Wildt, 2000).

Use of AI in any species, including elasmobranchs, requires detailed knowledge of the reproductive biology of the target species, including the potential for female sperm storage, effective dose of sperm for successful insemination, whether or not the species reproduces seasonally, timing and control of ovulation, and genetic compatibility with potential mates (i.e. inbreeding avoidance). In addition, safe animal handling procedures are needed to minimize potential stress during AI. To date, AI has been successfully used to produce young in the following species: Cloudy Catshark (Scyliorhinus torazame; Masuda et al., 2003), Whitespotted Bamboo Sharks (Masuda et al., 2005; Wyffels et al., 2021), Clearnose Skate (Luer et al., 2007) and Zebra Sharks (Adams et al., 2022). In addition, there are anecdotal reports from Brown-Banded Bamboo Sharks (Daly and Jones, 2017; Lance Adams, pers. comm.) and most recently Sand Tiger Sharks (Robert George, pers. comm.). However, not all of these studies performed genetic testing of offspring to confirm paternity, which is important considering that sexual reproduction via AI can occur concurrently with parthenogenesis (see above; Wyffels et al., 2021; Adams et al., 2022). Furthermore, use of AI has been generally limited to oviparous species, with little exploration in viviparous systems, which have more complex reproductive biology. Considering the diversity of elasmobranchs across aquarium collections, AI technologies should also be applied to a broader range of species to determine the viability of this technique to maintain genetically diverse ex situ populations.



Coordinated breeding programs

Zoos and aquaria have a pivotal role to play in maintaining sustainable populations of ex situ elasmobranchs as well as contributing to in situ conservation efforts (Janse et al., 2017). In 2017, it was determined that elasmobranch species with an IUCN status of “threatened,” or greater, were overrepresented in zoo and aquarium collections with respect to the number of threatened species globally in situ compared to other vertebrate taxa (Buckley et al., 2018). In other words, zoos and aquaria demonstrate bias in their collections toward displaying elasmobranch species of conservation concern. While these animals act as ambassadors for their species (or genera), this bias raises questions about sustainable practices and ethical sourcing of animals, especially for species where removal from the wild could impact already struggling populations. Buckley et al. (2018) describe methods for evaluating species sustainability in zoos and aquaria as well as outline the need for regular assessments as part of the permitting process for collecting animals from the wild for public display. In essence, zoos and aquaria should hold themselves to a higher accountability standard when proposing to source animals from the wild to maintain their collections.

The development of ex situ breeding programs would not only enable self-sustaining managed populations, but also could help restock wild populations (Conde et al., 2011; Tlusty et al., 2017). Coordination across institutions to facilitate such efforts are required and can be aided through efforts of Taxon Advisory Groups (TAGs) and the creation and maintenance of regularly curated studbooks. Amongst the five major zoological associations throughout the world, only two, the European Association of Zoos and Aquariums (EAZA) and the American Association of Zoos and Aquariums (AZA), have actively maintained studbooks for species at risk in order to manage and inform breeding efforts (Da Silva et al., 2019). Therefore, increasing the number of advisory groups or studbooks worldwide for threatened and endangered species and expanding to include all chondrichthyans in managed care might enable more coordinated breeding efforts and possibly lead to more sustainable collections. These efforts can be aided by databases such as Zoological Information Management System (ZIMS, 2017), maintained by Species360, and the Captive Elasmobranch Census, conducted by the American Elasmobranch Society (AES, 2008), that may allow users to identify other institutions with conspecifics which may facilitate coordinated breeding efforts. Furthermore, centralized databases that help facilitate interinstitutional connections may also encourage knowledge-sharing about reproductive behaviors and observations across the industry, which will only further benefit our understanding about elasmobranch reproductive biology (Janse et al., 2017; Da Silva et al., 2019).




Future directions

Knowledge of elasmobranch reproductive biology has made great strides over the past few decades, due in part to the contribution of aquaria providing information that would be nearly impossible to glean naturally. However, there are a number of areas where ex situ research can continue to advance knowledge about mating systems and reproduction across a diverse array of elasmobranch species.

Basic knowledge of reproductive parameters remains unknown for a large number of elasmobranchs species. Important life history information such as fecundity, maturity, lifespan, among others, are all important parameters that have implications not only for ex situ management but also for management and conservation of species in situ. Aquaria have a role to play in providing this much needed data by monitoring their diverse elasmobranch populations. For example, the highly collaborative StAR project, which aims to re-wild Zebra Sharks to Indonesia where this species has been functionally extirpated, relied on biological information collected by zoos and aquaria in order to perform a Population Viability Analysis (Traylor-Holzer, 2021) that was crucial to convincing government officials that this project was worth conducting. As aquaria move towards more conservation-based efforts, leveraging basic reproductive information collected ex situ will become important for determining the success of these projects.

Parthenogenesis in the wild has only been documented once in the Smalltooth Sawfish, a critically endangered species (Fields et al., 2015). The low numbers of naturally occurring sawfish may mimic ex situ conditions where parthenogenesis has been observed in other species and where females are kept isolated from males. Aquaria have a unique role to play in understanding the triggers and factors that contribute to the occurrence of parthenogenesis that will contribute to the fundamental understanding of reproductive biology in elasmobranchs that would be impossible to study in situ.

The development of reproductive technologies is another discipline where aquaria can make a significant contribution towards understanding elasmobranch reproductive biology (Daly and Jones, 2017). While AI has been performed with some success, it is almost exclusively limited to oviparous species. Expansion of this technique to viviparous species of elasmobranchs represents a field ripe for exploration. Gamete preservation, short term via cold storage or long term using cryopreservation, is a nascent area of study in the field of elasmobranch reproductive biology that could have significant implications for both ex situ and in situ populations. Cryopreservation of sperm removes the requirement of male and female reproductive synchronization and increases the amount of time viable sperm are available for AI. Limited success (measured by survival of sperm after thawing) has been reported for several ray and shark species (Daly and Jones, 2017; García-Salinas et al., 2021). This contrasts with the majority of sperm surviving cryopreservation for the Bluntnose Sixgill Shark (Hexanchus griseus), a benthic species already adapted to survive cold temperatures, which may account for the success of cryopreservation (García-Salinas et al., 2021). The variability in cryopreservation success between elasmobranch species highlights the need for development of species-specific protocols that account for and leverage the reproductive physiology and ecology of each species. Already, transfer of semen between aquaria alongside short-term storage has proven feasible (Wyffels et al., 2021) and opens the door for longer storage and longer duration transports to take place between aquaria worldwide, including between in situ and ex situ populations. Exchange of gametes between ex situ and in situ populations has the potential to help keep smaller aquarium populations genetically diverse via introduction of new genes.

The diversity and resources of aquaria, in terms of their species collection, knowledge of husbandry, and unique ability to gather important life history data, represent a mostly untapped potential to make substantial contributions to in situ elasmobranch species conservation. For example, zoos have had a significant role in the continued recovery of wild populations of Black-Footed Ferrets (Mustela nigripes; Jachowski and Lockhart, 2009) and Whooping Cranes (Grus americana; Horwich, 2001); however, much work is required to officially “down list” conservation-dependent species that would indicate true recovery of imperiled species. Aquarium contributions to this realm have thus far been limited, despite comparable resources. In the future, aquaria should take a more substantial role in leveraging their elasmobranch populations towards understanding basic elasmobranch biology and applying that knowledge to support in situ conservation. In particular, creating new programs for collaborative breeding and reintroduction of imperiled species is an arena where aquaria can play a leading role. For example, these efforts are being trialed by the StAR project that represents a multi-institutional effort spanning aquaria, academia, government, for-profit, and non-profit institutions to re-wild this species in the Indo-Pacific. If successful, this project could lay the ground work for other critically endangered species such as the Bowmouth Guitarfish (Rhina ancylstoma; Hanna and Hazeres, 2021), and sawfish (Pritis species; Flowers et al., 2020) where breeding has occurred.
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