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Conservation breeding programs (CBPs) are often the lifeline between extinction and survival for many imperilled amphibian species. With the goal of recovering wild populations, CBP success is reliant on their ability to successfully manage ex situ populations over time, breed viable offspring, and maintain genetic diversity and adaptive potential. Reproductive technologies have emerged as an important tool in the conservation toolkit to allow managers to improve reproductive output and genetic management, and their use in amphibian conservation is expanding. To date, studies investigating the efficacy of hormone therapies in amphibians typically only report spawning and fertility rates and do not monitor offspring to later stages of development. For the first time, here we assess the effect of hormone therapies on captive breeding outcomes beyond oviposition, to the point of metamorphosis, in the critically endangered Baw Baw frog, Philoria frosti. To determine the effect of hormone therapy on spawning success and offspring viability, male-female pairs were administered either 0 µg/g gonadotropin-releasing hormone agonist (GnRHa), 0.5 µg/g GnRHa, or 0.5 µg/g GnRHa + 10 µg/g metoclopramide (MET) (n = 12 pairs/treatment), and the number of pairs ovipositing, time to oviposition, clutch size, metamorph mass, and the proportion and number (mean and total) of offspring to metamorphosis were quantified. Overall, the percentage of pairs that oviposited was high across all treatment groups (92-100%). The percentage of fertile clutches was highest in the GnRHa group (92%) and lowest in the GnRHa + MET group (82%), though differences were not statistically significant. Both hormone treatment groups took significantly less time to oviposit than the control pairs. Notably, the proportion of eggs developing to metamorphosis was significantly higher in the GnRHa group, resulting in 74% (total eggs=539) metamorphosing compared to approximately 50% in the control and GnRHa+MET treatments (total eggs= 273 and 264, respectively). Interestingly, weight at metamorphosis was statistically similar across all groups, and results are consistent with previous studies in this species that show a narrow range in size at metamorphosis. The continued application of GnRHa is recommended to improve conservation outcomes for the critically endangered Baw Baw frog. The outcomes of this research advance our understanding of the impact of hormone therapies on reproductive outcomes and will inform amphibian conservation breeding programs globally.
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1 Introduction

Conservation breeding programs (CBPs) are increasingly vital in mitigating biodiversity loss by safeguarding threatened species (Stuart et al., 2004). These programs serve as a crucial measure to prevent species extinction and provide a buffer period for effectively managing key threatening processes. Typically, CBPs engage in addressing multiple objectives, including preserving genetic diversity, breeding for population recovery (supplementation, introduction, or reintroduction), conducting targeted research on threats, or a combination of these (Mcfadden et al., 2018).

While the decline of vertebrate taxa has reached unprecedented levels, amphibians are in the most perilous position. An estimated 41% of the 8,020 assessed amphibian species are currently threatened with extinction (IUCN, 2023), making them a focal taxon for the development of CBPs. Compared with many other taxa, amphibians are typically smaller in body size, meaning that their long term management under ex situ CBPs demands less infrastructure, resources, and financial investment (Stuart et al., 2004). However, effective establishment of amphibian CBPs is often marred as a result of delayed initiation of programs until population sizes become critically low, and/or limited knowledge of a species’ captive requirements (Harding et al., 2016). Couple this with the fact that many species display complex life-histories and require specific environmental cues to stimulate breeding, research to refine conservation breeding approaches is critically needed. In particular, protocols to optimize reproduction, growth, and development are urgently needed to ensure the retention of genetic diversity and facilitate long-term program success.

Within the conservation management tools available for CBPs, reproductive technologies such as hormone therapies, assisted fertilization, and genome resource banking, are increasingly being employed to assist with reproductive output and genetic management (Browne et al., 2019; Clulow et al., 2019; Silla et al., 2023; Silla and Kouba, 2022; Della Togna et al., 2020). These technologies have been applied widely across mammalian taxa (Holt, 2003) but are now increasingly being developed and applied to amphibians. Reproductive technologies allow conservation managers to improve propagation (breeding participation, spawning success, clutch size), facilitate pair-wise breeding (control genetic couplings), improve fertilization rates, and enhance the genetic diversity of offspring (Silla and Byrne, 2019). While the utilization of reproductive technologies will no doubt provide valuable management strategies for optimizing amphibian CBPs and assisting threatened species recovery, adoption of these methods remains limited to only a small proportion of total threatened species. This is in part because the successful application of reproductive technologies requires species-specific optimization and refinement to produce effective results (Silla and Byrne, 2019). Such species specificity makes the development of broad treatment protocols challenging. Equally challenging for conservation managers is a current gap in knowledge regarding the assessment of fitness determining traits of offspring generated through the application of reproductive technologies (Silla and Byrne, 2024). Specifically, often studies reporting on the development of reproductive technologies only assess the number of clutches oviposited or fertility rates and typically do not monitor offspring throughout development, particularly to critical life stages such as metamorphosis.

The critically endangered Baw Baw frog, Philoria frosti, is endemic to Mount Baw Baw plateau in Victoria, Australia (Hollis, 2011). Once abundant, the species has suffered catastrophic wild population decline and is now perilously close to extinction in the wild (D.J. Gilbert, pers. comm.). While factors contributing to the decline are not completely understood, most evidence suggests that the declines are linked to lethal effects of the chytrid fungus (Batrachochytrium dendrobatidis) (Burns, 2021; Hunter et al., 2018). Baw Baw frog survival currently relies on a dedicated CBP that broadly aims to; i) optimize growth and development across all life stages (Gilbert et al., 2020), ii) optimize breeding and translocation protocols, and iii) develop effective biobanking tools to preserve genetic diversity (Silla et al., 2023). Here we aimed to build on reproductive technologies previously developed for this species (see Silla et al., 2023) by testing the efficacy of hormone therapy on spawning success in pair-wise (male-female) treatment groups. Male-female pairs were allocated to one of three treatments: 1) a control treatment with no hormone therapy, 2) an experimental treatment whereby frogs were treated with gonadotropin releasing-hormone analogue (GnRHa), and 3) an experimental treatment whereby frogs were treated with GnRHa plus metoclopramide. For the first time we follow developing offspring through to metamorphosis, providing results of the effect of hormone therapies on the proportion and total eggs developing to metamorphosis and the size of offspring at the time of metamorphosis.




2 Materials and methods



2.1 Ethics statement

The protocols and procedures described herein were conducted following review and approval by the Zoos Victoria Animal Ethics Committee (ZV22009) in accordance with the National Health and Medical Research Council Australian code for the care and use of animals for scientific purposes.




2.2 Study species

The Baw Baw frog is a medium-sized (46-55mm snout-vent length) terrestrial species with a large parotoid gland positioned on each shoulder (Figure 1A). Having disappeared from much of its former range, the species is now restricted to a small area of protected montane gully habitat (1000-1300m altitude), on the Mount Baw Baw Plateau in the Central Highlands of Victoria, Australia (Gilbert et al., 2020). The Baw Baw frog is a long-lived species with an estimated lifespan of 17+ years, males are known to reach sexual maturity at 3.5 years and females at 4.5-5.5 years (Hollis, 2011). Commencement of the annual breeding season corresponds with an increase in ambient temperature during austral spring (Hollis, 2011). Male calling behavior occurs from September to March, with a peak in October and November which coincides with peak breeding activity (Hollis, 2011). Breeding typically occurs along shallow seepage lines, with oviposition taking place below the surface within natural cavities formed from vegetation, fallen logs, and embedded rocks (Clemann and Swan, 2023). Terrestrial nest-sites vary in their depth below ground, and while wet, typically retain little free water (Hollis, 2011; Gilbert et al., 2020). Amplexus in this species is inguinal and relatively large, unpigmented eggs are deposited into a foam nest (Hollis, 2011) (Figures 1B, C). Hatching has been observed to occur between 10-15 days following oviposition (D. Gilbert unpublished data). Tadpoles hatch and develop within the nest site, or may be free-swimming if washed into shallow waterbodies nearby (Clemann and Swan, 2023; Gilbert et al., 2020). Under natural field conditions, tadpole development to metamorphosis is completed within 10-18 weeks (Malone, 1985).




Figure 1 | Baw Baw frog, Philoria frosti. Images shown are (A) an adult male Baw Baw frog, (B) male-female pair in amplexus, and (C) amplectant pair spawning unpigmented embryos into a foam nest. Photographs courtesy of Damian Goodall- Zoos Victoria.






2.3 Study animals and adult husbandry

A total of 36 adult male and 36 adult female Baw Baw frogs were involved in the study, representing the current adult breeding stock of the conservation breeding and reintroduction program for the species. All frogs were founding animals either collected from the wild as adult individuals, or reared in captivity from wild collected clutches, obtained from natural populations located at Mount Baw Baw, Victoria. Ages of both the male and female frogs ranged between approximately nine and sixteen years old. Baw Baw frogs were maintained in two isolated biosecurity facilities located at Zoos Victoria’s Melbourne Zoo (Parkville, VIC, Australia). Internal lighting within the facilities were controlled using a photocell light-sensitive sensor set to replicate local photoperiod. During the experimental period, lighting was provided using LED plant spectrum tubes (Fluval 3.0 Plant Spectrum) suspended above each shelf and programmed to provide varying color spectrum and intensity throughout the day. Ambient temperature within the facilities is cycled annually to reflect seasonal changes in the average climatic conditions experienced in the alpine areas on Mount Baw Baw where the species naturally occurs. Annual temperatures range from 5 to 15°C, including a 6-week overwintering period (21st July- 31st August). Frogs entering the breeding tanks at the commencement of the study were maintained on a 10°C/15°C night/day temperature cycle, corresponding with the natural conditions experienced during peak breeding activity in the field. The frogs were fed twice per week alternating between medium sized crickets (Acheta domestica; ~3-5 crickets per individual) and pill bugs (Armadillidium vulgare; ~3-5 pill bugs per individual). Crickets were gut-loaded 48 hours prior to feeding with insect booster (Womberoo) and dusted with a multivitamin supplement (Multical dust, Vetafarm) prior to feeding. Pill bugs were fed without supplementation due to their naturally high calcium levels.




2.4 Hormone-induced spawning

To determine the effect of hormone therapy on spawning success, 36 male-female pairs were allocated to one of three treatments (n = 12 pairs per treatment): 1) 0 μg/g GnRHa (control group), 2) 0.5 μg/g GnRHa, and 3) 0.5 μg/g GnRHa + 10 μg/g metoclopramide (MET; Sigma-Aldrich). The hormones selected and their formulations were chosen based on a preliminary study in this species (Silla et al., 2023), in addition to previous research in other anuran species (Trudeau et al., 2013, Trudeau et al., 2010). In brief, GnRHa is one of the most commonly employed exogenous hormones to induce spawning and gamete-release in amphibians, with recent research into the use of GnRHa in combination with MET (or other dopamine antagonist) as a possible way of potentiating the effect of GnRHa (reviewed in Silla and Langhorne, 2022). The GnRH analogue (leuprolide acetate salt; Sigma-Aldrich) was suspended in bacteriostatic saline (Bacteriostatic Water Australia) to generate a 5mg/ml stock suspension prior to further dilution to the required dose. Hormones were diluted in 100 μL of simplified amphibian ringer (SAR; composition (in mM): NaCl 113; KCl 2; CaCl2 1.35; NaHCO3 1.2) and administered via subcutaneous injection into the dorsal lymph sac using ultra-fine 31-guage needles, following hormone injection protocols used previously (Silla et al., 2023, Silla et al., 2019). Frogs in the control treatment received 100 μL of simplified amphibian ringer only.

Individuals within each male-female pair were administered a single hormone injection corresponding to their experimental treatment. Hormone administration occurred directly prior to each pair entering the breeding tanks. Males and females within each pair were injected at the same time, as previous research has shown that this approach is more effective than administering hormones to male frogs prior to females (Silla et al., 2018). Immediately prior to hormone injection, frogs were weighed to the nearest 0.01 g and the dose administered was adjusted according to an individual’s body mass. Male body mass ranged from 9.29 g to 16.39 g (mean± SEM male mass = 12.05 ± 0.27 g; n=36). Female body mass ranged from 12.77 g to 23.46 g (mean± SEM male mass = 17.01 ± 0.42 g; n=36). The body mass of males and females did not differ significantly between treatment groups (one-way analysis of variance (ANOVA), male mass: F 2,35 = 0.303, P = 0.740; female mass: F 2,35 = 2.325, P = 0.114).

Following hormone administration, male-female pairs were placed into specifically designed breeding enclosures, one pair per enclosure (Figures 2A, B). Each breeding enclosure (36cm x 60cm x 24.6cm) consisted of a glass aquarium with a raised, ventilated mesh canopy (36cm x 60cm x 35cm). Each enclosure was connected to an automated irrigation system circulating carbon filtered water. To offer a variety of potential oviposition sites, each enclosure contained a layer of aquarium gravel, which varied in depth throughout the enclosure to create shallow pools, established live plants, and pieces of curved plastic (Figures 2A, B). Following hormone treatment, breeding enclosures were visually inspected daily for the presence of eggs and the date of oviposition recorded. Unfertilized eggs or those exhibiting early embryonic failure were carefully removed from the clutch to avoid decomposing eggs negatively influencing viable embryos (Silla and Byrne, 2024). Male-female pairs entered the breeding enclosures on October 10, 2023, during the peak of the species’ natural breeding season.




Figure 2 | Captive breeding facility and metamorph frogs. Images shown are (A, B) Baw Baw frog breeding enclosures with established natural substrate and automated irrigation and filtration, and (C) Baw Baw frog offspring generated from the present study following release to wild habitat at Mount Baw Baw. Photographs courtesy of Damian Goodall and Deon Gilbert- Zoos Victoria.






2.5 Offspring husbandry

Eggs and tadpoles were reared in the same two isolated biosecurity facilities where the adult breeding enclosures were located. Eggs were removed from the breeding tanks approximately 2 days following oviposition to minimize disturbance from the adults and placed into tadpoles rearing tanks. Throughout egg and tadpole development, offspring were maintained on a 12°C/15°C night/day temperature cycle. Tadpole rearing tanks were constructed with purpose-built aquaria arranged in banks, each containing 10 individual tanks measuring 21cm x 22cm x 20cm. Two banks were constructed totaling 20 individual tadpole tanks, each clutch was reared individually. These tanks were divided by mesh screens to allow for air and water movement. Additionally, each bank, measuring six tanks long and two tanks wide, featured a sump area (16cm x 22cm x 20cm) at one end equipped with an aquarium water pump to facilitate water flow. An overflow system was incorporated for water change filtration. To simulate natural habitat conditions, approximately 3cm of substrate, composed of decomposing granite and organic material sourced from field breeding sites, was added to the bottom of each tadpole tank. To mitigate the risk of disease transfer, the substrate underwent heat treatment and drying (40°C for 12 hours) before being introduced into the tanks. Under natural conditions Baw Baw frog larvae develop in darkness in underground cavities and are sensitive to light during development (Hollis, 2004). To ensure minimal light disturbance in the captive facility, the sides of the tanks were covered with black vinyl contact, and a removable black plastic lid was fitted on top. Tadpoles were monitored approximately once per week to track development progress and remove any dead or rotting eggs. Water depth in each tank was maintained at approximately 2cm, and the internal substrate was graded on an angle to create a small terrestrial portion, thus preventing drowning during metamorphosis. All offspring metamorphosed between December 10-16, 2023, approximately 9-weeks after the date of oviposition. Following complete metamorphosis (full tail reabsorption), a subset of frogs were placed on a small (2.5 cm diameter) petri dish and weighed to the nearest 0.01 g using digital scales (Pesola touch screen digital pocket scale). Overall, 51 metamorphs were randomly selected from 9 clutches to be weighed, a total of 17 individual offspring from each of the three treatment groups, control, GnRHa and GnRHa + MET. To supplement the assurance colony, 7-11 individuals from 17 clutches (168 offspring in total) were retained at Melbourne Zoo. All 709 remaining offspring were released back into the wild on Mount Baw Baw to augment natural populations for the species (Figure 2C).




2.6 Statistical analyses

The number of male-female pairs ovipositing, and the number of fertile clutches laid were compared between treatment groups using ChiSquare Likelihood Ratio Tests. One-way ANOVAs were used to test for statistical differences among treatment means in; 1) days until oviposition, 2) clutch size, 3) metamorph mass, 4) number of individuals to metamorphosis, and 5) proportion to metamorphosis. Comparisons among treatment means were conducted using each pair student’s t post hoc tests. Prior to ANOVA analysis, to verify homogeneity of variances, Browne-Forsythe equivalence tests were performed. For all response variables variances were equal (P > 0.05) and data were not transformed prior to analysis. All statistical analyses were performed using JMP Pro 16.1.0 software package (SAS Institute Inc.) and statistical significance was accepted at P < 0.05.





3 Results

Overall spawning success was high across all experimental treatments, with 92%-100% of male-female pairs ovipositing (Table 1). Of the pairs that successfully oviposited, the percentage of fertile clutches (those producing fertilized embryos) was highest in response to the administration of GnRHa (92%), though differences between treatment groups were not statistically significant (χ2 = 0.580, p = 0.748; Table 1). Hormone treatment had a significant effect on the time taken for pairs to oviposit a clutch of eggs (ANOVA, F-ratio 2,34 = 4.142, p = 0.025). Following hormone administration, pairs in the GnRHa and GnRHa + MET treatment groups took a significantly shorter time to oviposit compared to pairs within the control treatment (each pair student’s t post hoc tests, p < 0.05), which, on average, took an additional 3 days (Table 1). Pairs that oviposited released between 30-80 eggs, with a larger mean clutch size oviposited in response to the administration of GnRHa compared to the GnRHa + MET treatment (each pair student’s t post hoc tests, p < 0.05; Table 1). The mean clutch size released by pairs in the control treatment was not significantly different to either of the hormone treatments (each pair student’s t post hoc tests, p > 0.05; Table 1).


Table 1 | The effect of hormone treatment on spawning and offspring viability.



Of the subset of juveniles that were weighed (n=17 per treatment), frog mass at the time of metamorphosis ranged from 0.05 to 0.12 grams. Mean metamorph mass was statistically similar across the three treatments groups (ANOVA, F-ratio 2,50 = 1.747, p = 0.185; Table 1). Hormone treatment had a significant effect on the mean number of offspring per clutch that developed to metamorphosis (ANOVA, F-ratio 2,34 = 3.542, p = 0.040), which was significantly higher in the GnRHa treatment compared to the two remaining treatments (each pair student’s t post hoc tests, p<0.05; Table 1). Similarly, the proportion of offspring that developed to metamorphosis was significantly different among treatment groups (ANOVA, F-ratio 2,34 = 3.356, p = 0.048). The mean proportion of offspring to metamorphosis from each clutch ranged from 37.3% to 69.7%, with the highest percent exhibited from clutches laid in response to the administration of GnRHa (Table 1). Overall, the cumulative total number of offspring that developed to metamorphosis was 539 (74%) for the GnRHa, compared with 273, (54%) and 264 (49%), in the control and GnRHa + MET treatments, respectively (Table 1).




4 Discussion

The Baw Baw frog wild population is perilously close to extinction and without a dedicated CBP capable of producing high numbers of viable, genetically representative, offspring for translocation the chance of wild recovery will be low. Optimizing reproductive output and effective genetic management are key to the long-term sustainability of the CBP, hence developing tools to ensure these goals are met is critical. Reproductive technologies have emerged as a potential management tool to increase both reproductive output and genetic diversity by providing animals with exogenous hormones to stimulate reproductive events, including spawning (e.g. see Silla et al., 2018). The aim of this study was to build on hormone therapy protocols previously developed for this species (Silla et al., 2023), to test the effect of GnRHa or GnRHa + MET on spawning success in male-female pairs, and on the viability of offspring up until the point of metamorphosis.

Results showed that spawning success was high across all treatment groups. Overall, the percentage of fertile clutches oviposited was highest in pairs administered GnRHa (92%), and lowest in pairs administered GnRHa + MET (82%), though differences between treatment groups were not statistically significant. Both hormone treatment groups (GnRHa and GnRHa + MET) took significantly less time to oviposit compared to the control pairs, which on average took an additional three and a half days to oviposit. The administration of GnRHa has been used to successfully induce spawning in male-female pairs/groups, as well as gamete release in isolated animals, in a diversity of amphibian species (Uteshev et al., 2013; Sherman et al., 2008; Jacobs et al., 2016; Otero et al., 2023; Silla and Byrne, 2021; Silla et al., 2018; Silla, 2011; Guy et al., 2020). The administration of GnRHa mimics natural GnRH-1 molecules, binding to receptors on the anterior pituitary to stimulate the endogenous synthesis and release of luteinizing hormone (LH) and follicle stimulating hormone (FSH) (Vu and Trudeau, 2016). Over the past decade, there has been growing interest in the administration of GnRHa in combination with a dopamine antagonist (domperidone, pimozide, or metoclopramide), which is hypothesized to attenuate the stimulatory effect of GnRHa by limiting dopaminergic inhibition (Vu and Trudeau, 2016). The combined administration of GnRHa plus metoclopramide, a method also referred to as AMPHIPLEX, has been successfully used to induce spawning in a number of species, including northern leopard frogs, tiger frogs, Argentine horned frogs, Cranwell’s horned frogs, and common lesser escuercito (Trudeau et al., 2010; Godome et al., 2021). However, studies on the northern leopard frog, American bullfrog, and Panamanian golden frog report statistically similar spawning rates in frogs administered GnRHa + MET compared with GnRHa alone at an optimal dose (Bronson et al., 2021; Nascimento et al., 2015; Vu et al., 2017). Our previous research inducing spawning in the Baw Baw frog, reported no statistical difference in the spawning success of pairs administered GnRHa compared to pairs receiving GnRHa + MET, though a higher proportion of pairs in the GnRHa + MET treatment oviposited (Silla et al., 2023). In the present study, sample sizes were almost doubled and, consistent with research in the northern leopard frog, American bullfrog, and Panamanian golden frog (Bronson et al., 2021; Nascimento et al., 2015; Vu et al., 2017), our data show no difference in spawning rates between hormone treatments.

While a growing number of studies are investigating the use of hormone therapies to induce spawning and improve captive-breeding outcomes for amphibians, there remains a lack of data quantifying outcomes beyond oviposition and fertilization. As such, there is limited understanding of the degree to which specific protocols might influence (either improve, or potentially compromise) offspring fitness (such as body size and survival rates between developmental stages) and lead to shifts in population viability (Silla and Byrne, 2024). For the first time, we monitored offspring throughout development to the point of metamorphosis, across each treatment group. Our results demonstrate that significantly more offspring developed to metamorphosis in the GnRHa treatment group compared to the control or GnRHa + MET treatments. Both the mean number of offspring metamorphosing, and the proportion of offspring developing to metamorphosis was significantly higher in the GnRHa group. The GnRHa treatment resulted in 74% of eggs metamorphosing (total eggs=539), compared to approximately 50% in the control and GnRHa + MET treatments (total eggs = 273 and 264, respectively). Additional research will now be required to determine the mechanism by which the addition of MET resulted in fewer offspring reaching metamorphosis compared to GnRHa alone. Overall, the administration of GnRHa resulted in a 25% increase in offspring generation, equating to several hundred more offspring available for release to augment natural populations for the species on Mount Baw Baw. Our results highlight the importance of measuring a suite of response variables across different developmental life-stages to properly assess the outcome of hormone therapies. Future research aims to expand the number of fitness-determining traits quantified to include growth trajectories, morphology, and behavioral performance (Silla and Byrne, 2024).

While the proportion of eggs developing to metamorphosis was significantly different between treatment groups, metamorph weight was statistically similar, and individual variation in weight was extremely low. These results are consistent with the notion that Baw Baw frog larvae must reach a body-size threshold in order to trigger metamorphic onset (Gilbert et al., 2020). Previous research in this species found that rearing temperature and food availability influenced time to metamorphosis, but that there was no effect on body mass or length (Gilbert et al., 2020). The Wilbur–Collins model for amphibian metamorphosis explains that the range in body size and time to metamorphosis for a given species are determined by a minimum body size that must be obtained and a maximum body size that will not be exceeded at metamorphosis (Wilbur and Collins, 1973). The model predicts that amphibian species inhabiting stochastic environments will have a wide range of possible sizes at metamorphosis, while species exploiting relatively stable environments during larval development will have a narrower range. The narrow range in size at metamorphosis for Baw Baw frogs reported in the present study, and by Gilbert et al. (2020), suggests that conditions during larval development on Mount Baw Baw have historically been relatively stable. As natural conditions become increasingly stochastic, Baw Baw frog tadpoles may face new selective pressures and a narrow metamorphic body size range may have negative fitness consequences for remnant wild populations. Consequently, developing effective protocols for larval rearing within the conservation breeding program is likely to become increasingly valuable into the future.

Of note, the percentage of pairs ovipositing reported in the present study (92-100%) was substantially higher than the percentage of pairs ovipositing in the previous breeding season under the same hormone treatments (33-71%) (Silla et al., 2023). The age and body condition of animals was comparable between years, so differences are not expected to be a result of parental phenotype. While the provision of environmental conditions, including breeding enclosure habitat/substrate, food availability, temperature, and photoperiod, remained constant between years, there were two abiotic changes that may have contributed to the differences observed. First male-female pairs in the present study entered the breeding tanks on October 10, 2023, two weeks later than pairs in our previous study, which entered the breeding tanks on September 26, 2022. Frogs in both years were exposed to the same temperature regime and were warmed after an over-wintering period at the same time. The increase in spawning success in the present study may reflect a beneficial effect of a longer warming period to prime the gonads and prepare broodstock for reproduction. The second difference between the two years, was that breeding enclosures were initially irrigated with Reverse Osmosis (RO) water, which was changed to a carbon-filtered water system prior to the present study. Filtration via reverse osmosis is a purification process that removes dissolved solids, including salts, from source water. While species such as the Lake Oku clawed frog (Xenopus longipes) are sensitive to dissolved solids and larvae only thrive in RO water (Michaels et al., 2015)), other species develop osmotic imbalance in pure RO and carbon-filtered, or reconstituted RO water is recommended (Odum and Zippel, 2008). Previous research has shown that fertilization success of the terrestrial-breeding anuran Pseudophryne guentheri is improved by 20-30% in higher osmolality solutions (25-100mOsm kg-1; generated by serial addition of amphibian saline) compared to pure water (3 mOsm kg-1), reflective of the natural terrestrial fertilization environment of this species (Silla, 2013). The mode of reproduction for the Baw Baw frog similarly involves a terrestrial oviposition site. If female Baw Baw frogs have the ability to assess the osmolality of the environment, as observed in other species (Haramura, 2008), then the provision of RO water may have been suboptimal and resulted in fewer females ovipositing compared to the present study. Overall, the differences in spawning success observed between years highlights the importance of a holistic approach to amphibian captive breeding. While reproductive technologies, specifically hormone therapies, can be used to overcome impediments to breeding that are often observed in captive amphibians, the outcomes of hormone therapies are enhanced when they are used in concert with the provision of naturalistic environmental conditions that have been optimized on a species-specific basis (Silla et al., 2021). The provision of environmental conditions should be viewed as an evolving process as a deeper understanding of species’ requirements are elucidated.




5 Conclusions

Our study adds to a growing body of research reporting the effectiveness of utilizing reproductive technologies to improve reproductive outcomes for amphibian conservation management. We have highlighted the need for research that quantifies the impact of hormone therapies on a suite of fitness-determining traits that encompass a greater temporal span in order to gain a more comprehensive understanding of outcomes. Further research in this area will allow us to gain a better understanding of the impact of protocol refinement on individual fitness and the long-term viability of populations, which will ultimately allow us to progress the field of amphibian reproductive technologies to maximize the chance of beneficial conservation outcomes (see Silla and Byrne, 2024). Critically, the present study has taken a step to bridge knowledge gaps concerning how specific hormone therapies may impact offspring fitness by monitoring individuals through to metamorphosis and quantifying size at metamorphosis. Overall, male-female pairs that were administered GnRHa produced a significantly higher total number of eggs and proportion of eggs that developed to metamorphosis, resulting in several hundred more metamorphs available to augment wild populations. We maintain that amphibian CBPs must optimize reproductive output and retention of genetic diversity to ensure the best chance of recovering threatened wild amphibian populations and recommend the continued use of GnRHa to enhance conservation-breeding outcomes.
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Response variable Hormone treatment

0 pg/g GnRH 0.5 pg/g GnRHa 0.5 pg/g GnRHa +

(control) 10 pg/g MET
Pairs ovipositing (%) 12/12 (100%) * 12/12 (100%) * 11/12 (92%) 0.324
Fertile clutches (%) 10/12 (83%) * 11/12 (92%) * 9/11 (82%) * 0.748
Days until oviposition 9.8 +4.67 * 642+198" 664 229" 0.025*
Clutch size (number of eggs) 49.58 + 4.71 AP 60.83 +4.35 4 4500 + 5.57 ® 0.078
Metamorph mass (grams) 0.082 + 0.004 * 0.092 + 0.004 * 0.085 + 0.004 * 0.185
Mean number per clutch to metamorphosis 2275+ 7.04° 4492 £ 6.96 * 2367 +5.94 " 0.040 *
Proportion per clutch to metamorphosis 3731%® 69.65% * 48.48% P 0.048 *

Total offspring per treatment

2 -
to metamorphosis 73 (54%) 539 (74%) 264 (49%)

Data shown are the number of pairs ovipositing/total number of pairs (%), number of fertilie clutches oviposited/total number of pairs (%), or mean + SEM (days until oviposition, clutch size,
‘metamorph mass, number to metamorphosis, proportion to metamorphosis). For all analyses sample sizes were 12 replicates per treatment, with the exception of mass at metamorphosis where a
subsample of 17 individuals per treatment from 9 clutches were analysed. Data were analysed using ChiSquare Likelihood Ratio Tests (pairs ovipositing, fertilie clutches), or one-way ANOVAs
(days until oviposition, clutch size, metamorph mass, number to metamorphosis, proportion to metamorphosis). * denotes a significant P-value. Letters displayed are the result of post-hoc tests
(each pair student’s t). Within a row, treatments that share a letter are not significantly different (P>0.05). See methods for details of all statistical analyses.





