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Simple Summary: Intergenerational Justice entitles future generations to the maximum retention 
of Earths Biodiversity. The United Nations COP 15, 2022, "Ecological civilization: Building a Shared 
Future for All Life on Earth" focused on conserving, protecting, restoring, and sustainably managing 
biodiversity and aims to safeguard 30% of Earth's terrestrial environment by 2030. This plan for 
Intergenerational Justice cannot alone ensure a safe and secure future for amphibian biodiversity. 
Proactive amphibian sustainability through Reproduction Technologies, Biobanks, and 
Conservation Breeding Programs (RBCs) provides safe, secure, and economical ways to prevent 
amphibian extinctions and to perpetuate amphibian genetic diversity. Exemplary national 
programs for amphibian RBCs are now established in the USA and Australia, there are no major 
incentives to establish RBCs in high biodiversity developing countries. However, to achieve the full 
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potential of amphibian RBCs within geopolitical, cultural, and economic frameworks, an inclusive, 
independent, transparent, and democratic, global organisation is needed to advocate amphibian 
RBCs, with a focus on bioregionalism and community engagement. 

Abstract: Intergenerational Justice entitles the maximum retention of Earth’s Biodiversity. The 
United Nations COP 15 committed to the protection of 30% of Earth’s terrestrial environments to 
provide Biospheric Sustainability. However, proactive amphibian sustainability needs support from 
amphibian Reproduction Technologies, Biobanking, and Conservation Breeding Programs [RBCs]. 
These technologies include the reliable practice of stimulation of reproduction and the collection of 
sperm and oocytes, refrigerated and cryopreserved sperm storage, in vitro fertilization. Emerging 
technologies promise the perpetuation of species solely from biobanked biomaterials. However, 
although exemplary national programs for amphibian RBCs are now established in the USA and 
Australia, these potentials are not fully realised resulting in unacceptable biodiversity loss. To fully 
realise these potentials an independent and democratic global organisation is proposed to, 1) focus 
on the bioregions with the highest amphibian biodiversity, 2) maximise regional inclusion in 
international initiatives, and 3) provide for maximum community engagement and financial 
resources. We present the first overall multidisciplinary review of amphibian RBCs, including their 
geopolitical, cultural, and scientific background, along with their development and application to 
economically, efficiently, and reliably, perpetuate amphibian biodiversity. We provide genetic 
models, the potential for diploid cell cryopreservation to perpetuate species, along with significant 
new information on methodologies and techniques, and standardise nomenclature for specificity in 
publications and media consistency. 

Keywords: COP 15; biobanking; amphibian; bioregionalism; intergenerational justice; ART; 
multilateralism; de-extinction; artificial intelligence; effective altruism 

 

1. Introduction 

A rapid and escalating series of declines and extinctions in amphibian populations resulting 
from widespread anthropogenic damage to global ecosystems demands proactive and innovative 
strategies for the perpetuation of amphibian biodiversity. The 2022 United Nations COP 15, titled 
"Ecological Civilization: Building a Shared Future for All Life on Earth", offers a promising blueprint 
for Biospheric Sustainability. This plan focuses on conserving, protecting, restoring, and sustainably 
managing biodiversity, with the ambitious goal of safeguarding 30% of Earth's terrestrial 
environments [1]. However, it's essential to recognize that habitat protection alone cannot fully 
achieve Biospheric Sustainability to ensure the Earth's biosphere continues to function in support all 
forms of life. Unfortunately, even within COP 15’s initiatives, protected ecosystems will undergo 
profound changes over the coming decades, leading to inevitable species population declines and 
extinctions in the wild [2]. 

Therefore, the full realization of proactive amphibian sustainability needs the vital and 
transformative technology of RBCs; Reproduction Technologies, Biobanking, and Conservation 
Breeding Programs [CBPs; 3–12]. RBCs can safely, securely, and economically, perpetuate 
Endangered and Critically Endangered species, and can produce individuals for repopulation, 
augmentation, or supplementation programs [8,12–16; Table 1]. However, the complete potential of 
RBCs lies in the perpetuation of species genetic diversity in Biobanks through restoring individuals 
from cryopreserved cell lines [7,10,17,18, section 5.6.], particularly of those otherwise neglected 
species with no ecological, cultural, or research significance [19,20; section 4.2. Range, Scope, and 
Networking]. 

Proactive amphibian sustainability recognises that most amphibian biodiversity exists in 
developing countries undergoing rapid cultural and economic changes and that the global 
framework for RBCs includes a biogeographic and biopolitical onus to develop regionally 
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representative Biobanks, especially in developing countries with the highest amphibian biodiversity 
(section 3.1. Biogeography, Species Richness, and Habitat Loss) Achieving proactive amphibian 
sustainability necessitates seamless integration with local communities and collaboration with 
regional, national, and international programs. This includes active public influence and engagement 
along with a sense of ownership and entitlement [1,20–30]. Two fundamental principles underpin 
this approach: 1) The increasing assertion of developing countries in a multi-lateral geopolitical 
landscape, fueled by growing cultural independence, technical and educational expertise, and 
economic sovereignty. These factors contribute to embracing and driving proactive measures for 
amphibian conservation; and 2) The growing significance of non-governmental organizations 
(NGOs) in collaborative partnerships with individuals, the scientific community, businesses, and 
government entities. This multi-stakeholder engagement fosters a united effort to preserve 
amphibian biodiversity and promote sustainable practices. 

The IUCN Conservation Planning Specialist Group, One Plan Approach to Conservation, 
includes all species populations regardless of their location through integrating in situ with ex situ 
approaches [24], including Biobanked individuals, as metapopulations [31], and defining them as 
“the total population of a species both in situ and ex situ including viable biomaterials in Biobanks capable of 

restoring individuals”. This concept within the framework of a redefinition of ‘nature’ as Metanature 
[Figure 1, section 1.1] satisfies the inclusivity of all biodiversity in an Anthropogenic Biosphere. 

Amphibians provide the optimal vertebrate taxon to implement and exemplify ex situ 
management through RBCs, due to biological, technical, cultural, economic, and political factors. 
Cultural, economic, and political factors include their public presence and popularity and 
amenability to regional community programs including ecosystem protection [15,21,22,27]. 
Biological and technical factors include their highest proportion of threatened vertebrate species, 
insentience, small size, ease of care and reproduction, high fecundity, and proven amenability for 
RBCs including Biobanking of their genetic diversity [3–18]. 

Unfortunately, current initiatives have not satisfied the need for proactive amphibian 
sustainability, particularly in regions with the highest amphibian biodiversity [2,3]. Technologies for 
these initiatives are well developed [3–13]; however, the full potential of RBCs for species 
perpetuation hinges on the further development of a surprisingly neglected key technologies: the 
ability to restore amphibian species solely from biobanked somatic cells [18; section 5.15. Advanced 
Reproduction Technologies (aARTs)]. This neglect is even more remarkable when considering the 
extraordinary public support and financing for emerging global de-extinction initiatives to restore 
long-gone species from poorly preserved biomaterial [32]. To unlock the full capabilities of RBCs for 
it is crucial to prioritize and advance research in somatic cell biotechnologies. By addressing this gap, 
we can harness the tremendous potential of RBCs and fulfill our commitment to perpetuating 
amphibian biodiversity. 

In this review we present the first comprehensive multidisciplinary synthesis of the state of the 
art and their geopolitical, cultural, and scientific backgrounds, to economically, efficiently, and 
reliably, perpetuate amphibian biodiversity. We emphasise the need for maximum community 
engagement and the critical role amphibian RBCs can play in broader biobanking and sustainability 
initiatives. We develop genetic models and highlight the potential for cell cryopreservation and 
cloning to perpetuate species through the first detailed review of amphibian cloning in the English 
literature, along with significant new information on methodologies and techniques. We present 
these subjects as section 2. Biopolitical, Biogeographical, and Biological Background; 3, Targeting 
Threats to Amphibians, 4. Conservation Breeding Programs; 5, Genetic Diversity and Management; 
6. RBC Technologies; and 7. Biobanking – Economic, Political, Cultural Factors. We conclude with a 
road ahead to foster RBCs for Proactive Amphibian Sustainability through a democratic globally 
representative organization to, 1) focus on the bioregions with the highest amphibian biodiversity, 2) 
maximise regional inclusion in international initiatives, and 3) provide for maximum community 
engagement and financial resources. 

Although we focus on amphibians many principles discussed in this review are applicable to 
other taxa, particularly biobanking as generic to all animalia. We primarily reference contemporary 
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reviews published since 2015, and provide appendixes to expand core themes, along with a 
standardized nomenclature to enhance specificity and uniformity in publications, reports, and 
management plans. We follow the Associated Press conventions for the use of acronyms and address 
misconceptions in the literature. 

2. Biopolitical, Biogeographical, and Biological Background 

To fully maximize the potential of Amphibian Sustainability it is imperative to have a clear 
understanding of its political, cultural, and economic context, where empowerment toward 
Biospheric Sustainability must be fostered globally, and especially in economically challenged 
biodiversity-rich developing countries [1,24,26–30]. Otherwise, the future for both biodiversity and 
humanity is bleak [33–35]. Global incentives are growing for sustainability to address these existential 
challenges, and increasingly looking forward to a supportive moral framework of social and 
intergenerational justice. We contextualise these challenges through a background summary 
(Appendix 1. The Anthropocene and Biospheric Sustainability). 

2.1. Redefining Nature 

An impediment toward Amphibian Sustainability, and the realisation of biotechnologies such 
as RBCs to perpetuate species, is the definition of Nature as "The phenomena of the physical world 

collectively, including plants, animals, the landscape, and other features and products of the earth, as opposed 

to humans or human creations" [36]. The future of Biospheric Sustainability requires a redefining of 
nature, through challenging the opposition between nature and humanity in Judeo/Christian 
theology [37,38], including the embracing life on or increasingly beyond Earth [39–41]. 

To remove the conceptual barriers that hamper the full potential of proactive amphibian 
sustainability we define the empowering concept of ‘Metanature’ as the ‘Collective phenomena of the 

physical world, including its components, – landscapes, plants, animals, humans, and human creations. These 

phenomena are recognized as interdependent, functional, and moral entities, within a Biosphere extending into 

space’ (Figure 1). In Figure 1. we also include a futuristic potential for species perpetuation in Genomic 
Restoration Databases we define as ‘Databases containing comprehensive genomic information for reviving 

or restoring living organisms.’. 
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Figure 1. The concepts of Metanature, Biospheric Sustainability, and RBCs, in tandem can perpetuate 
genetic diversity to provide for human wellbeing and intergenerational justice for the foreseeable 
future. 

2.2. The Anthropocene and Proactive Amphibian Sustainability 

Amphibians are essential for ecosystem function [42] and enrich our lives at physical, emotional, 
cognitive, social, and spiritual levels. They support ecotourism, offer companionship as pets [43–45], 
and serve as valuable subjects for research [10,11]. These benefits not only enhance our current 
existence, but potentially extend to space colonization and terraforming [39,40]. Recent models 
indicate that declining trophic complexity, network connectivity, and community resilience, in 
natural ecosystems could lead to future amphibian rates double that of the previously predicted 
alarming levels [46,47]. Amphibians necessitate specific microhabitats, adequate food sources, and 
secure refuges, making them highly susceptible to even minor ecological disturbances. Furthermore, 
the rapid decline of insect populations, a primary food source for amphibians and for ecosystem 
stability, exacerbates these threats [48,49]. 

Most amphibian species inhabit developing countries, many of which grapple with a legacy of 
instability, poverty, and ongoing habitat destruction often without regard to environmental 
consequences [50; Appendix 1]. Additionally, novel pathogens pose severe threats to entire suites of 
species with no immediate solutions in sight [51]. Therefore, the increased rates of decline and 
extinction of amphibians in the wild are formidable and urgent challenges [47,52,53]. The survival of 
many amphibian species in the wild depends on identifying threats and their amelioration supported 
by transformational economic and social changes [54,55]. These initiatives in tandem with amphibian 
RBCs can secure amphibians' irreplaceable contributions in the long-term to our ecosystems, culture, 
and overall quality of life [Appendix 1]. 

3. Targeting Threats to Amphibians  

The prioritisation of initiatives for proactive amphibian sustainability is dependent on species 
threats in the wild, their conservation status, and the effective targeting of RBCs. 

3.1. Biogeography, Species Richness, and Habitat Loss 

The highest diversity of anurans is found in tropical and subtropical regions, particularly on 
islands and mountains where varied habitats or isolating mechanisms promote speciation. Major 
biogeographical areas with high anuran diversity include Southeast Asia, Africa, SE USA, and 
Central and South America [56,57], with most new species discoveries in the tropical regions of South 
America, Asia, Indo-Pacific, and Africa [58]. The ten top countries in order of amphibian species 
richness are Brazil 1,022, Colombia 771, Ecuador 626, Peru 572, China 461, India 434, Mexico 396, 
regional Papua New Guinea 395, Indonesia 365, and Venezuela 363. Amphibian RBCs have mostly 
been developed in Australia the 15th country with 245 species, the Russian Federation the 69th 
country with 33 species, and the USA the 12th with 313 species [52]. 

Salamanders and caecilians are more restricted in their global distribution than anurans. Among 
the 10 salamander families, nine are predominately temperate, including those families generally 
placed near the base of salamander phylogenies with a center of diversity in Southeast North 
America. However, the highly threatened Plethodontidae are mainly tropical and includes 228 of the 
555 currently described salamander species [59–61]. Half of these species are in the Mesoamerican 
Highlands of Mexico and South and Central America, with many new species being discovered in 
Brazil [62]. The distribution of the basal salamander family Cryptobranchoidea is mainly in Northeast 
Asia with a few species in Eastern North America [63]. Caecilians are mostly found in Central and 
South America, the South Asian tropics, and Eastern and Western Africa, but inexplicably not in 
Central Africa. The conservation status of many caecilian species is unknown due to their 
subterranean habitats [61,63,64].  

Habitat loss is the main driver of amphibian declines, affecting ~65% of all amphibian species 
and up to ~90% of threatened species [52], with ~70% of all amphibian species in tropical regions 
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being the most threatened [50]. The COP15 mandate to protect 30% of the terrestrial area offers hope 
for some threatened ecosystems and species, but including degraded habitats will not significantly 
protect many threatened amphibians [1]. Protecting biodiversity requires discrete targeting, where 
30% of unprotected amphibian phylogenetic diversity, comprising 80% of salamander, and 65% of 
caecilian and anuran phylogenetic diversity could be protected by targeting only 2% of the global 
terrestrial area [65]. Overall amphibian species diversity also exists in a small percentage of terrestrial 
areas. For example, the small country of Ecuador is home to 8% (626) of species of which almost half 
are endemic [66], and islands with high anuran endemicity include Melanesia with 15% of species in 
0.7% of the global terrestrial area [67], and Madagascar with 8% of species in 0.4% of the global 
terrestrial area [68]. Unfortunately, many amphibian species depend on mountain habitats with a 
high altitudinal range [69,70] and projected global heating to a likely 2.5°C will result in the extinction 
of many of these species [34]. 

3.2. Pathogens and Parasites 

A major threat to amphibians is the skin pathogen, Batrachochytrium dendrobatidis (Bd), which 
spread globally in the early to mid-20th century, causing amphibian declines and extinctions. Bd now 
infects ~7% of species in ~70% of surveyed countries [71]. A congener is confined to Eurasia but if 
introduced would threaten the high salamander biodiversity of the Americas [59]. Inter-regional 
transmission of these pathogens can occur through keratinous skin, including on crayfish, nematode 
worms [72], fish [73,74], and migratory bird’s feet [75]. Parasites from four Phyla also infect 
amphibians with their species host range increasing with global warming [63,76,77]. The key to 
safeguarding amphibians amidst emerging infectious diseases lies in factoring in pathogens when 
developing conservation plans rather than focusing on the impossibility of total control [15,79]. 

 

3.3. Data Bases for Endangerment Status 

Databases integration is essential to provide contemporary and accurate information on 
endangerment status [60,79,80, section 3.3. Data Bases for Endangerment Status]. A little recognised 
but highly significant threat is insufficient funding for the IUCN Red List and associated biological 
knowledge to support modelling that provides valuable insights toward species conservation [60,79–
82]. More than half of the amphibian species on the IUCN Red List have either no assessment or 
outdated assessments [83], particularly concerning RBCs (section 3.3), and species in regions with 
high amphibian diversity such as developing countries, a need illustrated by the discovery since 2000 
of ~150-200 new species per year [52]. Surprisingly, adequate annual funding of the IUCN and 
associated databases, representing a minuscule amount of less than 0.001% of global biospheric 
funding, would greatly help not only proactive amphibian sustainability, but also help save many 
thousands of species in other taxa. 

3.4. Commercialisation and Trade 

Commercialisation of any biological resources can yield both conservation benefits through 
increased engagement, and potential costs due to mismanagement or over-exploitation. The 
commercial amphibian trade of amphibian companion animals and exotic pets includes hundreds of 
individuals and tens of species [84,85]. However, it is impossible to determine if trade levels are 
sustainable due to the impossibility of tracking individual species using the World Customs 
Organization's international coding system [86], along with deficiencies in taxonomic data, including 
cryptic species and biological and threatened species data [87; section 4.3.1. CBP Founders and Data 

Mass killings and declines of amphibians caused by Batrachochytrium 

dendrobatidis was an initial sensational driver toward proactive amphibian 
sustainability. This and a cascade of other threats now demands the global 
support and implementation of amphibian RBCs. Image attribution. CC BY 
2.5. Forrest Brem - From Riders of a Modern-Day Ark. Gewin V. PLoS 
Biology Vol. 6, No. 1, e24. 
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Bases]. Unfortunately, the provision of founders to institutional and private carers CBPs is conflated 
with other trade, resulting in excessive burdens, while criminal and irresponsible individuals and 
organisations profit [15,84]. These burdens to the conservation community particularly apply to 
onerous CITES prohibitions on trade involving Endangered and Critically Endangered species trade 
to the exclusion of private carers, including species that will be increasingly dependent  on Private 
Carers for their survival [15]. 

4. Conservation Breeding Programs [CBPs] 

Nomenclature; Convention - IUCN standard - Conservation Breeding Programs [CBPs]. Other: 
Captive Assurance Colonies, Captive Insurance Colonies. Ambiguous: Captive Breeding Colonies, 
Captive Colonies as these can include commercial breeding. Qualifiers: in situ - in range, ex situ – out 
of range. Redundancy; ‘survival’ in Captive Survival Assurance Colonies. 

4.1. Preferred terms for field conservation 

The amphibian conservation community uses a confusing plethora of terms for field 
conservation. We researched credible authoritative sources from different disciplines to rationalise a 
standard terminology for the field of RBCs [Table 1]. 

Table 1. Preferred terms for use for RBCs and field projects. 

Preferred Term  
Misnomers – 

alternatives 

Species 

Programs 
  

Head Starting 
The raising of eggs or embryos harvested from nature to 

advanced stages for release. 
[88] 

Repopulation 
Repopulating a lost species in previously populated 

habitat. 
Rehabilitation. 
Reintroduction.  

Augmentation 
The addition of individuals from captive-bred or stable, 

wild populations to support extant populations.  
Supplementation 

Translocation  
Translocation is the transfer of a species from one location 

to another within their home range. 
[89] 

Relocation 
Relocation is moving animals under immediate threat of 

extirpation from one location to another within their home 
range.  

[89] 

Assisted 
Migration 

Moving populations to locations outside the historical 
species range, mainly in response to global heating.  

[90] 

Habitat 

Programs 
  

Mitigation 
Minimising damage and maximizing the eco-sustainability 

of environments. 
[91] 

 

Rehabilitation 
Rehabilitation focuses on the reparation of ecosystem 
processes ….  to repair the capacity of ecosystems to 

provide habitats for biota and eco-services. 
[91] 

Restoration The aspirational target of restoring native ecosystems.  
[92]  

. 

4.2. Range, Scope, and Networking 

Conservation Breeding Programs can be in- or out-range (in situ or ex situ), in private or 
institutional facilities, linked to community-based programs and habitat protection, or be partially or 
totally self-supporting through volunteers, ecotourism, and trade [15,24,93–95]. They offer an 
opportunity to guarantee species survival through long-term commitment and management 
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strategies complementing their focus’ on perpetuation, repopulation, conservation research or 
education, or community engagement [10,11,43–45]. Institutional CBPs alone cannot support the 
current need for CBPs [3,96]. Nevertheless, the cascade of species declines toward extinction in the 
coming decades [96,97], but Private Carers and their NGOs can fill the gap [15]. Unfortunately, many 
species do not appeal to either institutional or private CBPs [19]; however, with targeted resource 
allocation toward RBCs these species could be saved until perpetuation solely in Biobanks [20]. 

Surprisingly, when cryopreserved sperm can minimise CBP size to a few living individuals, 
Canessa [98] suggested a conflict of choice for CBPs between a large captive population for a single 
species fully ensuring against extinction or smaller CBPs for several species. A similar sentiment was 
expressed by Tapley et al. [19], who suggested neglecting species to extinction that could not 
predictably be restored in nature due to habitat destruction, pathogens, or other causes, which will 
include many amphibians over the long term. Tapley et al. [19] was furthered by Griffiths [98] “When 

selecting species for captive programs, dilemmas may emerge between choosing species that have a good chance 

of surviving after reintroduction because their threats are reversible and those that are doomed to extinction in 

the wild as a result of irreversible threats”. 
These dystopian neglects are particularly morally unacceptable for species whose habitat is 

irreplaceably lost and dependent on CBPs for their survival until RBCs enable their perpetuation in 
Biobanks for timely restoration in the future [4,9,10,17,18,20]. Furthermore, the accurate prediction of 
species’ future potential survival in nature is very difficult. For instance, some species are 
repopulating as they adapt to pathogens infested environments [99], assisted evolution or vaccination 
could enable pathogen-exposed species to survive [100], and rapidly evolving ecosystems including 
urban green environments could provide increased survivability through pathogen exclusion. We 
have defined the management of Triage 1, and particularly Triage 3, to include the perpetuation of 
all species, where RBCs can substantially reduce the size and cost of CBPs, and potentially perpetuate 
species solely in Biobanks (section 4.3.2. The Species Survival Triage and RBC Prioritisation). 

Perhaps the greatest potential for CBPs is found in citizen conservation through private carers 
and their NGOs, a largely untapped and unsupported public resource that already maintains many 
threatened species and could support many more, along with local community engagement, habitat 
protection, or restoration [15]. The increasing support of private carers and their NGOs along with 
institutional RBCs focussed on species in immediate need, could economically perpetuate all 
currently AArk-recommended species, and as facilities grow the expected cascade of species over the 
next few decades [3,15,101]. 

The movement toward amphibian RBCs supporting genetic diversity through sperm storage is 
gaining momentum through assisted gene flow between natural populations and CBPs [103], citizen 
science driven field collection and cryopreservation, and sperm biobanking [104,105]. In a direct link 
between the climate catastrophe and the use of RBCs, following the unprecedented 2019/20 megafires 
in Australia sperm is being cryopreserved in the field from both burnt and unburnt sites along the 
East coast of Australia [106]. 

4.3. Species Prioritisation for RBCs 

Having a logical framework for species prioritisation in RBCs is crucial, primarily based on local 
expertise as exemplified by Amphibian Ark (AArk) assessments [3]. The minimum effective 
population size in nature to recommend RBCs depends on the species’ autecology, demographics, 
and reproductive cycles including age of maturity and fecundity, and the area of potential habitat 
[107–110]. A common bias in the RBC literature toward the importance of institutional agendas is the 
generalisation of the term ‘Threatened Species’ that includes Vulnerable, Endangered, and Critically 
Endangered species. The survival of Vulnerable species can be secured through management 
practices such as habitat protection or replacement, which are primary conservation goals 
[3,29,95,111]. The full potential of RBCs prioritises Critically Endangered species assessed as under 
immediate threat of extinction, then RBCs of various impacts for Endangered species. Additionally, 
there exists an opportunity to biobank newly discovered species while simultaneously describing 
and vouchering specimens (section 6.4. Material Types and Vouchering). 
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4.3.1. CBP Founders and Data Bases 

The semi-autonomous Amphibian Ark is the central authoritative global organisation 
supporting amphibian RBCs. The AArk portal lists the activities of CBPs globally and provides 
contemporary information through a newsletter [3]. Based on the regional expertise of biologists and 
field conservationists, assessments of species endangerment status lists approximately 400 
Endangered or Critically Endangered species. Almost 100% of these species are also recommended 
for RBCs [112]. Other important perspectives toward the perpetuation of endangered species are the 
Royal Zoological Society of London, Evolutionarily Distinct and Globally Endangered (EDGE] 
species lists, where emphasis is placed on the representation of phylogenetic lineages [113,114] and 
recognition of Data Deficient species that are often rare and therefore liable to extinction [115].  

At the time of this review, the IUCN Red List does not offer a rational and accurate list of 
Biobanking [Table 2], or Species Recommended for Community-Based Conservation Programs 
(CBPs) labelled as ‘ex situ conservation” [Table 3]. Instead, it primarily lists Least Concern species 
and no caecilians. Notably, there needs to be more consistency between AArk Biobanking [112] and 
IUCN lists [83]. A framework for evaluating the impact of the IUCN Red List of Threatened Species 
was published but the global RBC community needs informing of any moves toward its 
implementation [116]. 

Table 2. IUCN Red List recommendations for species in total for 423 Threatened Species for 3.4.2. 
Genome Resource Banking. 8th August 2023. [IUCN, 2023]. In brackets = IUCN Red List species 
number of species in IUCN Red List Category. Left = the number recommended for Genome Resource 
Banking. Right the % of species recommended for Genome Resource Banking. IUCN Red List 
Categories: LC = Least Concern, VU = Vulnerable, EN = Endangered, CE = Critically Endangered., DD 
= Data Deficient. 

 LC VU EN CE DD 

Anura 326 (3027) 10.7% 42 (625) 6.7% 32 (964) 3.3% 23 (591) 4.0% 1,000 
Salamanders 13 (189) 6.9% 17 (111) 1.5% 17 (169) 10.1% 8 (129) 6.2% 48 

Caecilians 0 (75) 0% 0 (4) 0% 0 (11) 0% 0 (3) 0% 97 
Total 339 (3,291) 10.3% 59 (740) 8.0% 49 (1,144) 4.3% 31 (723) 4.3% 0 (1145) 0% 

Table 3. IUCN Red List recommendations for 793 species in total for ex-situ Conservation - Captive 
breeding/artificial propagation. 8th August 2023 [IUCN, 2023]. In brackets = IUCN Red List species 
number of species in IUCN Red List Category. Left = the number recommended for Captive 
breeding/artificial propagation. Right the % of species recommended for Captive breeding/artificial 
propagation. IUCN Red List Categories: NT = Near Threatened, LC = Least Concern VU = Vulnerable, 
EN = Endangered, CE = Critically Endangered, DD = Data Deficient. 

 NT LC VU EN CE DD 

Anura 34 (341) 294 (3,027) 10.7% 42 (625) 6.7% 64 (964) 3.3% 217 (591) 4.0% 209 
Salamanders 0 (65) 2 (189) 6.9% 5 (111) 1.5% 7 (169) 10.1% 11 (129) 6.2% 48 

Caecilians na 0 (75) 0% 0 (4) 0% 0 (11) 0% 0 (3) 0% 97 
Total 34 (406) 296 (3,291) 10.3% 47 (740) 8.0% 71 (1,144) 4.3% 228 (723) 4.3% na 

Besides their ecological function, phylogenetic significance, or iconic status, species can be also 
targeted for RBCs for traits that also contribute to direct human psychological well-being. These traits 
are particularly significant for displays in zoos, with private carers as companion animals or as 
contributors to CBPs, and as components of urban biodiversity, for instance, attractively coloured or 
patterned amphibians, large amphibians, or amphibians of mythological significance [15,43]. 

4.3.2. The Species Survival Triage and RBC Prioritisation 
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The application of Amphibian Sustainability requires the most efficient and reliable direction of 
resources toward species. We recommend a triage of care based on the immediacy of need and 
potential support. 

Triage 1. Vulnerable and Common Species - Survival in Nature - Species maintaining viable 
populations in nature in protected or unprotected habitats, with adequate effective reproducing 
population sizes. Field activities could include augmentation, repopulation, and population of 
rehabilitated, restored, or created ecological systems. 

Triage 2. Endangered or Critically Endangered species with effective reproducing populations 
in nature that could be maintained or recovered. RBC priorities: genetic diversity maintained in CBPs 
and Biobanks, along with broodstock, in anticipation of progeny release to augment existing 
populations, or to repopulate rehabilitated, restored, or created ecological systems. 

Triage 3. Species are unlikely to survive in nature for the foreseeable future due to irrecoverable 
habitat loss or other threats. RBCs are critical for these species and can include females without 
studbook management as display or pet species, with their generic diversity perpetuated through 
Biobanked cryopreserved sperm. Once technologies are developed for the recovery of females from 
viable cryopreserved diploid cells or tissues these species genetic diversity could be solely 
perpetuated in Biobanks. Cost is moderate with CBPs, and eventually low with Biobanking for 
perpetuity. 

3.4. Citizen Conservation, Private Carers, and CBPs 

“Ultimately, breeding space and staff is limited in zoos. With dedicated private keepers, we can 

expand our capacities while sharing and gaining knowledge — a win-win situation for breeding and 

conserving endangered species”. Anna Rauhhaus , 2023. 

Citizen conservation turns citizens into practicing conservationists: raising awareness, 
motivating people to get directly involved, and bringing together different areas of expertise to make 
a significant contribution to biodiversity conservation. Citizen conservation unites private amphibian 
carers and professional conservationists in an inclusive and powerful societal approach to support 
proactive amphibian sustainability. Zoo-based CBPs for amphibians are limited in number and tend 
to focus on charismatic or iconic species [31], or their regional programs [8], however, private carers 
CBPs are only limited by their interests [15]. 

 
There are exciting possibilities for greater incorporation of the vast global potential of private 

carers, with their proven track record with a wide variety of anuran and salamander species. This 
could lead to conducting CBPs for threatened species at greatly reduced costs and building public 
and political support, both within and outside the species' native range. Private groups play a crucial 
role in ensuring the survival of threatened amphibians outside their natural habitat and foster strong 
relationships for in situ conservation efforts, for instance, the Responsible Herpetological Project 
[117]. Private carers have the facilities, time, passion, and knowledge to care for and reproduce 
threatened species [15, Table 4, Figure 2]. A vast opportunity for species perpetuation also exists 
where species in private carers’ collections as colour morphs or as domestic varieties can be used to 
re-establish overall species genetic diversity through Biobanked sperm [15,16]. However, CITES 
restricts species provision to NGOs and private carers outside their national boundaries, thus 
hampering initiatives toward private carers CBPs. 

The amphibian conservation program at Cologne Zoo, German Republic, is a global focus and model for developing 
captive care and reproduction of threatened amphibians. Private keepers, Cologne Zoo, and research, CBPs, and habitat 
protection in Vietnam, supported by the German Association of Zoological Gardens – a holistic and inclusive international 
approach to amphibian conservation.  They also support a program and field station in Vietnam, which is famous for 
their breeding of new species, for their conservation work, and habitat conservation efforts. 
https://citizen-conservation.org/our-mission/idea-goals/?lang=en 
https://citizen-conservation.org/arten/vietnamese-crocodile-newt-2/?lang=en 
https://citizen-conservation.org/arten/zieglers-crocodile-newt/?lang=en 
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Figure 2. (a) Critically Endangered San Martin Fringe-Limbed Treefrog, Ecnomiohyla valancifer. (b) 
Critically Endangered demonic poison frog, Minyobates steyermarki. Images courtesy Peter Janzen. 

The success demonstrated by Private Carers in successfully reproducing numerous species of 
anurans and salamanders underscores their excellent standards of care and highlights their potential 
to make significant contributions to CBPs if provided with the opportunity [15, Table 4, Figure 2].  

Table 4. Species surveyed in a limited canvassing of private carers collections in 1998; their IUCN Red 
List status, number cared for / number reproduced and percentage reproduced. CE = Critically 
Endangered, EN = Endangered, VU = Vulnerable, NT = Near Threatened, LC = Least Concern. [from 
15, Appendix 1.]. 

Endangerment  CE EN VU NT LC 

Anurans 9 / 8, 89%  16 / 16, 100% 11 / 11, 100% 15 / 11, 100% 21 / 11, 100% 
Salamanders 6 / 6, 100% 7 / 6, 86% 10 / 11, 100% 13 / 12, 92% 44 / 42, 95% 

 

 

5.1. Genetic Management Guidelines 

A widely suggested global target for captive breeding programs is to retain 90% of the source 
population heterozygosity (Ht/Ho) for 100 years. Concerning biobanking strategies, this may not 
necessarily equate to sampling every single individual in the living population, but rather capturing 
the gene pool of the genetically effective population size (Ne), as opposed to actual or census size (N). 
Ne is the size of a representative population that would give rise to the same variance of gene 

PRIVATE KEEPER’S ORGANISATIONS -  
 Many concerned individuals are forming private groups to ensure the survival of threatened amphibians. Out of 
range programs can also build strong relationships for in range conservation. [see https://citizen-
conservation.org/?lang=en.] 
 The Critically Endangered, San Martin Fringe-Limbed Treefrog, Ecnomiohyla valancifer, was known only from 
a handful museum specimens. A private keeper in the USA found this frog at a fair and bred many offspring, likely a 
last hope for this species. 
 Karl-Heinz Jungfer, a well-known German private keeper is the champion of the Critically Endangered demonic 
poison frog, Minyobates steyermarki. https://citizen-conservation.org/stories/rettung-eines-unikums/?lang=en 

The role that amphibian conservation programs can play in public 
engagement along with environmental restoration is exemplified by the 
Critically Endangered Axolotl. Now highly threatened in its native 
habitat the Axolotl has become a flagship species for habitat protection 
and restoration of Xochimilco's canals. A new museum and conservation 
center at Mexico City's Chapultepec Zoo dedicated to Mexico's critically 
endangered axolotl salamander has captured the attention of scientists 
and the public alike. Sixteen other Axolotl species call Mexico home, 
with Xochimilco's canals holding nearly 11% of Mexico's biodiversity. 
Axolotl conservation, along other Ambystoma species, has been 
supported by a large body of RBC research beginning in 2011 and 
including refrigerated storage and cryopreservation of sperm and F2 
offspring, hormonal stimulation, ultrasound, [118–125], and culminating 
with the first artificial insemination in internally fertilising amphibians 
[122] I H k W ll
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frequency, or rate of inbreeding as the actual population under consideration. The effective size is 
typically much smaller than the number of potentially breeding adults in populations, averaging an 
order of magnitude lower than census population sizes [126]. Unequal sex ratio, family size variance, 
and population size fluctuations are the major variables predicted to affect Ne. Selection of animals 
for biobanking must consider the variables that affect Ne for a given species or population, whilst 
seeking to make efficient use of resources to preserve maximum diversity through a minimum 
number of samples [138]. 

The ‘Amphibian Population Management Guidelines’ [110] detail the management of genetic 
diversity in CBPs. The guidelines provide target population sizes and minimum founder numbers 
for a range of scenarios to achieve maintenance of genetic diversity, albeit without considering the 
use of biobanking and particularly RBCs Howell et al. [13,14] quantified the potential cost and genetic 
benefits of Biobanking where supplementing an anuran CBP with frozen founder sperm through in 

vitro fertilisation every generation results in major cost reductions, minimised inbreeding and greatly 
reduced captive populations, that would exceed the genetic retention benchmark of 90% of source 
population heterozygosity, and even allow 95% or 99% heterozygosity targets to be realistically 
achieved. Modelling with two other anurans similarly showed that back-crossing with frozen 
founder sperm with every generation would minimise rates of inbreeding and reduce colony sizes 
and program costs [14]. 

A major challenge in CBPs is the loss of genetic variation through selection for domestication, 
leading to individuals being poorly to wild environments [131,140]. Cryopreserved gametes may 
represent a reservoir of rare but significant alleles that could help address this challenge [16,141]. A 
structured approach is needed to determine the degree to which cryopreserved sperm can contribute 
to maintaining or enhancing genetic diversity including 1) the number of founder animals, 2) the 
number of additional biobanked founders, and 3) the initial frequency of a given allele in the founder 
population [110]. The number of founders and initial allele frequency allows a calculation of the 
likelihood that that allele will persist into subsequent generations (Figure 3). More difficult to 
quantify is the significance of an allele to the future population adaptation to changing conditions. 
Rare alleles could be highly significant toward adaptation to changing environmental conditions, 
such as effective camouflage appropriate for specific vegetation cycles or pathogens [142,143]. These 
uncertainties have resulted in insufficient estimates for Biobanking needs (110, Table 5]. 

 

Figure 3. (a) The proportional heterozygosity compared to founder numbers. (b) The probability that 
alleles will persist into the next generation is based on the initial allelic frequency in the founder the 
population and the number of founders. 

Table 5. Examples of various estimates of necessary numbers of biobanked individuals for different 
established or recommended programs. 

Population Males Females Application Reference 

Metapopulation? 10   [144] 
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Metapopulation 5 5 27 Australian Threatened species. [145] 
Metapopulation 20+ 20+ Conservation Breeding Programs [110] 
Fragmented/sub 

pop.  
10  

Every 4 years for CBPs depending on a species mean 
kinship 

[146] 

Metapopulation 
15 unspecified 

sex  
For CBP to prevent loss of genetic diversity and 

inbreeding depression.  
[105,147,14

8] 
Metapopulation. 

Geographic 
clusters  

20 10 Different geographic clusters [149] 

Whilst inbreeding depression and loss of diversity have been shown to contribute to extinction 
risk, these observations typically rely on the assumption of naturally outbreeding populations. 
Amphibian species have been challenging to profile in terms of population genetics. Furthermore, 
many populations are isolated and likely to be naturally inbreeding rather than outbreeding. The 
impacts of inbreeding depression and diversity loss on extinction risk in inbreeding amphibian 
populations have neither been examined experimentally nor modelled and are therefore difficult to 
predict accurately. Understanding how CBPs to support wild populations will affect genetic diversity 
and extinction requires timely, baseline genetic data, thorough characterisation, and documentation 
of living and biobank breeders, and prospective genetic modelling. The fundamental management 
issue is at what effective population size in nature should CBPs be implemented, and how does the 
relationship between a CBP’s genetic diversity and the recipient population size and genetic diversity 
affect management strategies such as assisted gene flow [130-131; section 5.1.2. Assisted Gene Flow]. 

5.1.1. Biobanking Genetic Diversity and CBPs 

The relative approaches to using RBCs, dependent on species needs, can be considered relative 
to a complete program based on the perpetuation of a threatened species with imminent extinction 
in nature, and with only a few if any vouchered specimens in museums. Both Mahony and Clulow 
[145] and Kouba et al. [146] recommended biobanking of all Threatened species (Vulnerable, 
Endangered, and Critically Endangered species), in contradiction to AArk recommendations (section 
4.3.1. CBP Founders and Data Bases). Amphibian Ark recommends that at least twenty pairs of 
animals (or groups of individuals) are collected as founder animals for CBPs, ideally unrelated, and 
successfully reproducing, access AAR Founder Tool [150]. Many more than this number may be 
needed to ensure that twenty pairs survive and successfully reproduce. 

In any case, the maintenance of genetic diversity in CBPs without using cryopreserved sperm is 
inefficient and costly, and even with Amphibian Population Management Guidelines CBP 
populations lose genetic diversity with each generation [110]. The loss rate of genetic diversity in 
CBPs depends on the program period, the generation time, studbook management, the CBP 
population, and the loss rate of founders due to natural or stochastic mortality. Schad [110,150] 
recommends a minimum number of 20 founders to capture 97.5% heterozygosity. However, 
dependent on the generation time and lifespan, even with studbook pairing, to maintain only 97.5% 
heterozygosity in CBPs for periods of only 10-25 years requires CBPs with 10 to 25 each of males and 
females and CBP populations from 80 to 1,500 individuals [110,150]. Cryopreserved sperm enables 
male founder numbers to potentially be much higher, the number of generations is effectively one, 
and the indefinite perpetuation of the initial genetic diversity. Even if fertilisation rates with in vitro 
fertilisation are low, the high fecundity of subsequent adults in most species can produce numerous 
offspring [Figure 4]. Species could even be perpetuated through females of amphibian varieties in 
private collections CBPs to provide oocytes with genetic diversity opportunistically reestablished 
with cryopreserved sperm, [15,16]. 
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Figure 4. Anuran oocyte numbers. Left. the lower 90% (698 of 791 species) spawn up to 2,100 oocytes, 
whereas the final 10% spawn up to 20,000 oocytes; mainly in Bufonid and large Ranid species. Right 
– the lower 50% of species mainly spawn < 70 oocytes, with many spawning <36 oocytes, but some 
up 350 oocytes. 

In agreement with the AArk model [110,150] we propose a foundational population, at the time 
of rescue of a species in a CBPs with sperm Biobanking, of at least 20 live females and 20 live males, 
along with the maximum practical number of males Biobanked sperm, including sampling from the 
wild and male founders. For biologically unexplored species up to 12 males and 12 females are 
vouchered, sperm and male and female tissues Biobanked, and all individuals sampled for 
phylogenetic analysis. A bias toward females with a total founder population of 40, 20 adult females 
and 10 adult males, could be beneficial to the production of progeny if releases are a priority [149]. 
The rate of loss of genetic diversity in populations in the wild will not be the same as randomly 
predicted because of environmental selection against unfit individuals. A population size at which  
≤ 100 of effectively reproducing adults in the wild is predicted to suffer a 10% loss in ‘fitness’ [148], 
through loss of genetic diversity over 30 years [151]. 

5.1.2. Assisted Gene Flow 

Assisted Gene Flow involves the translocation of genes between CBPs or biobanks, and wild 
populations comprising a species metapopulation (core population) [31,129] to maintain or increase 
allelic diversity [genetic variation] [131]. Assisted gene flow can enhance fitness, reproductive 
capacity, and the evolutionary adaptability. However, it can also lead to outbreeding depression and 
loss of alleles [151], genetic incompatibility [108,139], risk of disease transmission, and consequently 
the recipient populations survival [131]. The beneficial or detrimental effects on populations of 
assisted gene flow depend on the multiplicity translocated of genes and alleles, the proportions of 
the introduced genotypes to recipient genotypes, environmental selection toward the introduced 
genotype, overall population size, and subsequent genetic drift [108,129,139]. 

In most cases, assisted gene flow toward subpopulations should utilise pooled genetic diversity 
from the core metapopulation, to minimise inbreeding depression and to avoid supplementing 
deleterious genes, rather than considering each sub-population as a genetic unit [152]. Environmental 
management, in conjunction with genetic management, could optimise the maintenance of these 
populations, particularly if their cultural significance encourages community participation and 
environmental management can be emphasised in public education [153]. 

In the case of isolated populations characterised by their unique genetic variation, assisted gene 
flow should be within the population, where foreign genes could result in male/female 
incompatibility, low fecundity, or even ecological mismatches with reproductive cues, and therefore 
reduce fecundity and survival. This limitation has been substantially evidenced in a cline of a small 
ground-nesting frog with little dispersal ability but may be found in other wide-ranging species with 
similar autecology’s and isolating mechanisms such as low dispersal [139].  

Assisted gene flow with wild populations can yield benefits only if the translocated genomes 
comprise a high percentage of those of the wild population and are highly positively selected. 
Frankham et al. [151] demonstrated that, in the absence of inbreeding depression, assisted gene flow 
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was beneficial only when the introduced genotypes had much higher fitness than local genotypes, 
and where fitness traits were controlled by a few genes of large effect. Significant genomic turnover 
only occurred when the selective advantage of the adaptive traits, and translocation fraction, were 
extremely high. When the adaptive trait was controlled by many loci of small effect, the benefits of 
assisted gene flow took over 10 generations to realize, however, the generation times of many 
amphibian species are comparatively short [154]. Assisted gene flow was harmful after only 10-20 
generations in the presence of strong outbreeding depression, or through the introduction of 
deleterious genes. Various genetic traits are manifest throughout species ontogeny, where dependent 
on the amphibian species, fungal pathogens were shown to be more lethal to either the tadpole or the 
adult stage [155].  

Assisted gene flow can be implemented at any life stage. However, to maximise natural selection 
and minimise the effects of genetic selection in RBCs, the most effective strategy is the introduction 
of genetically and allelically diverse egg masses or early larvae to wild populations. This approach 
could also be accomplished through on-site collecting oocytes from gravid females, followed 
immediately  by in vitro fertilisation by stored or fresh sperm. In any case, more genetic and 
demographic monitoring of artificially produced populations is essential to inform adaptive 
management [156]. 

5.2. Genetically Unbiased Founders in CBPs and Biobanking 

Sampling founders for RBCs, whether as live or Biobanked individuals, demands the selection 
of genetically unbiased individuals to ensure maximum heterozygosity and adaptability to a future 
of rapidly changing global environments [108,129,131,139,151,157]. Sperm sampling includes 
anthropocentric bias, terminal investment effects bias, and sperm yield bias. The selection of males 
for field sperm collection is preferably undertaken seasonally during major spawning events 
[158,159]. 

Anthropogenic bias can occur through targeting traits that do not represent maximum 
heterogeneity such as peripheral sub-populations [160,161], or more easily captured, more vocal, or 
larger males. Whereas, in most anurans preferred males are smaller than females, possibly as an 
evolutionary mechanism to maximise food resource allocation toward oocyte production [162], 
maximization heterozygosity can occur with smaller ‘sneaker" males [163] or through size-
independent delayed partial clutch fertilisation [164].  

Terminal investment bias has been shown in amphibians where fungal-infected males in two 
anuran families produced greater sperm numbers [165], or Myxosporidean infected males yield very 
high sperm numbers along with numerous spores [166]. Myxosporideans infect all anuran life stages 
[167] of three of five Australian anuran families [168], and in Rhinella a focus genus for RBCs [146,169]. 

Sperm yield bias in sperm numbers, concentration, and motility, is dependent on male mass and 
corresponding testes mass across metapopulations as dependent on environmental factors such as 
seasonal cycles, climate, and prey availability [170–172]. The relative effects of genetics and 
physiological adaptation on these responses are uncertain [173,174]. The effective sperm yield after 
recovery from cryopreservation may also be lower in inbred males, with reduced sperm quality, total 
motility, speed, and viability [173], and effects on post-release individuals [174]. 

5.3. Assisted Evolution. 

Similar – Directed evolution, Artificial selection. 
Assisted Evolution provides novel genotypes with increased survivability through introducing 

genes, modifying existing genes, or selecting for mutations [175]. Genetic engineering has yet to be 
effectively applied toward proactive amphibian sustainability, with the most promising genetic 
engineering application being increased immunity [176].  

6. Reproduction and Biobanking Technologies 

Similar: Assisted Reproductive Technologies [ART]; Genetic Resource Banking, Genome Resource Banking.  
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To improve readability, we use abbreviated terms for instance ‘sperm’ for ‘spermatozoa’, and 
‘hormonal stimulation’ for ‘exogenous hormonal stimulation’. We use ‘oocytes’ for unfertilised 
‘eggs’, Salamandroidea will be generically referred to as salamanders, with internally fertilising 
Salamandridae and the externally fertilising Cryptobranchoidea specifically referred to where 
appropriate. Convention – Reproduction Technologies [RTs]. Other: Assisted Reproductive 
Technologies [ART], Reproductive Technologies, Amphibian Reproductive Technologies. 
Convention – Biobanking. Other: Genome Resource Banking, Gene Banking, Genetic Resource 
Banking. 

We present an overview of the development and current state of current amphibian 
reproduction technologies [177], and two methodological challenges for assessing sperm fertility. We 
provide the first review of amphibian cloning in English and standardised nomenclatures for RBCs.  

6.1. History  

The application of amphibian RBCs began in the late 20th Century, with hormonal stimulation in 
Russia in 1989, and sperm cryopreservation in Russia [12] and Australia [16] in 1997/1998 (Figure 5.; 
Appendix 6, Table 11). A broad review of possibilities for RBCs to maintain genetic diversity was 
presented in 1999 [4]. Sperm-based RBCs remain the primary method for maintaining genetic 
diversity [12,16,141] and include more than 34 anurans and 5 salamanders [7–9], with assisted gene 
flow using sperm between wild populations and RBCs [105,125,146]. Cryopreserved anuran 
testicular sperm fertilised oocytes at the turn of the 21st Century in Russia [178,179] and in Australia 
[180], followed by urinal sperm in 2011 [181]. These techniques were then applied to salamanders 
[12,60,120], with several of these anurans and salamanders having subsequently reproduced [125]. 
The development and application of amphibian RBCs largely focused on sperm collection, its 
refrigerated or cryopreserved storage, and its use for in vitro fertilisation [12,16,141]. The rate of 
research has recently increased in correspondence with the establishment of national programs for 
amphibian RBCs in the USA and Australia. However, the full potential of RBCs needs the final 
development of heterocytoplasmic cloning from cryopreserved nuclei (Appendix 5). Surprisingly 
even though heterocytoplasmic cloning with fresh nuclei was established in anurans as early as 1963, 
and in salamanders in 1971 (Table 7), heterocytoplasmic cloning from cryopreserved nuclei has 
received little recent attention [18]. 

 
Figure 5. A timeline of some major milestones in the development and application of amphibian RBCs 
from1980 to 2023. For details see Appendix 6. 

6.2. Ethics 

“The humanest possible treatment of experimental animals, far from being an obstacle, is actually a 

prerequisite for successful animal experiments.” [182] through 1) reduction - minimisation of animal 
numbers, 2) refinement - minimize stress and trauma, and 3) replacement through other means 
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[183,184]. Sperm collection, refrigerated storage, cryopreservation, and oocyte collection and storage, 
and in vitro fertilisation, only need fundamental biological laboratory and animal handling 
experience. Techniques for diploid cell culture and restoration technologies such as cloning, and 
intracytoplasmic sperm injection [ICSI], require sophisticated laboratory facilities and technical 
expertise. 

6.3. Assisted Mating, Spawning, and Reproductive Maturity 

Most temperate anurans and salamanders show intermittent circannual sexual maturity, while 
most tropical species have continuous circannual sexual maturity [171,172]. Temperature primarily 
influences reproductive maturity with precipitation then triggering spawning [185]. Environmental 
simulation [12] and hormonal stimulation [12,141,186] inducing mating and spawning. Low 
temperature brumination in some cool temperate species increases mating and spawning responses 
to hormonal stimulation [12] and promotes gamete collection [181]. Different rearing temperatures 
between male and female axolotls optimised gamete maturity [122]. 

6.4. Material Types and Vouchering 

Genetic diversity can be held as tissues, cells, viable nuclei, mitochondria, DNA, mRNA, and 
Genomic Restoration Databases [187], however, only cryopreserved cells and tissues can currently 
recover individuals [4,9,10,12,16,188]. Vouchered specimens support proactive amphibian 
sustainability by relating genotypic to phenotypic characteristics within ecological contexts [146,189–
192] by providing information on the life, history, biology, longevity, pathology, and growth rates of 
amphibians [187,191]. This information contributes to the epidemiology of amphibian extinctions and 
declines from Chytrid [187,193] and assists with balancing conservation with economic development 
in highly amphibian biodiverse regions [190]. 

6.5. Life Stage and Sample Collection 

The availability of different amphibian life stages and their ability to provide suitable cells, 
tissues, or whole organisms for RBCs guide sampling approaches [187]. Amphibians are highly 
fecund and oocytes or larvae from the wild, or from head-starting programs, can provide founders 
for CBPs and embryo stem cells for cloning [194]. As life stages progress toward maturity in the wild 
the possibility of pathogen transmission increases. On the other hand, survival also evidences 
environmental adaptation and genetic fitness [156]. Males of many temperate anurans mature in one 
year, with most over two years, and warm temperate anurans generally in less than one year [134] 
and as little as three months [195]. A range of different life stages of threatened species can also be 
sourced from zoos or private carer CBPs [102]. Kouba and Julien [105] generalised caution against 
using early life stages, although some species’ males maturation times are only six to eight months 
including founders from tadpoles in their Lithobates [Rana] servosus RBC. 

6.6. Sperm Qualities - Activation, Motility, Speed, Vitality, and DNA integrity 

Misnomers for sperm speed [velocity] - ‘forward progressive motility’, ‘backward progressive 
motility’. Vitality as viability. Mitochondrial sheaths or collars as ‘mitochondrial vesicles’ 

Amphibian sperm consists of a head consisting of a condensed nucleus surrounded by a plasma 
membrane. Mitochondria are in a sheath along the sperm head, in a collar at the base, or along the 
flagellum [196,197]. The misnomer ‘mitochondrial vesicle’ for these structures was casually used in 
2003 [198], despite a lack of vesicular structure, and ‘mitochondrial vesicle’ being a formal scientific 
term for vesicles containing mitochondria found within cell organelles. It was further misrepresented 
as a genuine cell organelle, and as in 2003 [199] without reference to precedence is expert literature 
[196]. Following this misrepresented, the misnomer has unfortunately proliferated in the amphibian 
RBC to the stature of an article in 2022 titled “The Impact of Time and Environmental Factors on the 

Mitochondrial Vesicle and Subsequent Motility of Amphibian Sperm” [200], along with its generic misuse 
by the same research group [104]. The four basic metrics of sperm motility are the percentages of 1) 
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immotile sperm, 2) activated sperm showing at least flagella or twitching movements, that extends 
to 3) swimming sperm, and 4) sperm speed as absolute or directional [201]. Computer-aided sperm 
assessment [CASA] provides accurate metrics of sperm swimming [201]. Biochemical metrics are 
plasma membrane integrity and DNA integrity [12]. Comparisons between reproduction 
technologies are confounded by different metrics, ambiguous terminology, variations between 
testicular or hormone-induced sperm, and oocyte quality, along with a variety of physical and 
chemical techniques [141,203,204,205). 

6.7. Oocytes Collection and Storage 

Oocytes can be collected from gravid females in the field or captivity [206]. Females are generally 
more recalcitrant to hormonal stimulation than males and often require a priming dose of hormones 
[12,180,186]. However, ultrasound has enabled better targeting of hormonal stimulation for both 
oocyte and sperm production [120,194,207]. Oocytes can be collected from the oviduct by abdominal 
massage, spawned into physiological saline, or post-mortem from ovarian excision [12,16,180]. The 
viability period of ovulated oocytes depends on the species natural spawning temperature, storage 
temperature, and the osmotic and ionic environment. Cool storage has extended the oocyte viability 
of tropical or sub-tropical species for hours [208], and with cool to cold-temperate species up to a 
week [12]. Accumulating evidence suggests that dry storage is optimal, but that isotonic solutions 
maintain fertility for hours in some species. In female/male compatibility studies, using oocytes 
immediately on expression through abdominal massage or canulation is recommended due to a rapid 
loss of fertility [139]. However, in general studies oocyte infertility is physiological and would not be 
expected to significantly affect the genetics of progeny [Appendix 2. Oocytes Viability Period and 
Storage Environment). 

6.8. Sperm Collection from Testes Macerates 

Considerations when collecting sperm include sourcing through testes macerates or hormonal 
stimulation, donor’s stress and trauma, genetically unbiased collection, and avoiding pathogen 
dissemination [Table 6, section 3.2. Pathogens and Parasites). The maceration of the testes into 
physiological saline reliably provides large quantities of highly concentrated sperm [16,180,204–206], 
with euthanasia, dissection of testes, and maceration achieved in a few minutes [139]. Testicular 
sperm is convenient for testing outbreeding depression between multiple female/male 
compatibilities between sub-populations [139], where large quantities of sperm of consistent pH and 
osmolarity must tolerate refrigerated storage for ≤ 12 hr. without fertility loss. In contrast, hormonally 
induced sperm is subject to changes in motility, quality, and concentration [201]. The use of testicular 
sperm has been criticised by a misleading argument that it cannot be collected from threatened 
species [105,125]. Due to the high fecundity of most amphibian species (Figure 7), numerous surplus 
individuals of most threatened species are available [16,60,204). Therefore, euthanasia to collect 
testicular sperm is acceptable from: 1) males taken without threatening the population, 2) CBPs 
surplus males, and 3) males vouchered for taxonomy. 

6.9. Sperm Collection through Hormonal Stimulation 

Sperm can be collected using hormonal stimulation, then later optimised with metrics for success 
including yield, quality, and production peaks [201]. However, hormonal stimulation produces few 
if any low-quality sperm in some anurans [209] and salamanders [210]. Salamander sperm can be 
collected in pre-spermatophores as gelatinous fluid expelled by massaging the lower oviduct and 
cloaca [120], as spermic urine [210,211] semen [118], or deposited spermatophores [119]. The 
deposition of spermatophores does not require handling after hormone injection or topical 
application, however, sperm collection from spermatophores remains challenging [210], and 
cryoprotectants do not penetrate the outer shell of spermatophores [119]. 

Hormonal stimulation produced extremely low concentrations spermatozoa with none 
swimming, and no reproductive behaviour between pairs with the Endangered, Hamilton's frog 
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[Leiopelma hamiltoni, 209], and whose three cogenerers are the only living representatives of a highly 
significant phylogenetically basal Anura family [Leiopelmatidae] [113,114]. A similar response is 
predicted with Archey’s frog, L. archeyi. the globally top priority amphibian species for conservation 
actions on the Zoological Society of London’s, Evolutionary Distinct and Globally Endangered 
program [113]. 

 
Figure 6. Hamilton’s frog [Leiopelma hamiltoni]. Image by Phil Bishop. Attribution ShareAlike 2.5. 
https://en.wikipedia.org/wiki/Hamilton%27s_frog#/media/File:Leiopelma_hamiltoni02.jpg Phil 
Bishop, CC BY-SA 2.5 <https://creativecommons.org/licenses/by-sa/2.5>, via Wikimedia Commons. 

6.10. Sperm Donor Stress, Trauma, and Pathogens 

Sperm collection from testicular macerates only requires euthanasia, while hormonally induced 
sperm generally requires injection and then prolonged stressful handling on multiple occasions over 
many hours. Hormone injections are unsuitable for small delicate salamander or anuran species due 
to stress and trauma [60]. However, has been recommended for salamanders in general [210]. These 
species include most plethodontids, which include many threatened species, and that comprise 65% 
of salamander species [52]. Alternative administration methods for hormones include topical or nasal 
application [60,201,212]. Hormone injection has been used successfully for larger salamanders 
[60,120,207], including for the commercial production of Chinese giant salamanders [Andrias clade; 
60]. Sperm storage, even during cryopreservation, can harbour a wide range of pathogens [213]. The 
collection of testicular sperm should limit pathogens to internal parasites and viruses. However, 
hormonally stimulated spermic urine could also include contamination by bacteria, fungi, and 
external parasites [63]. 

Table 6. Factors to consider when selecting testes macerates or the use of exogenous hormonal 
stimulation of spermiation to collect sperm. 

Collection 

Method  
Stress Trauma 

Sperm 

Yield  
Donor Size Pathogens 

Testes  
Macerates 

Low. Low. Very High All Species. Endo-parasites, virus. 

Spermic Urine 
Anurans  

High, 
dependent 

on 
collection 

period 
and 

technique. 

Unacceptab
le for very 

small 
species. 

Moderate - 
Very Low. 

Unacceptable 
for very small 

species 

Endo-parasites, exo-
parasites, intestinal 

parasites, fungus, virus, 
bacteria. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 October 2023                   doi:10.20944/preprints202310.0426.v1

https://doi.org/10.20944/preprints202310.0426.v1


 20 

 

Hormonal 
Stimulation 

Salamanders  

High,  
dependent 

on 
collection 

period 
and 

technique. 

Unacceptab
le for small 

to very 
small 

species. 

Moderate - 
Very Low. 

Unacceptable 
for small to very 

small species 

Endo-parasites, exo-
parasites, intestinal 

parasites, fungus, virus, 
bacteria. 

6.11. Refrigerated Storage of Sperm and Testes 

Refrigerated storage of anuran sperm enables acclimation to cryoprotectants and provides fertile 
sperm for several days to a week for delayed in vitro fertilisation, transport between facilities, or for 
later cryopreservation [12,16,105,146]. Salamander sperm has a much shorter viability period than 
anuran sperm with only a day before substantial declines occur [12,16]. Seasonality can impact sperm 
quality and its amenability for refrigerated storage [159]. Antibiotics and oxygenation can extend 
storage life [214]. 

6.12. Sperm Cryopreservation 

Terminology. Recommended – formulation. Misnomer slang – cocktail. 
Aqueous based formulations of cryoprotectants, termed cryodiluents, are mixed with testes 

macerates, or with spermic urine, to produce cryosuspensions for cryopreservation [16]. There is a 
natural variation in the amenability of different species of sperm to cryopreservation, but success is 
now reliably achieved with both amphibians and salamanders [12,16,60,141]. Experimental evidence 
shows that cryopreserved mammalian sperm will remain integral for more than 200 years even under 
the effects of space radiation [41](Appendix 3).  

6.13. Artificial Fertilisation 

Mis-described as including only ‘in vitro’ fertilisation and not artificial insemination, along with 
‘dry fertilisation’ [Silla and Kouba, 2022] 

Artificial fertilisation can be potentially achieved in all amphibians, and in vitro fertilisation is 
commonly used for anurans and salamanders [16,210], with recent advances for salamanders to 
artificial insemination [123], with oviviparous caecilians requiring artificial insemination [64]. Many 
thousands of swimming sperm are needed for fertilisation, showing a high natural selective bias 
toward female sperm choice through favoured sperm traits to locate the oocyte and then to penetrate 
the gel and fertilise [12]. Our knowledge of artificial is limited by the number of amphibian species 
and families providing comparable metrics and techniques, of sperm concentration and quality, 
fertilisation environments including osmolarity and ionic formulation, and fertilisation period 
[16,60,210]. We provide a substantial background for improved comparative studies in Appendix 4. 
Artificial Fertilisation.  

6.14. Intracytoplasmic Sperm Injection 

Even sperm with integral plasma membranes could be used for intracytoplasmic sperm 
injection.  Surprisingly the utilisation of ICSI with immotile integral sperm [215,216] has received 
little attention. However, although Herbert [202 used ICSI to produce embryos these did not generate 
metamorphs due to technical failures.  

6.15. Advanced Reproduction Technologies [aARTs]  

The potential of aARTs to perpetuate amphibian biodiversity includes many parallels between 
amphibians and fishes [4,217,219]. The large oocytes and embryos and current technologies preclude 
the possibility of amphibian oocyte cryopreservation [7,17], where amphibian oocytes are far larger 
than mammalian oocytes and early embryos (0.075-0.2 mm diam.) where cryopreservation is 
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common [17], and zebrafish embryos from 0.8 mm diam. where cryopreservation is advanced [218, 
Figure 7]. The most promising method for the perpetuation of the amphibian diploid genome is 
through cloning [4,18, see Table /, ibid], although ovarian stem cells could provide for the female 
diploid genome [17]. 

 

Figure 7. Anuran oocyte volumes (mm3). (a) 805 species with oocyte diameters to 4.9 mm and volumes 
to 31.3 mm3. (b) 428 of these 805 species from the first two bars in the left figure with oocyte diameters 
≤ 1.8 mm and volumes ≤ 5.0 mm3. The only successful cryopreservation of mammalian embryos 0.0002 
to 0.004 mm3, or zebra fish embryos 0.3 mm3 are found in the size range of the first bars of both figures. 

Cloning enables the restoration of the cloned species from the oocytes of donor species [17]. 
Amphibian cloning [somatic cell nuclear transfer [SCNT]] began as a laboratory technique using early 
gastrula nuclei for homocytoplasmic cloning in 1952 [220] and finally produced adult frogs in 1962 
[221]. Heterocytoplasmic cloning is a critical RBC for the perpetuation of species solely in Biobanks. 
Surprisingly, recent reviews of RBCs, in 2022 and including cloning [17], have not included 
heterocytoplasmic cloning, which after 1961 has produced tadpoles, adults, and F1 offspring of 
anurans between species and subspecies in the same genus (for recent taxonomy see 234) , and 
salamanders between species since 1971 (Table 7, ibid]. Using the method derived from Nikitina 
(219), Kaurova et al. [18] found that homotransplantation of nuclei of cryopreserved Bufo bufo early 
embryonic cells only developed to the gastrula stage [for previously unpublished in English 
technique details sees section Appendix 5. Cloning].  

Overall, these studies (Table 7. ibid) show that: 1) species that produce inviable offspring are not 
suitable for cloning, 2) that close congeners are the most preferable for heterocytoplasmic cloning, 3) 
further research is needed to establish the optimum recipient species focusing on donor candidate 
species for RCBs and for cloning using cell lines, 4) that phylogeny should be included in RBC 
management plans to specify potential recipients for heterocytoplasmic cloning, 5) that early 
embryonic cells are most favourable for cloning, 6) that a complex suite of genotypic and phenotypic 
expression including reproductive potential can occur in clones and their offspring.  

Table 7. Heterocytoplasmic cloning in amphibians 1957-1962. * Viable hybrids. # viable hybrids with 
sterile males. 

Nucleus donors Recipients Results Authors 

Rana pipiens R. catesbeina Late blastula/early neurula [220] 
#R. brevipoda R. nigromaculata Died metamorphisis [221]  

R. pipiens R. sylvatica Late blastula/early neurula [222] 
R. nigromaculata R. brevipoda Adults [223] 
Xonopus llaevis X. laevis Adults [224] 

R. pipiens R. palustris Post-neurula [225] 
R. nigromaculata R. brevipoda Adults but poor reproduction [226] 

R. japonica R. ornativentris  Adult frogs then F2 with female R. japonica [227]  
R. japonica R. ornativentris  Adult frogs then F2 with female R. japonica [228] 
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R. nigromaculata 

R. temporaria 

R. brevipoda 

R. japonica 

F3. Reproductive capacity. % abnormality 
dependent on sex crosses. 

[229] 

R. japonica 

R. temporaria 

R. temporaria 

R. japonica 
Adult frogs [230] 

R. brevipoda 

R. plancyi 

R. brevipoda 

R. esculenta 

R. plancyi 

R. brevipoda 

R. esculenta 

R. brevipoda 

Adult frogs [231] 

P. waltlii 

P. poireti 

P. poireti 

P. waltlii 
Adult salamanders [232,234] 

7. Implementing RBCs – Economic, Political, Cultural Factors 

A key component of amphibian RBCs is the provision of Biobanks to benefit amphibians and 
other threatened biodiversity [11]. RBCs as long-term strategies require: 1) personal, social, cultural, 
and political inclusion; 2) integrated partnerships between all facets of proactive amphibian 
sustainability; 3) infrastructure with minimum cost and maximum outcomes; and 4) financial, 
cultural, and political support [15,146]. A key ethical and practical issue with Biobanking is the 
ownership of Biobanked material, not only for entitlement and possession but how these relate to 
monetisation and financing (section 6.2, 6.5). 

7.1. Monetisation of Proactive Amphibian Sustainability 

Unfortunately, the monetisation status of RBCs has received minimal attention outside the RBC 
community regarding their potential for species perpetuation. The 2007 Amphibian Conservation 
Action Plan [116, Table 1.) was produced by 78 contributors; 69 from the collective West (USA 53, UK 
7, other Western countries 9, developing countries 9). The plan directed only 1% toward reproduction 
technologies or biobanking and 11% toward CBPs or repopulation programs [107,108]. 

Table 8. Proposed funding distribution in the 2007 Amphibian Conservation Action Plan [116). 
Budget costs in US$ millions.  %GT = percentage of grand total. 

Activity Budget % GT Notes.  

Distribution/Systematic
s 

407.2 67.7 
Biogeography 185.2 [26.8%], Biodiversity hotspots 

176.4 (29.0%), Systematics 47.3 (7.9%).  

Generic Threats 118.0 19.6 
Pollution 63.8. (10.6%), Pathogens 37.3 (6.2%), Climate 

catastrophe   10.7 (1.8%), Over-harvest 6.3. (1.0%). 
Conservation status 2.7 4.5  

Total 527.9 87.7  
RBCs    

Reproduction 
Technologies and 

Biobanking 
6.3 1.1 

Bioresource Banking 5.1 (0.9%), Genome Resource 
Banking 1.0 (0.2%). 

Captive programs  60.2 10.0 100 facilities/species over 5 years 
Repopulation/augment

ation 
5.1 0.9  

Total 72.0 12.0  
Grand Total (GT) 601.7   

The development of reproduction technologies and Biobanking was only granted 1.1% of the 
total, [241,242]. Ch 11. Bioresource Banking of somatic cells [241] directed finance toward San Diego 
Zoo Wildlife Alliance's Frozen Zoo [11, section 6.3.], with the establishment of 50 satellite facilities 
and cell culturing capabilities. Ch 7. Appendix 1. Genome Resource Banking supported the 
development of sperm biobanking technologies by initiating research in North American zoos, and 
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then mentoring trainees from developing countries (as range countries) to develop RBC programs. 
[242]. In 2007 amphibian sperm cryopreservation with fertilisation was only achieved in Australia 
[16] and Russia [12]. Surprisingly neither Ch. 11 nor 7 addressed the need for aARTs to restore 
individuals from diploid genomes. All the RBC technical goals listed in Appendix 1. have been 
achieved in Australia, Russia, or the USA, by zoo or university-based programs. Unachieved 
objectives include Goal 8. the implementation and maintenance of an inventory and database for the 
management of cryopreserved samples [section 6.4], and Goal 9. increasing scientific capacity in 
developing countries.  

Most generic threats to be funded by the 2007 ACAP are now highly prioritised in global policy, 
or well researched by academic programs, with the issues of over-harvest and pathogens [242–246] 
as ubiquitous threats largely to be addressed through national and international trade regulation 
(sections 2.2,2.4). However, in 2023 participants of the ninth World Congress of Herpetology and 
survey respondents produced a similar list of popular academic research priorities to the 2007 ACAP, 
including the climate crisis, pathogens, biodiversity, populations, and habitat, within a framework of 
polarised boundaries between anthropogenic activities and nature (section 1). Management was then 
included with Proactive Amphibian Sustainability through RBCs receiving a short mention. 
Fortunately, an increasing emphasis on evidence-based research in socioecological conservation was 
recognised [247]. However, a significant survey-based research paper with concerning community 
involvement and support of amphibian RBCs was not referenced [15, section 2.3,3.4]. In any case, 
implementing RBCs demands a much higher focus by the sustainability community than academic 
projects that overlap with globally prioritised programs addressing threats to sustainability. 
Conservation status with respect to RBCs has not been addressed by the IUCN (section 3.1.1). 
Nevertheless, the IUCN has multiple working groups for RBCs, and is in the process of publishing a 
transparent, inclusive, and un-monetised new ACAP. 

7.2. Contemporary Cost Estimates of Amphibian RBCs 

Costs and resources for RTs, Biobanking and CBPs will be country, facility, and economy 
specific. The use of cryopreserved sperm results in an ~20-fold reduction in costs for an institutional 
long-term CBP in a high-income Western industrialised economy [13,14]. Furthermore, the costs of 
private carers CBPs are estimated to be less than US$5,000 per species per year covered by private 
carers, with genetic diversity secured in Biobanks as the only cost. The cost of the biobanking 
component of RBCs is relatively minor. Basic biobanking facilities costs are estimated to range from 
approximately US$9,800 [13,14] to US$15,400 [8]. In the UK, liquid nitrogen costs US$1.50 a Liter and 
uses about 6L per tank. Tanks can typically hold 6000 samples. Biobanking costs are ~US$120- a 
sample [249]. The estimated cost to establish amphibian cell lines is US$15,000 (Matt Guille, pers. 
comm). Processing tissue for 10 vials including technical time, washing steps, and reagents costs 
~US$90 [249]. 

7.3. Entitlement, Biopiracy, and Ownership Models 

Global agreements provide responsible and sustainable biobanking practices that balance 
conservation interests, equitable access, benefit-sharing, research, and innovation. The United 
Nations Convention of Biodiversity [250], COP 15 [1], and the Nagoya Protocol for Access and 
Benefit-sharing [25] are international agreements for the equitable sharing of benefits from the 
utilization of genetic resources and safeguarding indigenous people’s traditional rights and 
stewardship of nature. Other ownership models include ‘Common Heritage’ where no entity can 
claim exclusive ownership and encourage Biobanking for the greater good of humanity, and ‘Private 
Ownership’ where all rights over Biobanked material and associated traditional knowledge are 
owned by investors. 

7.4. Biobanking Facilities 
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Biobanking includes three categories, two held near or in CBPs ‘Research Banks’ for everyday 
use and ‘Active Management Banks’ for assisted gene flow. A third category, higher security 
‘Perpetuity Banks’ holds samples mainly for species restoration [101]. Biobanking requires the 
establishment of storage facilities with ongoing financial support [8,188], with samples collected, 
processed, stored, and distributed, within conventional guidelines and standards [187,251], with the 
International Society for Biological and Environmental Repositories [ISBER] promoting effective 
management [252}. Perpetuity Biobanks now have few amphibian samples; however, the capacity is 
there.  

The San Diego Zoo Wildlife Alliance's Frozen Zoo®, is one of the world’s largest and contains 
10,000 samples, with 100 Endangered or Critically Endangered Mammalia, 62 Reptilia/Aves, and 85 
Extinct Mammalia [253]. However, amphibians are poorly represented with 24 amphibian species in 
total with most of Least Concern, with only 11 threatened and 15 species with one sample [11, Table 
9.].  

Table 9. IUCN Red List species number recommendations for Red List Category in brackets. Left of 
brackets the number and right of brackets, the % Biobanked in the San Diego Zoo Wildlife Alliance 
Frozen Zoo® living cell collection (as of April 2019).  In brackets = IUCN Red List species number of 
species in IUCN Red List Category [83]. % species = % of amphibian species of all species in each 
category. % Biobanked = % of amphibian species as Biobanked species in each category. IUCN Red 
List Categories; VU = Vulnerable, EN = Endangered, CE = Critically Endangered, EX = Extinct in Wild. 

Class VU EN CE EW EX 

Amphibia 2 (740) 0.2% 4 (1,144) 0.3% 3 (723) 0.4% 1 (2) 50% 0 (36/100*) 0% 
Reptilia/Aves 58 (1379) 4.2% 27 (1,197) 2.3% 32 (666) 4.8% 3 (7) 60% 0 (191) 0% 

Mammalia 80 (557) 14.4% 66 (550) 12.0% 34 (233) 14.6% 2 (2) 100% 85 (1) 1.2% 
% species / % 

Biobanked 
27.6% / 1.4% 40.7% / 4.1% 44.5% / 4.3% 9.0% / 10% 34.0%*, 0% 

The Chinese Academy of Science, Kunming Cell Bank, was established in 1986 and has now 
preserved 1455 cell lines from 298 animal species [4 insects, 24 fishes, 17 amphibians and reptiles, 25 
birds, 228 mammals], along with 1200 tissue samples from over 200 animal species [254]. Nature’s 
SAFE was established in the UK in 2020 [249]. Working closely with Chester Zoo and the European 
Association of Zoos and Aquaria [EAZA] the EAZA Biobank is one of Europe’s largest living 
Biobanks dedicated toward saving highly endangered species from extinction by collecting, storing, 
and regenerating reproductive cells and cell lines. The EAZA Biobank collects and stores samples 
from 400 Member from zoos and aquariums located in 48 countries. Four dedicated institutions 
provide qualified staff and funds for infrastructure and equipment for long-term, high-quality 
storage facilities [Hubs] at Copenhagen, Antwerp, and Edinburgh Zoo, and in Berlin the Leibniz 
Institute for Zoo and Wildlife Research, that provide sample processing, facilitate sample transfer, 
and serve as sample backup facilities [255]. The Biodiversity Biobanks South Africa provide co-
ordination across existing South African biodiversity Biobanks, aim to increase the range and quality 
of stored samples of South Africa’s exceptionally high levels of species diversity and endemism, and 
already houses a wealth of Biobank samples collected over more than 20 years [256]. 

7.5. Biobanking Databases 

“A Biobank is only as good as the quality and extent of its recorded information and database that 

accompanies it” Rhiannon Lloyd, 2023. 

Baseline information is essential for Biobanking to design an efficient global system for targeting 
sample collection across ecosystems and taxa.  Data associated with biological samples are also vital 
for applications and research (257,258; section 5.2.2.). Collaborative data sharing and the 
standardisation in methodologies are critical, especially in ensuring that samples are correctly 
collected, processed, stored, and recorded. However, there is a lack of collated information between 
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institutions’ Biobanked collections, and many attempts to obtain data on amphibians for this review 
were ignored, with this similarly being generally reported by those trying to advance this need. 
Groups including CryoArks [259] are working toward a global database. The IUCN Species Survival 
Commission, Animal Biobanking for Conservation Specialist Group, as reported in news services is 
working toward the collection, banking, sharing, and cataloguing of genetic resources, and has 
convened a series of virtual and in-person meetings. The group has a signature website with no 
details except the group leader, and has not yet presented a democratic, transparent, and accountable 
working structure with no meeting reports publicly available [260]. 

7.6. Financing Amphibian RBCs 

“Finance for biodiversity and alignment of financial flows with nature to drive finances toward sustainable 

investments.” COP 15  

The global economy will face annual losses of $2.7 trillion by 2030 if sustainability ecological 
tipping points are reached [261] and advancing RBCs should be a global financial priority for 
Endangered and Critically Endangered species. This priority particularly applies to amphibian as the 
most threatened terrestrial vertebrate taxon, with proven amenability to RBCS, and a substantive 
community support and ecosociological potential [244]. The loss of biodiversity is primarily driven 
by overconsumption in wealthier nations rooted in historical injustices and power imbalances. 
Consequently, there is growing global financial support for [262]. 

COP 15, Target 4, supports RBCs to assist gene flow to restore species genetic diversity and 
adaptive potential through the Kunming-Montreal Global Biodiversity Framework fund that offers 
financing toward developing countries [263). Implementation of the Nagoya Protocol incudes the 
Global Environment Facility [GEF] to support in-country research institutions, publicity and 
education, and project development [25]. There is a growing impetus to trade debt for environmental 
sustainability; RBC programs with assisted evolution to ameliorate coral bleaching [264]. Private 
sponsorship for Amphibian RBCs and Biobanks could also include many private philanthropic 
sources [266]. Furthermore, at a micro-economic level, local engagement with RBCs includes wealth 
creation through native entitlement, ecotourism, and industrial potentials including responsible 
trade and sale [15]. 

Even though not generically Perpetuity Biobanks, support and financing should be provided for 
nascent amphibian biobanking programs, that are proxies for Perpetuity Banks. For example, the 
USA National Amphibian Genome Bank [146], the Taronga Conservation Society Australia [248], 
Panamanian and other regional RBC facilities until integration with, or as, Perpetuity Banks can be 
formally established (section 6.4).  

7.7. Media, Public and Political Presence 

Branding of an industrial activity such as global Biobanking requires a marketing approach to 
terminology and lexicon including the avoidance of jargon [267]. Demographics of target audiences 
must be established, and effective marketing conducted, brand fidelity developed and fostered. 
Simple images and emotions with social and cultural context are more effective than statistics and 
abstract concepts in engaging support. Solution-orientated messaging offers personal well-being by 
reducing anxiety by offering direct opportunities and spurring helpful activities [268]. Deextinction 
provides a salient model for public engagement of species perpetuation through biobanking. 
Deextinction projects conflate species conservation and animal welfare, within a global cultural and 
ethical framework of Biospheric Sustainability, Intergenerational Justice, and Effective Altruism. For 
example, the vision of ‘Colossal Biosciences’ in recovering both keystone and iconic species has 
inspired institutional and private investors globally to provide hundreds of millions. Their vision is 
‘healing Earth and its inhabitants, righting the wrongs of habitat loss, overhunting, poaching and the unnatural 

mistakes of humanity. Together, humanity and these not-forgotten species will wake up to a better tomorrow 

and enjoy another day in the sun’ [266].  
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7.8. Artificial Intelligence, Management, and the Future 

For the benefit of RBCs, artificial intelligence can: 1) provide an overview species assessments 
and management recommendations, 2) strategise, coordinate, and synchronise organisational 
activities, 3) create written and visual lexicon for public presence,  4) garner support and 
fundraising, 5) empower and encourage participants, 6) standardise and collate disparate databases, 
and 7) optimise experimental design and publication [269,270]. Furthermore, artificial intelligence 
can seamlessly integrate our biological and cultural experiences into a comprehensive knowledge 
matrix to unlock the full potential of human consciousness [271]. Biobanks and genomic restoration 
databases can play a crucial role in this matrix by archiving biomaterials or information that can 
define cells, tissues, or individuals, and their behaviour [272]. An exciting potential for RBCs is their 
contribution to space colonisation and terraforming, by enabling the efficient and reliable 
transportation and restoration of viable biological materials [16,39,40]. The utilisation of RBCs in 
these environments will reciprocally provide knowledge contributing to Biospheric Sustainability on 
Earth.  

7.9. Developing Cultural Influence 

The future of amphibian sustainability depends on long-term social, cultural, and political 
support. This support relies on effectively merging our traditional, conventional, and emerging  
narratives and myths about humanity's place in the cosmos [247, section 1.). Biocentrism presents 
Earths biodiversity including humanity as unique [273], metamodernism avoids the fractures of the 
past and presents a holistic discourse that  is both unifying and individualistically empowering 
[274], and metanature is an encompassing canvas on which to expands humanity’s potentials within 
a sustainable framework (section 1). When combined, these  offer a broad philosophical and 
practical foundation for propelling humanity toward a sustainable future.  

This theme manifests where traditional ecological knowledge as practiced by Indigenous people 
for millennia [275], or by amphibian private carers [15], conflates with RBCs to create functional fact-
based narratives to support amphibian sustainability. These biocultural approaches, through the 
local community’s entitlements and cultural values, extend to other geopolitical entities to support 
social–ecological systems over the long term [276]. For instance, these benefits include research on 
culturally important species by indigenous peoples and ethnic groups in biodiverse regions that 
typically have disproportionately higher numbers of Data-Deficient species, many of which are now 
finally recognised as Endangered [277].  

9. Conclusion and the Road Ahead 

It is difficult to predict if or when biodiversity extinctions will plateau, but many more than the 
current 400 amphibian species will require RBCs in the immediate future. Through this review we 
have discussed the potential of Reproduction Technologies, Biobanking, and Conservation Breeding 
Programs (RBCs), to contribute to Biospheric Sustainability in preventing a potentially catastrophic 
loss of biodiversity as existential threats exponentially collapse global ecosystems. Heritage Biobanks 
must be placed as national treasures to manage genomic resources and preserve genetic diversity 
with long-term security as a core component of this incentive. 

In tandem with global incentives, we have demonstrated that current amphibian RBCs offer 
proven, cost-effective, and reliable means to perpetuate amphibian species in need. With further 
technological development species can be perpetuated solely in biobanks. Amphibian RBCs also offer 
an opportunity to closely engage the global community from indigenous custodians, through private 
carers and CBPs, to major global initiatives for Biospheric sustainability. Unfortunately, this 
opportunity has not been fulfilled, and the few extant amphibian RBCs programs are largely 
incentives in wealthy Western countries. Outside these well-funded programs, funding toward 
developing counties is non-existent or gestural such as seed funding.  

This review has shown that there is no contemporary independent, democratic, transparent, 
accountable, and inclusive umbrella organisation fully supporting the practical needs of RBCs for 
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amphibians. Other potentials include extending RBCs beyond bio-technocrats to contributions by 
expertise in the critical field’s media, public relations, information technology, and artificial 
intelligence. An inclusive non-governmental organisation could fulfil global RBC goals through 
broadly partnering with the sustainability community, and especially a wider range of biopolitical 
and geopolitical entities, including stakeholders such as social groups and local communities.  

A respected and powerful voice for the global presence of biobanking, RTs, and CBPs, in the 
multi-billion Biospheric Sustainability initiatives would include a voice toward financial support and 
official mandates. These resources provide solid career streams within a long-term global project 
framework and stimulating incentives that will attract a wide range of contributors to build projects 
by competing for influence and resources. This focus on amphibians, the most needy and amenable 
vertebrate taxon to RBCs, would offer a model to advance RBCs for other taxa. 
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Appendices 

Appendix 1. The Anthropocene and Biospheric Sustainability 

The Anthropocene epoch was defined by Crutzen and Stoermer [278] as human activities 
dominating biospheric ecology as described in Ellis and Ramankutty [279]. However, conventionally 
the Anthropocene began in the mid-20th century with the ‘Great Acceleration’ of industrial, technical, 
and scientific development, along with increasing consumerism, resource extraction, and massive 
pollution [280]. The beginning of the Anthropocene is more difficult to define from a biological 
perspective. For instance, European expansionism and colonialisation, punctuated in 1492 by the 
discovery of the New World [281,282], and of Australia in 1788 [283], promoted massive ecological 
modification in these three continents. However, the earliest major anthropogenic environmental 
influence was the megafaunal extinctions by paleolithic hunter-gatherers through predation and fires 
[284,285]. As noted by Wallace [1876], "We live in a zoologically impoverished world, from which all the 

hugest, and fiercest, and strangest forms have recently disappeared."  
The crisis of Biospheric Sustainability is now a pressing existential issue for humanity and is 

reaching a catastrophic and irreversible stage for many major ecosystems [1,46]. To address this 
generic crisis, Biospheric Sustainability, the greatest biopolitical and economic transformation in 
history is being implemented [1]. UNEP COP 15 [1] prioritised five Anthropogenic contributors to 
biodiversity loss: 1) alteration of environments, 2) climate catastrophe, 3) pollution, 4) 
overconsumption, and 5) invasive species. Irrespective of these initiatives, Amphibian Biodiversity 
faces an immediate future of increasing rates of decline and extinction from these and other threats 
[286, section Part 2].  

The burgeoning population along with fossil fuel use has resulted in the highest atmospheric 
CO2 levels for 3 million years with climate catastrophe predictions of droughts, fires, floods, human 
misery, and biodiversity loss [46]. Synergism between multiple climate and non-climate threats will 
cause massive species extinctions [2,35,47,287,288], with the climate catastrophe alone risking the 
extinction of 15% of species at the inevitable 1.5°C, 20% at the likely 2.0°C, and 40% at the disastrous 
3.0°C [34]. Consequently, the amphibian conservation community must cooperate and collaborate to 
garner all available political, economic, and human resources, to provide Proactive Amphibian 
Sustainability including the timely development and application of RBCs. 

Biospheric Sustainability requires advanced civilisations [1] that utilise resources to ensure 
equitable social, cultural, and economic well-being through Intergenerational Justice [289,290]. From 
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the perspective of Western colonialism, civilizations are defined by a centralized state supported by 
a theocracy and social hierarchy, sophisticated transport, communication, and militarisation, and a 
morality encouraging hegemonic structures for dominance and exploitation [282]. These 
unsustainable civilisations eventually collapse through the centralisation of resources to elites, over-
exploitation of resources, lowered individual opportunity and cultural capital, inefficient economies, 
cultural decay, and social unrest [291]. Biospheric Sustainability has been coined as a universal 
concept to avoid the collapse of our now global civilisation, albeit within a framework of respect for 
global cultures, theocracies, and political systems [55]. When applied these principles lead to 
cohesive, inclusive, and rewarding social structures, and resilient communities implementing 
prioritising resource use for the long-term well-being of future generations; an exemplar is Costa-
Rica the “Living Eden” with 5% of amphibian biodiversity in 0.03% of Earth’s terrestrial area [292]. 

The loss of biodiversity through resource exploitation and pollution is primarily driven by 
overconsumption in wealthier nations and is rooted in historical injustices and power imbalances 
[262], exacerbated by colonialist and Darwinian cultural and racial bigotries [293]. The foundational 
characteristics of unbridled capitalist economies are antithetical to Biospheric Sustainability, where 
the means of production, under increasing plutocratic control, plugs profits into a cycle of resource 
extraction and labour, in an expanding sphere of environmental and cultural destruction [294].  

Increasing consumerism in a growing human population, projected to reach 11 billion by 2100 
is particularly challenging [295]. Regulated consumer marketing based on need rather than want, 
along with responsible social media in regulated culturally sensitive economies, can foster social 
inclusivity, knowledge-based decision-making, and effective political and environmental action [1]. 
Encouraging such practices can counter social isolation and empower individuals to be active 
participants in creating positive change. These initiatives can transform humanity towards a balanced 
and interconnected system that harmonizes economies, social interactions, and cultural values with 
nature. Embracing the principles of the Cochabamba People's Agreement [296] can lead to greater 
respect for life and a sustainable coexistence with our environment.  

Positive environmental goals can be effectively achieved through the adoption of negative GDP 
growth models in overconsuming countries, coupled with sustainable GDP growth in developing 
countries [294,297]. The primary focus is on minimizing poverty and enhancing human well-being, 
happiness, and sustainability [294]. By implementing these cultural, political, and economic 
standards in a multi-polar world, we can strive towards both Biospheric Sustainability and 
Intergenerational Justice. By working together towards this transformative vision, we can create a 
more environmentally conscious and socially responsible society. While the path to Biospheric 
Sustainability faces a broad range of challenges [1], remaining optimistic and proactive by taking 
decisive actions and adopting sustainable practices, we can address this malaise and create a brighter 
future for generations to come [298,299]. 

Community-based conservation projects [300] offer a unique avenue for proactive amphibian 
sustainability that bridges regional and global communities. However, it's crucial to recognize that 
communities burdened by low incomes have limited participation in environmental sustainability 
initiatives. Therefore, proactive amphibian sustainability including RBCs should align with poverty-
reduction programs that empower traditional stakeholders. In line with this perspective, de Lange et 
al. [300] advocate for inclusive and just transformations toward biospheric sustainability, supported 
by a conservation basic income for residents in critical conservation areas. This investment pales in 
comparison to the estimated US$44 trillion global economic production reliant on biospheric 
sustainability [301]. 

Entitlement of traditional owners is often essential for environmental protection [302,303], 
especially in the unique and specialised ecosystems supporting much amphibian biodiversity 
[292,304]. Many situations that displace traditional owners for habitat protection often have neo-
colonial undertones that must be recognised and addressed [305,306]. Rooted in historical 
colonization, displacements are often driven by external economic and political interests. Foreign 
company’s interests prioritize resource extraction, without national investment toward development, 
leaving neo-colonized nations dependent on primary commodity exports [1]. Addressing these 
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problems requires bolstering transparency and social responsibility in governance, to foster 
sustainable economic development, while acknowledging historical power imbalances and creating 
equitable trade relationships [1]. This concept extends to amphibian community-based projects 
where reciprocity between institutional and private contributors from affluent countries will produce 
optimal outcomes [15,307]. 

Appendix 2. Oocytes Viability Period and Storage Environment 

However, the selection process behind the immediate loss of oocyte fertility is uncertain, and 
therefore any genetic bias on progeny or confounding of experimental results. The generalised 
conventions of oocyte storage in ionic formulations as applied to amphibian conservation research 
[169,208] are based on standardised techniques for laboratory practice [308–310], where isotonic ionic 
formulations slow egg gel hydration, support sperm penetration toward the oocyte, with lowering 
to 2.5% of ionicity at fertilisation optimal for development [202]. However, the fertility of some 
anuran oocytes in water is maintained for up to an hour or more [311], and female sperm choice for 
greater progeny heterozygosity provides oocytes in spawns that resist initial fertilisation during 
spawning, leaving unfertilized but fertilizable oocytes with hydrated gel for later males [164]. Dry 
storage of cool-temperate anuran oocytes at 4°C in Eppendorf tubes, to prevent dehydration and to 
maintain ionic stasis, over five days maintained 70% fertility and 40% hatch rates, with some fertility 
and development extended to eight days [312]. Gagarinskiy et al [313] showed that a 6.5 atm gaseous 
mixture of carbon monoxide and oxygen doubled the refrigerated storage viability of the unfertilised 
oocytes of a cool temperate anuran, compared with controls when fertilised over eight days. 
However, from four to eight days of storage the hatch rate declined to a low level like that of controls. 
Therefore, the causes of oocyte loss of viability are ions or proteins diffusing from the gel that are 
needed for sperm motility or oocyte metabolism [314–316], or damage to the cell envelope [313]. 

Appendix 3. Sperm Cryopreservation 

Ever since the first successes at the turn of the century, then success with all trialled species, a 
proliferation of research with various species has been conducted toward optimal cryopreservation 
techniques. Browne et al. [16] through a literature review and canvassing the research community 
recommended a 5-10% [v/v] concentration of dimethyl formamide [DMFA] and 1-10% [w/v] sucrose 
with cryopreservation achieved through moderate cooling rates. Poo and Hinkson [173] found 5% 
DMFA with 10% trehalose with moderate cooling rates found similar recovery rates in four anurans 
from two families. Earlier studies showed some success with glycerol and saccharides at high 
concentrations [180,317]. However, Naranjo et al. [203] found high toxicity of 10% glycerol and 
favoured only 5% DMFA with low 2.5% sucrose concentrations, similarly very low saccharide 
concentrations of 1% were found most effective with glycerol ineffective when compared to DMS0 
[204,205]. 

Other recent studies have surprisingly achieved higher fertilisation rates in cryopreserved sperm 
than expected through fresh sperm using relatively fast cooling rates [103; Appendix 4]. Moderate 
cooling rates over liquid nitrogen [16] can be achieved with simple Styrofoam apparatus [203,318]. 
The cooling rate depends on the height of the straws above the liquid nitrogen, the material of the 
apparatus and box, and how long the LN2 is in the container before sperm freezing. Controlled rate 
freezers enable reliable staged freezing [180,204–206]. Following Shishova et al [181] and Kaurova et 
al. [178] a recent study showed that very high 15% DMSO concentrations with1% saccharides, or high 
12% DMFA with 10% saccharides, were equally successful with moderate cooling through slow 
immersion into LN2 vapour much superior to slower staged cooling (319). Success with very fast 
cooling through vitrification by direct immersion in liquid nitrogen has not been published for 
amphibian sperm (201). 

Appendix 4. Artificial Fertilisation 
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Dry fertilisation for amphibians mixes oocytes with testicular macerates in isotonic solutions 
where unactivated sperm are then left for ~10 min. before flooding with water both activates and 
dilutes sperm concentrations ~40:1 [16,208,320]. Activated suspensions may also be mixed with 
oocytes and then left for a fertilisation period from 15-30 min. before washing with water to eliminate 
harmful cryoprotectants [103,181]. However, the use of dry fertilisation was historically 
misrepresented in Silla and Kouba [321] through miss-referencing early studies in the USA that 
placed fresh active hormonally induced sperm on oocytes, rather than earlier studies of dry 
fertilisation of fishes in Russia [322]. 

To define the period limitations of the ‘dry Fertilisation’ technique, Rana temporaria sperm were 
mixed oocytes with immotile testicular sperm suspensions at 230-240 mosmol kg-1 and held in a 3 
cm diam. Petri dish with wet filter paper to prevent oocyte dehydration. Control oocytes fertilised 
with the immediate addition of water showed good fertility. After 15, 30, 60, and 240  min. no oocyte 
cleavage had occurred in any of the other dishes, or after water was added to promote fertilisation. 
Presumably, drying of the sperm suspension resulted in final sperm infertility as R. temporaria oocytes 
are capable of remaining fertile for many hours without the addition of water [pers comm]. 

Sperm fertility is normally expressed as the percentage of oocytes fertilised in comparison to a 
‘saturation’ concentration of fresh sperm. However, fertilisation curves of sperm concentrations over 
the fertilisation period have only been presented for a few species, and concentrations are often 
expressed as those from sperm suspensions irrespective of fertilisation technique and period. 

 

Figure 8. Rhinella (Bufo) arenarum [Bufonidae] fresh testicular sperm concentrations, the percentage in 

vitro fertilisation, and minutes post-application before washing with fresh water [333]. 

We found publications of sperm concentrations and fertilisation rates, with activated testicular 
suspensions of Bufo arenarum [333], Limnodynastes tasmaniensis [311], and Pseudophryne guentheri [334]; 
with dry fertilisation with Rhinella [Bufo] marinus [180], and between activated testicular suspensions 
and sperm in spermic urine of R.temporaria [181]. 

Cabada [333] showed saturated fertilisation after a 10 min. period of fresh activated Rhinella 

(Bufo) arenarum testicular sperm to oocytes at concentrations of ~107 ml-1 sperm and Holinger and 
Corton [334] with 105-7 ml-1 Xenopus laevis, and Browne et al. [180] with ~106 ml-1 Rh. marinus using ‘dry 
fertilisation’. The saturated fertilisation found with ~104 ml-1 of freshly activated L. tasmaniensis 
testicular sperm was after 30 min. [Figure 3., 311], and Silla with P. guentheri at 2.5 x 105 ml-1 after 60 
min. [335] corresponded with those predicted in Cabada [333]. 

In one comparative fertilisation curve study spermic urine was more fertile than testicular 
sperm. Shishova et al. [181] with R. temporaria found saturated fertilisation with testicular sperm only 
reached 60% and then declined after a concentration of ~108 ml-1, whereas spermic urine only required 
one magnitude less of ~107 ml-1 to saturate. The fertilisation rate also declined far more slowly with 
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spermic urine where after 15 min. a concentration of ~106 ml-1 provided ~45% fertilization while 
testicular sperm was ~5%. Fertilisation rates with Anaxyrus (Bufo) fowleri fresh spermic urine at a 
concentration of ~4.9 × 106 ml-1 sperm after 5 min. was ~85%, and after cryopreservation and 
freeze/thaw dilution at 2.4 x 105 ml-1 were ~20% [estimated from Figure 3, Burger et al. 2022]. These 
fertilisation rates are very exceptional at ~3x than those expected using fresh spermic urine [Burger 
et al. 2022] or fresh testicular sperm [333]. 

Appendix 5. Cloning 

Totipotent cells were obtained by dissociating early embryos of the common toad Bufo bufo at 
the early blastula stage in Niu-Twitty's medium without calcium. The use of a cryoprotective solution 
based on the Niu-Twitty medium with the addition of 0.5 - 1% BSA, 10% DMSO, and 10% sucrose for 
freezing totipotent toad cells made it possible to obtain the maximum number of intact cells. The 
preservation of the nuclei of cryopreserved cells was judged by the results of homotransplantation 
by injection into unfertilized oocytes whose own nuclei were inactivated by X-ray irradiation. The 
results of the visual assessment of the cell (in points) after cryopreservation in different media are 
presented Table 1. After the injection of nuclei of cryopreserved and control cells into enucleated 
eggs, the initial development of embryos up to the stage of late blastula was observed. Thus, the 
possibility of cryopreservation of amphibian totipotent germ cells with subsequent use of their nuclei 
for the reconstruction of eggs has been shown (Kaurova et al., 1998; Table 1). 

Table 10. The preservation of totipotent cells of the common toad Bufo bufo after cryopreservation in 
Niu-Twitty medium with different concentrations of DMSO and sucrose (visual assessment according 
to a 5-point System. 

Assessment of cell preservation in points 

DMSO (%) Sucrose (%) 

 5 10 20 30 
5 3 3 - 4 - - 

10 - 5 3 - 4 3 
20 - 4 4 - 

Appendix 6. 

Table 11. A list of milestone research achievements and practical applications of amphibian RBCs. 

Year Milestone Ref 

1986 Release of hormonally stimulated reproduction of E salamander 337 
1989 Hormonal stimulation of reproduction of many anurans and salamanders 338 
1996 Cryopreservation of anuran sperm in pieces of testes with fertilisation 178,179 

1998 
Cryopreservation of totipotent cells and their use in reconstruction of 

enucleated eggs 
18 

1998 Cryopreservation of anuran sperm suspensions with fertilisation 180 
1998 Saccharides and anuran sperm cryopreservation 317 

 Refrigerated storage of anuran sperm and oocytes 208 
2003 Cryopreservation of Cryptobranchidae (Caudata) sperm 194 
2006 Novel use of high concentrations of LHRH-A for gamete collection in anurans 169 
2006 Novel use of dopamine antagonists for gamete collection in anurans 168 
2010 Hormonal stimulation and in vitro fertilisation in Salamandridae 118 
2011 Cryopreservation of hormonally induced anuran sperm with fertilisation 181 

2011 
Cryopreservation of hormonally induced anuran sperm with dimethyl 

formamide  
181 

2013 Refrigerated storage of in situ (in carcasses) anuran sperm for 7 days  339 
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2016 
Generation of a reproductively mature adult from cryopreserved 

Salamandridae sperm 
194 

2018 Refrigerated storage of anuran oocytes in the oviducts of live females  312 
2018 Reproductively mature  anurans from cryopreserved testicular sperm 206 
2019 Cryopreservation of anuran sperm from nature and in vitro fertilisation 125 
2020 Seasonality in hormonally stimulated sperm 159 
2021 Reproductively mature CE anurans from cryopreserved testicular sperm 205 
2021 Generation of a mature adult from cryopreserved Cryptobranchoidea sperm 194 
2021 Cryopreservation of refrigerated sperm from carcasses 339 
2022 Assisted gene flow between in situ and ex situ anurans 102 
2022 Gentamicin increases refrigerated sperm storage 214 
2022 Ultrasound optimisation of Salamandridae hormonal stimulation 124 
2023 Low saccharide concentrations of 1-5% optimal for sperm cryopreservation 203, 205  

2023 
High pressure of carbon monoxide and oxygen for anuran oocyte refrigerated 

storage 
313 
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